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Preface

The need for fresh water is increasing with the rapid growth of the world’s population. In
countries and regions with available water resources, it is necessary to ensure the health and
safety of the water supply. However, in countries and regions with limited freshwater re‐
sources, priority is given to water supply plans and projects, among which the desalination
strategy stands out. In the desalination process, membrane and thermal processes are used
to obtain fresh water from salty water, which is in abundant amounts in the sea. High ener‐
gy requirement, brine (concentrate) disposal and greenhouse gas emissions are still the main
challenges for desalination. Therefore, it is necessary to combine renewable energy sources
with desalination facilities and to develop concentrate management. This book will outline
valuable scientific contributions to the new desalination and water treatment technologies to
obtain high quality water with low negative environmental impacts and cost.

This book consists of four sections. In the first section, some case studies related to the desalina‐
tion processes used for various purposes are included. In the second section, studies using
renewable energy in desalination systems are discussed. In the third section, research utilizing
membranes in different characteristics is presented and in the last section, research on current
technologies used in water treatment applications and water treatment facilities is stated.

Asst. Prof. Murat Eyvaz and Prof. Ebubekir Yüksel
Department of Environmental Engineering

Gebze Technical University
Turkey
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Abstract

Water scarcity is a global problem, motivating growth and development of new technolo-
gies for water treatment, reuse and desalination. For many arid regions in Mexico, espe-
cially in the northwest, agriculture is an important economic activity. The Yaqui Valley in 
Sonora, Mexico, faces problems related to aquifer overexploitation and saline intrusion, 
which have increased salt concentration in well water to 2000–9000 mg/L total dissolved 
solids (TDS) and led to soil salinization and low crop yields. This work evaluates the 
effect of TDS in irrigation water on crop yield. A 150 m3/d desalination plant was used, 
consisting of 12 SWC4B-MAX membrane modules, with 98% rejection and 75% recovery. 
Two crops were irrigated with control (4000 mg/L) and desalinated water (200 mg/L). 
Sorghum (Sorghum) had yields of 7.9 and 8.8 ton/ha, whereas tomatillo (Physalis phila-
delphica) had yields of 30.82 and 35.88 ton/ha, respectively. Evidently, the desalination 
process influences agricultural yields.

Keywords: reverse osmosis, irrigation, crop yields, desalination

1. Introduction

Constant population growth, soil erosion, scarcity and excessive consumption of fresh water 
represent the most important reasons for the constant development and innovation of new 
technologies to provide water in large quantities and good quality [1]. Water scarcity exists 
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when demand exceeds freshwater supply in a given area [2]. The three main features that 
characterize water scarcity are: the physical shortage of available water to meet demand; the 
level of infrastructure development that controls storage, distribution and access; and the 
institutional capacity to provide the required water services [3]. In Mexico, there is a chronic 
shortage of water, especially in the northern part of the country, where precipitation volumes 
are notably lower than the potential evapotranspiration [4].

Considering that 97% of the water available on Earth has a salinity level exceeding 35 g/L, the 
desalination process is a viable option in the short term, which has had a significant growth 
in the recent past [2]. At the beginning of the modern development of desalination, before the 
1970s, desalination methods consisted of thermal processes and their operation was such that 
they evaporated the fluid and collected the condensate. Known thermal processes include 
thermal vapor compression (TVC), multi-stage flash (MSF) and multi-effect distillation (MED) 
[5]. However, because evaporation processes require large amounts of energy for their opera-
tion, the use of semi-permeable membranes through reverse osmosis (RO) has become the 
main technology in use, accounting for 65% of the installed capacity of desalination plants. 
This installed RO capacity grows at a rate of 4 million m3/d each year [4].

The use of desalination to produce clean water as well as industrial and agricultural water 
has gained popularity among the sectors that require this resource [3]. The agricultural sector 
is the most important consumer of water resources, so RO desalination technology for crop 
irrigation has been successfully implemented in several countries, mainly in arid regions such 
as Israel [6] and Spain, where more desalinated water is currently provided for agricultural 
use than for domestic use [7, 8]. Likewise, several nations such as China, Chile and Australia 
offer specialized advice on the different techniques and technologies of desalination focused 
on agricultural crops [1], making the RO process the most used to tackle water scarcity in that 
sector [1, 2]. Therefore, desalination technologies enable the possibility to make optimal use of 
hydrological resources, both of the product (permeate) water and the retentate (brine).

The characteristics of irrigation water are directly linked to the quality of the crops harvested, 
as high salinity is intolerable for most crops established for food production. The agricultural 
sector benefits from the supply of higher volumes of better quality water [7]. However, the 
volume of global desalinated water currently accounts for only 1% of the world’s supply. Of 
this value, only 2% of desalinated water is used for agricultural purposes [9, 10].

The state of Sonora, located in northwestern Mexico, ranks second in irrigation crops in the 
country. About 95% of the state is considered semi-arid and is characterized by a climate of 
high temperatures and low rainfall per year. Those conditions, combined with the overex-
ploitation and lack of recharge into aquifers, have led to a decrease in the levels of available 
water [3], especially for agriculture. Several regions in the state present high salinity in well 
water, ranging from 2000 to 9000 mg/L of total dissolved solids (TDS), which are attributed 
to saline intrusion effects, causing soil salinization and decreasing the yields of vegetable and 
grain crops [8]. In this context, the objective of this study is to evaluate the performance of two 
typical crops (Sorghum and Tomatillo) under brackish water irrigation, by comparing their 
yield using water with different salinity levels, in order to determine the salinity-yield effect.

Desalination and Water Treatment4

2. Methodology

2.1. Location of the study area

This study took place near Cd. Obregon, Sonora, Mexico, in field 1814 (Figure 1), located in 
the Yaqui Valley, with geographic coordinates 27° 11′ 21.7″ N, 109° 52′ 15.6″ W [8].

2.2. Configuration of the desalinization process

A 150 m3/d capacity RO desalination plant was used, consisting of 12 Hydranautics 8 × 40″ 
SWC4 membrane modules with a permeate flow rate of 27.3 m3/d, 99.8% salt rejection, spiral 
wound configuration, polyamide composite membrane and 440 ft2 active membrane area. 
The plant uses a 40 hp high pressure pump (Grundfos). The pressure levels in the membrane 
modules and cartridge filters, as well as the process flow rates, were all monitored. In deter-
mining the water production cost of the RO process, the costs of electricity, labor, chemicals 
and maintenance were considered.

2.3. Brackish well pump

The water supplied to the desalination process was sourced from a brackish well adjacent to 
the study area, with an average salinity of 4000 mg/L TDS. The brackish water was pumped 
from the well by a 3 hp triphasic pump (Grundfos).

Figure 1. Study area, Sonora, Mexico.

Using Desalination to Improve Agricultural Yields: Success Cases in Mexico
http://dx.doi.org/10.5772/intechopen.76847

5



when demand exceeds freshwater supply in a given area [2]. The three main features that 
characterize water scarcity are: the physical shortage of available water to meet demand; the 
level of infrastructure development that controls storage, distribution and access; and the 
institutional capacity to provide the required water services [3]. In Mexico, there is a chronic 
shortage of water, especially in the northern part of the country, where precipitation volumes 
are notably lower than the potential evapotranspiration [4].

Considering that 97% of the water available on Earth has a salinity level exceeding 35 g/L, the 
desalination process is a viable option in the short term, which has had a significant growth 
in the recent past [2]. At the beginning of the modern development of desalination, before the 
1970s, desalination methods consisted of thermal processes and their operation was such that 
they evaporated the fluid and collected the condensate. Known thermal processes include 
thermal vapor compression (TVC), multi-stage flash (MSF) and multi-effect distillation (MED) 
[5]. However, because evaporation processes require large amounts of energy for their opera-
tion, the use of semi-permeable membranes through reverse osmosis (RO) has become the 
main technology in use, accounting for 65% of the installed capacity of desalination plants. 
This installed RO capacity grows at a rate of 4 million m3/d each year [4].

The use of desalination to produce clean water as well as industrial and agricultural water 
has gained popularity among the sectors that require this resource [3]. The agricultural sector 
is the most important consumer of water resources, so RO desalination technology for crop 
irrigation has been successfully implemented in several countries, mainly in arid regions such 
as Israel [6] and Spain, where more desalinated water is currently provided for agricultural 
use than for domestic use [7, 8]. Likewise, several nations such as China, Chile and Australia 
offer specialized advice on the different techniques and technologies of desalination focused 
on agricultural crops [1], making the RO process the most used to tackle water scarcity in that 
sector [1, 2]. Therefore, desalination technologies enable the possibility to make optimal use of 
hydrological resources, both of the product (permeate) water and the retentate (brine).

The characteristics of irrigation water are directly linked to the quality of the crops harvested, 
as high salinity is intolerable for most crops established for food production. The agricultural 
sector benefits from the supply of higher volumes of better quality water [7]. However, the 
volume of global desalinated water currently accounts for only 1% of the world’s supply. Of 
this value, only 2% of desalinated water is used for agricultural purposes [9, 10].

The state of Sonora, located in northwestern Mexico, ranks second in irrigation crops in the 
country. About 95% of the state is considered semi-arid and is characterized by a climate of 
high temperatures and low rainfall per year. Those conditions, combined with the overex-
ploitation and lack of recharge into aquifers, have led to a decrease in the levels of available 
water [3], especially for agriculture. Several regions in the state present high salinity in well 
water, ranging from 2000 to 9000 mg/L of total dissolved solids (TDS), which are attributed 
to saline intrusion effects, causing soil salinization and decreasing the yields of vegetable and 
grain crops [8]. In this context, the objective of this study is to evaluate the performance of two 
typical crops (Sorghum and Tomatillo) under brackish water irrigation, by comparing their 
yield using water with different salinity levels, in order to determine the salinity-yield effect.

Desalination and Water Treatment4

2. Methodology

2.1. Location of the study area

This study took place near Cd. Obregon, Sonora, Mexico, in field 1814 (Figure 1), located in 
the Yaqui Valley, with geographic coordinates 27° 11′ 21.7″ N, 109° 52′ 15.6″ W [8].

2.2. Configuration of the desalinization process

A 150 m3/d capacity RO desalination plant was used, consisting of 12 Hydranautics 8 × 40″ 
SWC4 membrane modules with a permeate flow rate of 27.3 m3/d, 99.8% salt rejection, spiral 
wound configuration, polyamide composite membrane and 440 ft2 active membrane area. 
The plant uses a 40 hp high pressure pump (Grundfos). The pressure levels in the membrane 
modules and cartridge filters, as well as the process flow rates, were all monitored. In deter-
mining the water production cost of the RO process, the costs of electricity, labor, chemicals 
and maintenance were considered.

2.3. Brackish well pump

The water supplied to the desalination process was sourced from a brackish well adjacent to 
the study area, with an average salinity of 4000 mg/L TDS. The brackish water was pumped 
from the well by a 3 hp triphasic pump (Grundfos).

Figure 1. Study area, Sonora, Mexico.

Using Desalination to Improve Agricultural Yields: Success Cases in Mexico
http://dx.doi.org/10.5772/intechopen.76847

5



2.4. Physical and chemical pretreatment system

The desalination plant has a physical pretreatment system consisting of a multimedia filter 
and 6 cartridge filters. The multimedia filter (63″ × 90″) has a capacity of 100 ft3 and consists of 
anthracite, turbidex, zeolite, and gravel. This filter removes suspended particles up to 50 μm 
in diameter. Subsequently, the cartridge filters remove particles of up to 5 μm in size.

For chemical pretreatment, a 0.25 hp diaphragm pump was used for the supply of antiscalant. 
In order to prevent salt precipitation on the surface of the membranes and, thus, prevent an 
increase in operating pressure. A 0.20 hp diaphragm pump was also used for the supply of 
H2SO4 at 30%, to regulate pH at the inlet of the RO membrane modules, maintaining a value 
of 7.0 ± 0.1.

2.5. Water and soil quality

Water quality was measured using a multiparametric measuring device (YSI 556 MPS). The 
concentration of salts in the feed, product and retentate of the RO process were determined. 
In addition, electrical conductivity (μS/cm), TDS (mg/L), pH and temperature (°C) were also 
measured. A visible spectrophotometer (SPECTRUM PROVE 300) was used to determine the 
concentration of different minerals in the water.

Soil quality was determined via pH and electrical conductivity (μS/cm) measurements. The 
damage caused by salinity in the agricultural soil was assessed at the beginning, during and 
at the end of the project, by determining parameters such as Sodium Adsorption Ratio (SAR) 
and Exchangeable Sodium Percentage (ESP). These parameters measure soil damage caused 
by sodium buildup.

2.6. Experimental design

To assess the effect of salt concentration in irrigation water on crop yield, two different exper-
iments were conducted with sorghum and tomatillo (Physalis philadelphica). The experiments 
occurred in different agricultural cycles and different years (2014 and 2016). The first crop 
was chosen because it has a high tolerance to salt concentration in water. The second crop 
was chosen because it is not very tolerant to salinity in water. An experimental planting area 
of 1 ha was used. The field was divided into two sections of 0.5 ha each (Figure 2). The first 
section was irrigated with well water containing 4000 mg/L TDS on average. The second 
section was irrigated with treated water from the desalination process, with an average of 
200 mg/L TDS.

A drip irrigation system was used with a flow rate of 1 L/h, using 16 mm diameter irrigation 
belts. The treated water for irrigation was generated by mixing the permeate from the RO 
plant with raw well water, in order to reach an average salinity of 200–285 mg/L TDS. The 
following formula was used to calculate the mixtures:

   C  1    V  1   +  C  2    V  2   =  C  3    V  3    (1)

Desalination and Water Treatment6

where:

C1 = salt concentration in the feed water from the well, in mg/L of TDS.

V1 = volume of well feed water, in liters (L).

C2 = salt concentration in the permeate water, in mg/L of TDS.

V2 = volume of permeate water, in liters (L).

C3 = required salt concentration for irrigation, in mg/L of TDS.

V3 = volume of required irrigation water in liters (L).

The water mixtures were stored in three tanks, each being 5000 L in size. The water was 
homogenized by an electric stirrer that was placed in the tank hatch.

2.7. Irrigation control sensors

Electronic sensors (Watermak 200) and manual tensiometers were installed to monitor soil 
moisture (matric potential), in order to determine the optimal moment to water the soil. The 
matric potential is a measure of the force or tension of soil moisture with which water is 
retained. It is the product of adhesion or attraction between the surface of soil particles and 
water; and cohesion or attraction between water molecules. The water retention process, 
which depends on the surface tension characteristics of the water in the soil, as well as on the 

Figure 2. Satellite photograph of the study area and experimental sections.
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contact angle between water and soil particles, is the main mechanism of water retention in 
light and middle soils within certain moisture intervals, and in heavy soils. In this context, 
a matric potential between 30 and 40 kPa indicates that the soil needs irrigation, whereas a 
matric potential between 0 and 10 kPa indicates that the soil is saturated [11].

3. Results and discussion

3.1. Desalination process operating parameters

The results obtained during the operation of the desalination process are shown in Table 1.

The pumping equipment pressure is within the desired range as it averages 37.33 psi, very 
close to the acceptable minimum of 30 psi. This indicates that the water level of the well is 
adequate, as well as the power and flow rate of the pump used to draw fluid from the well. 
With respect to the multimedia filter, an average pressure drop of 7.33 psi is observed, which 
is acceptable for operation. This suggests that the multimedia filter is removing 50 μm par-
ticles without clogging in its filter media. On the other hand, the cartridge filter had an aver-
age pressure drop of 6.33 psi, which suggests that the removal of 5 μm suspended particles 
is occurring without any problem, and that the membrane system should be operating as 
intended. The flow rate supplied from the desalination process to irrigation, for both study 
years was in the range of 1.5–1.7 L/s.

3.2. Process water field parameters

Measurements at the desalination plant show that when the feed water presents about 
3900 mg/L TDS, the permeate and retentate currents have 285 and 11,200 mg/L TDS, respec-
tively. There is an increase in temperature of 0.32 and 1.2°C in the permeate and retentate 
respectively, considering that the temperature in the feed water is 24.69°C (Table 2).

Parameter Units Min Max Sample Mean

1 2 3

Well discharge pressure psi 30 80 40 36 36 37.33

Multimedia filter inlet pressure psi 30 70 38 33 33 34.66

Multimedia filter outlet pressure psi 20 60 30 26 26 27.33

Multimedia filter pressure drop psi 8 12 8 7 7 7.33

Cartridge filter inlet pressure psi 20 40 33 29 28 30.00

Cartridge filter outlet pressure psi 20 40 32 28 28 29.33

Cartridge filter pressure drop psi 5 10 6 6 7 6.33

Table 1. Operation of the desalination process.

Desalination and Water Treatment8

The analysis of the RO desalination plant shows that it works as intended, since the con-
centration of salts in the produced water decreased significantly with respect to the feed 
water. Observed salt rejection was 92% compared to the salinity level of the brackish well, 
this through the action of semi-permeable membranes. On the other hand, the temperature 
of the retentate and permeate flows was always higher than the feed rate, due to the friction 
that occurs during pumping in RO, as well as the friction within the membrane modules. 
Care should be taken to ensure that the temperature does not exceed 45°C in the feed water, 
as this can shorten the working life of the equipment. Operating at high temperatures would 
increase permeate flow and decrease rejection (increased salt passage) as the diffusivity of 
both water and salt in the membrane increases with temperature. However, if temperature 
is increased significantly, changes in the polymer structure of the membrane can also occur, 
which could cause irreversible damage to the membrane.

3.3. Physical-chemical parameters of process water

The results of physical-chemical analysis of the water in the feed, permeate and retentate, are 
presented (Table 3). These were obtained using standard analytical techniques and a PROVE-
300-Merck spectrophotometer.

These data are consistent with the data characterized by field parameters for both experi-
mentation years [8, 11]. It can be observed that the presence of sodium in the permeate is 
80.06 mg/L, which does not interfere with the adsorption of the nutrients in the irrigation 
water when adding fertilizers to the crop. However, special care must be taken in the dosage 
of nutrients by means of fertilizers in the irrigation water, since fertilizers can present high 
acidity and salinity, which inhibits the adsorption of nutrients.

3.4. Soil parameters of the agricultural field

The reduction of pH in RO permeate water is caused by the removal of carbonates and bicar-
bonates from the feed. Brackish well water usually contains bicarbonates (calcium, sodium, 
magnesium) and carbonates (calcium), which raise the pH of the water. Soil measurements of 
all physical-chemical parameters, SAR and ESP, at the beginning and end of the experiment 
are shown in Figure 3.

Taking chlorine and sodium ions as reference, as they are the major indicators of salts present 
in a sample, there is an evident increase in salinity (greater than 600 and 610% on average) 
attributed to brackish water irrigation for sorghum and tomatillo (Physalis philadelphica) in the 

Sample pH Temperature (°C) Electrical conductivity (μS/cm) Total dissolved solids (mg/L)

Feed 7.68 24.69 6096.00 3901.40 ± 222.55

Permeate 6.16 25.01 446.00 285.00 ± 51.20

Retentate 8.08 25.89 17,496.00 11,197.44 ± 1389.01

Table 2. Water characterization at the 150 m3/d desalination plant.
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study area. On the other hand, under desalinated irrigation, the concentration of the sodium 
ion is reduced to 96%, which can be directly attributed to the salt removal by the RO process 
[11, 12].

Moreover, the SAR and ESP at the beginning and end of the experiment did not show sig-
nificant changes in the samples irrigated with desalinated water, mainly due to the ease of 
internal soil drainage [13]. However, brackish irrigation samples show an average increase of 
230% in SARs and 610% in ESP.

3.5. Desalinated water production cost

The economic data of the desalination process are shown in Table 4.

The economic evaluation of the process shows that the cost of producing desalinated water 
is $0.338 USD/m3 very similar to that reported by the International Desalination Association 
[11, 14, 15], which is $0.368 USD/m3, both for brackish water. To determine the viability of this 
desalination technology applied to agriculture, farmers should look for high-yield crops so 
that the cost-benefit effect is profitable, such as vegetables (e.g., tomatoes, chiles), and using 
drip irrigation systems [16].

3.6. Crop yields

3.6.1. Sorghum (2014)

There was a notable difference in the height of the plants, with the part irrigated with desali-
nated water being 10–15 cm higher on average. In addition, the plants irrigated with brackish 
water showed what appeared to be burned tips on the leaves of the plants: This is due to the 
excess of salts that are concentrated in the crop by the effect of brackish water from the well 
and possibly the addition of fertilizers. Although the latter was not reflected in burnt tips on 
the leaves of the plants irrigated with desalinated (Figure 4).

In all cases, the average height observed for the sorghum irrigated with desalinated water 
was higher compared to the average height of the crop irrigated with brackish water. This is 
directly attributed to soil management and the concentration of salts in the water, and there-
fore in the soil. These results in salt increase coincide with those reported by other authors 
[17, 18], who state that high salinity directly affects nutrient assimilation and germination in 
sorghum crops.

Water type Ca Mg Na K NO3 HCO3 Cl SO4 TDS

Feed 65.55 146.32 1079.66 72.74 28.76 33.83 1969.45 445.74 3842.05

Permeate 4.86 10.85 80.06 5.39 2.13 2.51 146.04 33.05 284.91

Retentate 190.70 425.90 3143.70 211.70 83.60 98.50 5733.80 1297.60 11,185.90

Table 3. Water quality assessment via physical-chemical parameters, in mg/L.

Desalination and Water Treatment10

Figure 3. Physical-chemical parameters in the agricultural field soil.

Concept Cost (USD $/m3)

Energy cost 0.207

High pressure pumps

Dosage pumps

General energy

Labor costs 0.095

Operating personnel

Technical assistance

Chemical costs 0.0043

Antiscalant

RO Clean

Sulfuric acid

Maintenance costs 0.031

Piping and accessories

Soldering

Total 0.338

Table 4. Operating costs.
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At the time of harvest, it was verified that parameters such as the height (m), the number of 
panicles per m2 and weight per panicle (g) were higher in all cases when using water with 
lower salt concentration. This led to an increase of 1 ton/ha (10.2%) of sorghum for the desali-
nated irrigation compared to irrigation with brackish water (Table 5). ANOVA analyses show 
a direct relationship in height and number of fruits, with respect to the salinity of water irri-
gated, with a 95% reliability.

Sorghum harvesting had a single cut, producing 7.9 ton/ha for the area irrigated with brack-
ish water (4000 mg/L TDS), while the area irrigated with desalinated water (200–285 mg/L) 
yielded 8.8 ton/ha. Yield in tons shows a difference of 10.2%, demonstrating a higher profit 
margin when using desalinated water (Figure 5).

The results in Figure 5 are similar to those of a previous study [17, 18] where the effect of 
saltwater irrigation on sorghum cultivation was verified. That study determined a direct rela-
tionship between seedling weight, stem diameter, delayed germination effect, and crop yield.

3.6.2. Tomatillo (Physalis philadelphica) (2016)

A difference in plant height was observed as a result of a lower salt concentration in the irriga-
tion water. The plants irrigated with desalinated water were 5–6 cm smaller on average than 
those irrigated with brackish water. This decrease in height was due to greater weight and 
diameter in the products. These results coincide with other investigations that use water with 
different concentrations of salts to observe significant differences [16].

Some of the parameters found were similar, such as stem diameter, plant height, germination 
and yield per cut. Nonetheless, there was an improvement when irrigating with lower salin-
ity water [16, 18]. In addition, the tomatillo (Physalis philadelphica) crop was harvested in three 

Figure 4. Behavior of the mean height of the sorghum crop.
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Parameter Desalinated irrigation Brackish water irrigation α 95%

Height (m) 1.7 1.5 X

Number of panicles per m2 29.0 28.0

Weight per panicle (g) 30.0 29.0

Yield (Ton/ha) 8.8 7.9

Table 5. Behavior of the sorghum crop parameters.

Figure 5. Dependence of sorghum crop yield with salinity in irrigation water.

Figure 6. Dependence of tomatillo crop yield with salinity in irrigation water.
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cuts. The average yield for the area irrigated with brackish water was 30.82 ton/ha, while the 
section irrigated with desalinated water yielded 35.88 ton/ha (Figure 6).

4. Conclusions

The use of desalinated water for agricultural irrigation increased the productivity of sorghum 
and tomatillo (Physalis philadelphica) crops. This means that wells with high salinity in the 
region can be utilized for irrigation through the use of desalination systems. In this sense, 
public and private investments in desalination in the rural sector are viable in the short term.

Cations and anions from the well water were successfully removed by the use of SWC4 mem-
branes in an RO system. The operating parameters of the desalination process, such as pres-
sure drop through the membrane modules, multimedia filter and cartridge filters, were below 
the limits and within the correct operating standards, which ensured a flow rate of 1.5–1.7 L/s 
of permeate, as well as a high rejection above 92%.

The total cost of producing the desalinated water was 0.338 USD $/m3. The cost of using 
electrical energy to operate the high pressure pump represented 70% of the total cost. 
Clearly, desalination processes need to incorporate renewable energy generation processes 
to reduce their environmental impact. In this energetic context, it is concluded that vegeta-
bles such as tomatillo have a higher profit in the market, compared to the sale of grains such 
as sorghum. This research project and other authors reaffirm that for the economic viability 
of desalination applied to agriculture, there must be a coupling of desalinated water using 
irrigation tapes for crops of high commercial value, with renewable energy such as solar 
photovoltaic.

The performance of the Physalis philadelphica and Sorghum are greatly improved by using 
tapes and sensory equipment, to apply irrigation as required and to decrease the concentra-
tion of salts in the irrigation water. It is concluded that the objective of the project has been sat-
isfactorily achieved. Finally, it is concluded that with the use of desalination, producers will 
not need to worry about planting crops that support or tolerate the concentration of salts from 
their wells, since they will be able to establish high yield and high commercial value crops. 
Notably, the cost of production is a success factor in places where desalination is applied, 
such as agriculture and others. It is also necessary to continue investigating the incorporation 
of electric energy from renewable sources.
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Abstract

Capacitive deionization (CDI) is an emerging technology that is currently being widely 
explored for brackish water desalination. The theory behind the CDI technology depends 
on ion electrosorption at the surface of a pair of electrically charged porous carbon elec-
trodes. Salt ions are removed upon applying an electrical low voltage of 1.2 V between 
two electrodes. Activated carbon cloth (ACC) electrodes have a significant potential for 
energy-efficient CDI water desalination due to the high surface area and salt storage 
capacity in which salt ions will be temporarily immobilized. The current state of the art 
of CDI technology is critically reviewed and evaluated to understand and summarize 
CDI background, phenomenon, advantages, operating conditions, performance metrics 
and equations, carbon electrode materials, cell architectures and CDI designs. We also 
provide a review study to evaluate the performance and feasibility of utilizing ACC-CDI 
systems for brackish water desalination.

Keywords: CDI, brackish water, treatment, activated carbon cloth, ACC, salt, 
desalination

1. Introduction

Water has always been prioritized as the most vital element for human existence since it makes 
up to 70% of human total body weight. Expected life quality and life span of any human 
are directly related to the presence of fresh water for drinking and other daily uses [1, 2].  
Recent studies showed that both worldwide demand for drinking water and production of 
wastewater are increasing dramatically. By the year of 2025, it is expected that there will be 
1.8 billion people suffering from fresh water shortage due to the high amounts of wastewater 
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produced from industrial wastes. Hence, improving water purification technologies is impor-
tant to secure fresh water for the coming generations [3–6].

Today, there are numerous water and wastewater treatment technologies that are com-
mercially selected and utilized based on both water feed characteristics and required water 
product quality. For example, high saline water (seawater) is usually treated in advanced 
reverse osmosis (RO) membrane desalination plants; a membrane consists of a porous layer 
of polymeric or metal material that allows the passage of fluid with restrictions to salt par-
ticles. Pressure-driven membrane technology has no side pollution effects and requires a 
small footprint for installation. However, membrane processes require applying low/high 
pressures to pump water for filtration and thereby increasing energy consumption and water 
production cost [4–6]. In contrast, low saline water (e.g., groundwater, surface water and 
brackish water) is better treated with industrial emerging technologies, which are different 
from membranes to reduce energy costs, such as electrodialysis (ED) and capacitive deion-
ization (CDI) [7, 8].

2. Capacitive deionization

2.1. Historical background

In 1960s, the concept of capacitive deionization (CDI) was introduced at the University of 
Oklahoma by G.W. Murphy as an alternative water treatment method and was called “electro-
chemical demineralization of water.” Activated carbon powder (charged electrode sheets) and 
flow-through electrode architecture were selected for the first designed CDI system to treat 
saline water. Carbon electrodes were capable of capturing salt ions as a result of the static elec-
trical force and the physical adsorption [9–11]. Murphy and Caudle combined mass balance 
and transport equations to obtain a model which described the salt concentration as function 
of time [12]. It was believed that ion removal is attributed to specific chemical groups present 
on the surface which are reduced or oxidized (faradaic reactions) and create ionic bond with 
salts [13].

Evans studied the mechanism of “electrochemical demineralization,” which is the CDI pro-
cess, and carried out the mass balance analysis to explain the fundamental idea behind ion 
removal. Evans’ explanation analysis was similar to Murphy’s findings and it was added that 
the concentration of surface groups determines the salt removal efficiency [14].

However, Murphy’s and Evans’s classical views on water desalination by porous electrodes 
are no longer valid and have been replaced by the common electric double layer theory (EDL) 
which describes the capacitive storage of ions in electrode pores [9, 10].

In 1968, a commercialization study on CDI, a demineralization unit, was initiated by Reid 
et al. to sustain the CDI process for long-term operation and without losing electrode adsorp-
tion capacity over time. Furthermore, it was demonstrated that the CDI unit is effective for 
the removal of other ions besides sodium and chloride which include calcium, magnesium, 
sulfate, nitrate and phosphate ions [13].
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In 1970s, Johnson et al. [15] proposed a reversible electrosorption model for electrode regenera-
tion by removing the applied electric potential to release the captured ions back to a concentrate 
flow. Salt adsorption mechanism was investigated to be a result of the EDL theory which was 
known as “potential-modulated ion sorption.” A porous electrode model and electrode charge 
voltage dependence were developed to conclude that electrode capacity depends on the EDL 
electrical capacity, the available surface area and the applied cell voltage. Johnson and Newman 
indicated that CDI is economically feasible only if stable electrodes can be produced [9, 10, 15, 16].

In 1990s, CDI technology captured the attention of scientific scholars and many released pub-
lications were about developing an effective carbon electrode with large internal surface area 
and good conductivity for better water deionization. The summarized timeline of CDI devel-
opment is shown in Figure 1 [13].

Figure 1. Timeline of scientific developments of CDI, indicating milestones since the inception of CDI in 1960 [13].

Activated Carbon Cloth for Desalination of Brackish Water Using Capacitive Deionization
http://dx.doi.org/10.5772/intechopen.76838

19



produced from industrial wastes. Hence, improving water purification technologies is impor-
tant to secure fresh water for the coming generations [3–6].

Today, there are numerous water and wastewater treatment technologies that are com-
mercially selected and utilized based on both water feed characteristics and required water 
product quality. For example, high saline water (seawater) is usually treated in advanced 
reverse osmosis (RO) membrane desalination plants; a membrane consists of a porous layer 
of polymeric or metal material that allows the passage of fluid with restrictions to salt par-
ticles. Pressure-driven membrane technology has no side pollution effects and requires a 
small footprint for installation. However, membrane processes require applying low/high 
pressures to pump water for filtration and thereby increasing energy consumption and water 
production cost [4–6]. In contrast, low saline water (e.g., groundwater, surface water and 
brackish water) is better treated with industrial emerging technologies, which are different 
from membranes to reduce energy costs, such as electrodialysis (ED) and capacitive deion-
ization (CDI) [7, 8].

2. Capacitive deionization

2.1. Historical background

In 1960s, the concept of capacitive deionization (CDI) was introduced at the University of 
Oklahoma by G.W. Murphy as an alternative water treatment method and was called “electro-
chemical demineralization of water.” Activated carbon powder (charged electrode sheets) and 
flow-through electrode architecture were selected for the first designed CDI system to treat 
saline water. Carbon electrodes were capable of capturing salt ions as a result of the static elec-
trical force and the physical adsorption [9–11]. Murphy and Caudle combined mass balance 
and transport equations to obtain a model which described the salt concentration as function 
of time [12]. It was believed that ion removal is attributed to specific chemical groups present 
on the surface which are reduced or oxidized (faradaic reactions) and create ionic bond with 
salts [13].

Evans studied the mechanism of “electrochemical demineralization,” which is the CDI pro-
cess, and carried out the mass balance analysis to explain the fundamental idea behind ion 
removal. Evans’ explanation analysis was similar to Murphy’s findings and it was added that 
the concentration of surface groups determines the salt removal efficiency [14].

However, Murphy’s and Evans’s classical views on water desalination by porous electrodes 
are no longer valid and have been replaced by the common electric double layer theory (EDL) 
which describes the capacitive storage of ions in electrode pores [9, 10].

In 1968, a commercialization study on CDI, a demineralization unit, was initiated by Reid 
et al. to sustain the CDI process for long-term operation and without losing electrode adsorp-
tion capacity over time. Furthermore, it was demonstrated that the CDI unit is effective for 
the removal of other ions besides sodium and chloride which include calcium, magnesium, 
sulfate, nitrate and phosphate ions [13].
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2.2. Fundamental concept

The fundamental concept of CDI technology is simply associated with electrosorption of 
ions at the surface of a pair of electrically charged electrodes (high porous carbon materials) 
[17]. The electrosorption phenomenon can be understood by the classical EDL theory which 
explains the charge-voltage and salt-voltage characteristics of the cell that strongly depends 
on electrodes properties. Basically, it is approximated that charge transfer along the cell is 
only attributed to electronic charge (in the carbon electrode) and ionic charge (in the aqueous 
phase), while surface charge from chemical adsorption/carbon redox chemistry is neglected 
[18]. In other words, there will be no voltage drop across the EDL if the material is not charged 
since the two components of charge sum up to zero, and only local voltage differences relative 
to a reference electrode play a role and not absolute potentials [13, 17, 18].

The concept of the EDL dates back to Helmholtz, in the nineteenth century, who assumed 
that there should be a condensed layer of counterions that directly compensates the surface 
charge, meaning that all surface charges are directly charge compensated by countercharges 
adsorbed to the surface [19]. If this holds, ion/charge transport in CDI would be ideally 
described by Helmholtz-model which states that one full salt molecule (one cation at the cath-
ode and one anion at the anode) would be removed for every electron transferred from one 
electrode to the other giving us unity charge efficiency.

Unfortunately, porous CDI electrodes do not condense ions right next to their surface; instead, 
ions remain diffusively distributed in a layer close to the surface. Hence, Gouy-Chapman (GC) 
described that there must be a diffuse layer combined by an inner stern (or compact) layer in 
between the electrodes (the carbon matrix) and the diffuse layer. Structure of the EDL according 
to the Gouy-Chapman-Stern (GCS) theory for a single planar EDL is shown in Figure 2 [20–22].

Diffuse layer observations show that ion concentrations progressively decay with increasing 
distance from the surface. The characteristic distance for the counterion concentration and 
potential to decay by a factor of  e  (~2.7)   is known as the Debye length   ( λ  

D
  )  . It was estimated that 

the diffuse layer starts to fade away after 2 or 3 times the Debye length. The Debye length 
of a sodium chloride (NaCl) solution of 10 mM ionic strength is approximately 3.1 nm at 
20°C. GCS theory assumes that there is no overlapping of the diffuse layer extending from one 
surface with a nearby surface. However, micropores (<2 nm) in activated carbon particles are 
generally less than the Debye length, thus the EDL overlap situation occurs [13].

Based on the EDL concept, CDI desalination occurs when putting a charged carbon electrode 
in contact with ionic solution, and then counterions will occupy the electrode-electrolyte 
interface in the pores inside the carbon particles due to the presence of the Coulomb force 
which forms the EDL. It should be noted that ions are not only removed by the electrical 
adsorption, but there will be a contribution from the physical adsorption effect. However, the 
regeneration step takes place when there is reduction in the applied potential (charge) and/
or reversed polarity which results in the removal of Coulomb force and/or reversing the force 
effect (i.e., there will be a repulsion force between held ions and charge) and therefore releas-
ing the held ions back to the concentrate solution. Desalination/regeneration steps form one 
complete CDI treatment cycle [9].

Desalination and Water Treatment20

2.3. Advantages

Effective water desalination at lower costs is considered as one of the grand technological chal-
lenges of the twenty-first century. Common commercial technologies such as reverse osmosis, 
electrodialysis, thermal distillation and multistage flash distillation have been developed to 
achieve efficient desalination. However, the latter technologies consume a lot of energy and 
may not be a cost-effective manner for water desalination. Recently, CDI has gained much 
attention as a desalination technology alternative for brackish water (which has low or mod-
erate salt content) due to its simple design, low energy consumption, economical feasibility, 
high efficiency, safety and environmental friendliness [23–27].

CDI does not involve membranes and therefore it is a low-pressure process of deionization 
which does not require energy for pumping water or any other means (except for a fairly 
low applied voltage). Moreover, CDI stores applied potential as a capacitive energy and 
one may recover this energy again to further reduce power consumption and operating 
expenses [27, 28]. In other words, electrode discharge step (regeneration) can be recovered 
and utilized to charge a neighboring cell (electrosorption) for ion rejection [13]. Possibility 
of electrode fouling during the desalination-regeneration cycles is relatively low, hence, 
making this technology more attractive for desalting water. CDI does not have additional 
contaminants (e.g., chemicals) released from the process which makes CDI technology envi-
ronmentally friendly [29].

From previous discussed advantages, CDI becomes very suitable in providing fresh water 
and agricultural water with low cost and without pollution [26, 30]. Despite that CDI may not 

Figure 2. Structure of the electrical double layer (EDL) according to the Gouy-chapman-stern (GCS) theory for a single 
planar EDL [13].
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be capable of treating sea water (high saline water); it is still efficient to remove salt concen-
trations up to 10 g/L. Accordingly, water shortage problems in arid areas and contaminated 
brackish water-rich regions can be overcome with the advantageous CDI technology [13].

CDI technology does not require expensive designed parts/materials for the construction 
phase. Materials required to build a CDI cell are commercially available and cheap which 
include, but not limited to, a pair of porous electrodes (e.g., carbon), a porous separator 
between the two electrodes, a conductive rod material (e.g., graphite) to be attached to both 
electrodes and connected to a potentiostat (to transfer a typical applied potential of 1–1.4 V) 
and a designed acrylic support/reservoir with an inlet and outlet [17].

2.4. Operating conditions

Since this chapter is related to using activated carbon cloth (ACC) as an electrode in the CDI 
cell, the reported operating conditions in this section are for ACC-CDI systems. Laxman 
et al. and Myint et al. have investigated the use of ACC (Zorflex FM-100) for CDI brackish 
water desalination. Zorflex ACC thickness was about 1.0 mm, electrode area was 8.4 cm2 and 
specific surface area was approximately 1100 m2/g. The ACC was grafted/coated with zinc 
oxide (ZnO) micro/nanomaterials (nanoparticles, nanorods, microsheets and microspheres) 
by a simple and low-temperature hydrothermal method to enhance salt removal from the 
improved electrode conductivity [29, 31, 32].

Based on the literature data for ACC-CDI systems, studied feed water, NaCl solution concen-
tration should be between 100 and 1000 ppm (typically a salt concentration between 5 and 
50 mM and/or 0.5 and 5 mS/cm) and applied potential must be in the range 0.6–1.6 V DC (typi-
cally 1.2 V to avoid water hydrolysis at 1.23 V). The system should be operated under room 
temperature and normal atmospheric pressure with a flowrate of 2 mL/min (and may reach 
up to 1–4 L/min). Flowrate values could be changed/increased and might not have much effect 
on salt adsorption. Desalination/regeneration time should be approximately 25 min (typically 
10 min for desalination and 10 min for regeneration, or charge–discharge cycle can have any 
duration/time, from very short  ~ 4 min, with little adsorption, to very long  > 90 min, depending 
on when equilibrium concentration becomes steady with time). Salt rejections could reach 
up to 25 and 35% for plain ACC and ACC deposited with ZnO nanorods, respectively, and 
electrode electrosorptive capacity could reach up to 8.1 mg/g [17, 31, 32].

2.5. Performance metrics and equations

2.5.1. Desalination (salt removal) efficiency

It is defined as how much salt ions can be removed from brackish water in a CDI cell; see Eq. (1).

  R  (%)  =   
 C  0   −  C  f   _____  C  0  

   × 100  (1)

where   C  
0
    and   C  

f
    are the initial and final (or equilibrium) concentration in ppm “mg/L” (or con-

ductivity in μS/cm) of saline (NaCl) solution. Regeneration efficiency can also be calculated 
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from the abovementioned equation and multiplying the result by (−1) to have a positive number 
since   C  

f
    will be much higher than   C  

0
    (due to flushing/cleaning the system with DI water) [29, 32].

2.5.2. Charge efficiency

It is defined as the ratio of adsorbed salt over charge and calculated from Eq. (2) by multi-
plying the total adsorbed salts on the electrodes (mol/g) by Faraday’s constant (C/mol) and 
then divided by the total amount of charge density transferred for adsorption cycle (C/g). 
Charge efficiency is used to analyze static electrode CDI cycles as an integral property and 
it must be less than unity (or approaching one for the ideal case). Charge efficiency is a 
function of the applied potential during charging/discharging and initial salt concentra-
tion. Increasing charging and discharging voltages and decreasing feed concentrations will 
result in higher charge efficiency. Higher values of charge efficiency lead to lower energy 
consumption [17, 24, 25].

  Λ =   
Γ × Ϝ

 ____ Σ   =   
 (SAC / M)  × Ϝ

 __________ ∫ I dt    (2)

where  Γ  is the deionization capacity upon applying a cell voltage (mol/g),  Ϝ  is the Faraday’s 
constant (96485.33 C/mol),  Σ  is the total charge transferred (C/g) and is calculated through 
integrating the current over time per electrode mass to give an estimate on the total amount 
of charge delivered in Coulombs per gram of electrode during the adsorption cycle,  SAC  is 
the salt adsorption capacity (see Section 2.5.3) and is calculated from Eq. (3) with the unit 
(mg/g),  M  is the molar mass of NaCl (58.4 g/mol),  I  is the measured current density (A/g, 
where A = Amperes = C/s),  t  is the charging time (s) and  ∫ I dt = C/g, where C = Coulomb. Current 
is generally higher in magnitude during charging when compared to discharging. The above 
equation is valid for any CDI system, symmetric or asymmetric cells with/without redox reac-
tions as long as the current and salt rejection are measured from experiment [17, 24, 25].

2.5.3. Salt adsorption capacity

Salt adsorption capacity (SAC) is defined as the amount of ions in milligram electroadsorbed 
per gram of electrodes; see Eq. (3). This is also known as “specific salt adsorption capacity” 
and gives information on the electrosorption capacity of both electrodes of a cell’s charge–dis-
charge cycle. One may calculate the maximum salt adsorption capacity (mSAC), which is also 
known as equilibrium salt adsorption capacity (eqSAC), when the measured conductivity of 
the cell effluent no longer changes over time [17].

  SAC  (mg / g)  =   
 ( C  0   −  C  f  ) V

 _______ m    (3)

where   C  
0
    and   C  

f
    are the initial and final (or equilibrium) concentrations of NaCl solution 

(mg/L),  m  refers to the total mass of the two carbon electrodes when dry (g) and  V  represents 
the volume of NaCl solution (L). However, if the effluent was discharged, the amount of ion 
adsorption per unit mass of carbon electrodes can be calculated from Eq. (4) [17, 23, 27];
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  SAC  (mg / g)  =   
 C  f   Qt

 ____ m    (4)

where   C  
f
    represents the final ion concentration of NaCl solution (mg/L),  Q  is the flow rate of 

the solution (L/min),  t  is the electrosorption time (min) and  m  is the mass of the two carbon 
electrodes (g) [17, 23, 27, 31, 33, 34].

2.5.4. Average salt adsorption rate

This metric gives information on the rate of salt sorption, and is usually in the units (mg/g/
min) with the (min) referring to the charging time, (mg) referring to the mass of salt removed, 
(g) referring to the mass of the two electrodes together and average salt adsorption rate 
(ASAR) is calculated from Eq. (5).

  ASAR =   SAC ____ t    (5)

where  t  stands for the deionization time (min) and  SAC  refers to the salt adsorption capacity 
(mg/g). Zhao et al. reported the highest value of ASAR which is 2.3 mg/g/min for a membrane 
CDI cell architecture (see Section 4.3) with sub-equilibrium charging times and 300-mm-thick 
electrodes [17, 27, 35, 36].

Kim-Yoon proposed KY diagrams which combine two CDI metrics, salt adsorption capacity 
(SAC) and salt adsorption rate (ASAR), in a single plot. KY diagram can be used in optimiza-
tion studies for CDI cells. For example, KY was plotted for a flow by CDI cell with static film 
electrodes (Kuraray YP50F-activated carbon powder) as a function of the charging voltage as 
shown in Figure 3, and the discharge voltage was set to zero for all experiments. Calculations 
were carried out at varied half-cycle time (HCT; the charging and discharging steps were of 
the same duration) and the charging voltage was set between 0.9 and 1.3 V. Dividing SAC by 
ASAR is equal to twice the half-cycle time (HCT) and optimum operational values are shown 
by black circles [17, 27, 35, 36].

2.5.5. Specific capacitance

It is defined as the cell or electrode charge storage capacity, expressed in Farads per gram 
(F/g), and is estimated from capacitive charge and the applied cell voltage as in Eq. (6) and/or 
Eq. (7). The specific capacitance is often referred to a single electrode capacitance. Capacitance 
and desalination (salt removal) are not equivalent but are linked by the charge efficiency 
(see Section 2.5.2). Cyclic voltammetry measurements should be performed on the working 
electrode using a potentiostat with a specific scan rate (mV/s) and a potential widow (e.g., 
−0.4 V to +0.4 V), to obtain voltammogram diagrams and then calculate the specific electrode 
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3. Carbon electrode materials for CDI

Carbon is a large chemical family and represents a wide range of materials that are mainly 
composed by the carbon element. Among them, graphite and diamond are the two with crystal  
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structures and are not property adsorption materials because of the lack of surface area. 
Others are normally referred to as amorphous carbon. Earlier studies in the last few decades 
showed that carbon electrodes are promising in CDI cells because of their very high spe-
cific surface area, and thereby resulting in better electrosorption and higher salt rejections. 
Common carbon electrodes, which are utilized for CDI, are activated carbon, activated car-
bon powder, activated carbon cloth, carbon aerogel, carbon nanotubes, carbon nanofibers, 
ordered mesoporous carbon and graphene [9, 13].

3.1. Selected parameters for an ideal electrode

1. High specific surface area; it allows for high electrical capacity and high ion capacity to 
hold considerable quantity of ions (high adsorption). However, not the entire surface area 
calculated from experimental methods may be available to ions [9, 13, 29].

2. High electrical conductivity; it offers higher ion capacity [9, 31]; one may increase elec-
trical conductivity by coating the electrode surface with dielectric materials. Myint et al. 
studied the CDI electrode made of nano/micro-sized zinc oxide/ACC to achieve better per-
formance. Metallic or metal-like (e.g., metal oxide; titania) electronic conductivity guaran-
tees that the whole electrode surface of all particles is charged with low-voltage gradients 
within the carbon. Low energy dissipation and low heating are achieved by having a high 
electronic conductivity [29, 31, 32]. Jia et al. reported that titania-modified-ACC increased 
adsorption sites on the electrode surface and showed good reversibility [9].

3. High stability: high physical, chemical and electrochemical electrodes’ stability over a 
wide range of pH values, and the ability to tolerate frequent voltage changes is important 
to ensure longevity and system stability [9, 37].

4. High and improved hydrophilicity: good wetting behavior, by introducing hydrophilicity, 
ensures that the whole pore volume participates in the CDI process [9, 13].

5. Lower spacing between the two electrodes and large spacer electrostatic permittivity (short 
distances between EDLs) [9]. Laxman et al. added an ion exchange membrane in CDI cells 
to achieve better surface energy and stability [31].

6. Fast ion mobility within the pore network: bottlenecks or very small pores cause diffu-
sional limitations and limit the kinetics. This concerns the porosity within carbon particles 
as well as the pore structure of the entire CDI electrode, considering, for example, interpar-
ticle distances and electrode thickness [13].

7. Low costs and scalability: low costs are important for large-scale applications [9, 13].

8. High bio-inertness: for long-term operation biofouling needs to be avoided in surface or 
brackish water treatment [13].

9. Low contact resistance between the current collector and the porous electrode to avoid a 
large voltage drop; thus, a low interfacial resistance is required from the electrode to the 
current collector [9, 13].

10. Good processability, moldable into film electrodes based on compacted powders, fibers 
or monoliths [13].
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3.2. Specific surface area of various electrodes

As discussed earlier, higher specific surface area is the most important parameter in selecting 
an ideal carbon electrode for the CDI cell to ensure the maximum adsorption. Hence, Table 1 
shows the specific area of various carbon non-composites and composite electrodes [9].

4. Cell architectures and CDI designs

4.1. Flow between electrodes

In this architecture, CDI contains a pair of porous carbon electrodes parted by a spacer where 
feed water flows (feed water flows perpendicular to the applied electric field direction (see 
Figure 4A)). Flow between electrodes, which is also known as flow by electrodes, is the old-
est and most used CDI architecture and was widely employed in various experiment works, 
including, but not limited to, removing salt from numerous feed waters, inspecting novel 
electrode materials performance and performing fundamental studies of salt sorption on 
porous electrodes. Traditional CDI design has advantages over newer designs due to its sim-
plicity (no membranes or flow electrodes), which can potentially lower the system cost and 
reduce fouling issues [17, 38–42].

4.2. Flow-through electrodes

This architecture is defined as a CDI cell, with a pair of porous carbon electrodes parted by 
a thinner spacer, in which the feed goes directly through the electrodes and parallel to the 
applied electric field direction (Figure 4B). Flow-through electrodes system is used in a three-
electrode cell to study fundamental performance parameters such as charge efficiency. Flow-
through electrodes allow faster cell charging relative to flow-between systems. The primary 

Non-composites Composites

Electrode Specific surface area 
(m2/g)

Electrode Specific surface area 
(m2/g)

ACC* 1200–1980 ACC/titania*  ~  1890

AC powder* 730–3073 AC/titania*  ~  546

AC nanofiber* 670–712 AC/Graphene*  ~  779

Graphene 220–406.4 Graphene/mesoporous carbon  ~  685.2

Carbon aerogels 113–1100 Graphene/mesoporous  ~  400.4

Carbon nanofiber  ~  186 Graphene/CNT* 222.1–479.5

CNT* 129.2–359.6 CNT/carbon nanofiber*  ~  211

OMC*  ~  844 CNT/micro/mesoporous carbon* 526–990

*ACC: Activated Carbon Cloth; AC: Activated Carbon; CNT: Carbon Nanotubes; OMC: Ordered Mesoporous Carbon.

Table 1. Specific surface area of various carbon non-composite and composite electrodes, as measured and reported from 
several previous studies reported by Jia et al. [9].
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Figure 4. CDI architectures using static electrodes, including (A) flow between electrodes, (B) flow-through electrode, 
(C) membrane CDI and (D) inverted CDI. (E) and (F) show architectures which utilize static electrodes that depart from 
purely capacitive behavior, including (E) hybrid CDI and (F) a desalination battery. (G)–(I) show CDI architectures with 
flow electrodes, including systems with (G) feed-in electrodes, (H) feed-between electrodes and (I) membrane flow 
electrode CDI [17].

benefit of this architecture is to remove (or decrease) the separator layer which also serves as 
the feed flow channel, thus allowing a less separator thickness (from normally 200–500 μm to 
about 10 μm). The reduction of spacer thickness between electrodes allows for more compact 
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cells with lesser cell ionic resistance and faster desalination due to diffusion timescale reduc-
tion governing the removal of salt from the electrodes [17, 38, 42, 43].

4.3. Membrane CDI

This architecture uses ion exchange membranes on the separator side of each electrode 
(Figure 4C). As in electrodialysis cells, the feed water channels in membrane CDI (MCDI) 
cells are bounded by an anion exchange membrane (AEM) and a cation exchange membrane 
(CEM). The main benefit of the addition of membranes to the CDI cell is to improve the charge 
efficiency (which is linked to the efficiency of cell energy). Membranes may be tailored to have 
selectivity between different ions of the same charge sign which offers an additional level of 
tunability for complex multi-ion systems. The benefit of charging a CDI cell with constant 
current rather than constant voltage is that constant current allows for constant cell effluent 
concentration, which was first demonstrated on an MCDI cell which has the well-established 
advantage of improving the system’s charge efficiency and sorption capacity because of the 
addition of ion exchange membranes, but this added a significant membrane cost as com-
pared to other cell components [17, 13, 41–45].

4.4. Inverted-CDI

In this architecture, the flow between electrode CDI cell is modified by using a surface-treated 
carbon Anode (negative surface charge via a chemical surface treatment), leading to the case of 
inverted-CDI (I-CDI, Figure 4D). Inverted cell demonstrates inverted behavior, whereby cell 
charging results in desorption of ions and cell discharging results in ion electrosorption [17, 46].

4.5. Hybrid CDI

A hybrid cell architecture combines a battery electrode (sodium manganese oxide) and a 
capacitive electrode (porous carbon) in a single desalination cell (Figure 4E). Hybrid systems 
enable high salt adsorption of  ~  31 mg/g as compared to traditional capacitive CDI cells which 
achieve up to about  ~ 15 mg/g [17, 47–49].

4.6. Desalination battery

In this architecture, CDI cell utilizes two battery electrodes (Figure 4F) for better salt adsorption. 
The Faradaic reactions in electrodes are tuned to consume a single species (such as chloride or 
sodium) and may not be able to significantly remove (or affect) other present species [17, 47].

4.7. Carbon flow electrodes

In this design, feed water is pumped through electrode compartments for salinity treatment 
(Figure 4G–I). Carbon flow electrodes (FCDI) have two major benefits: first, feed water flow-
ing through a single cell can be desalinated continuously, as the active carbon particle dis-
charge (formation of brine) can occur as a separate process downstream of the cell, and a 
second major benefit is that FCDI can effectively increase the capacitance available for better 
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Figure 5. Removal efficiency and electrosorption capacity as a function of (a) flow rate and of (b) initial concentration of 
NaCl solution [51].

Figure 6. Activated carbon fibers (ACFs) with different SBET’ (BET surface area): (a) amount of electrosorption and (b) 
charge efficiency against applied voltage [52].

desalination than that of static electrode CDI systems. Therefore, FCDI can desalinate higher 
salinity streams than static CDI systems. Subsequently, FCDI has to evolve gradually to be 
economically suitable for sea water desalination [17, 47, 50].

5. ACC-CDI performance analysis

Removal efficiency of the CDI cells has been reviewed and analyzed with respect to many 
parameters (operating conditions). The effect of the feed flow rate and the initial ionic concen-
tration on the removal efficiency is shown in Figure 5. It was found that salt rejections decrease 
at high flow rate; this is because the separation process requires high contact time between 
the electrode surface and the salt solution. Furthermore, high feed concentrations would 
result in reduced removal efficiency but would increase electrosorption capacity (SAC) since 
high amounts of salts will fill up more carbon pores and yield in higher adsorbed salts per 
electrode mass. Removal efficiency decreases at higher salt concentrations because it would 
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be difficult to drop a high salinity level by utilizing small electrode mass and dimensions 
(e.g., 3  ×  3 cm2 and 0.6 g) which is the case of any CDI designed for lab-scale analysis [51, 52].

Figure 6 shows the effect of applied potential on SAC and charge efficiency at different acti-
vated carbon fibers (ACFs) electrodes with various BET surface area (SBET’). It was observed that 
there will be improvements in both SAC and charge efficiency if higher voltages are applied 
and higher electrode SBET is achieved. The effect of ACC treatment (with KOH or HNO3 for 
different treatment times) on the removal efficiency has been studied and shown that lower 
treatment (3 h) is favored to achieve a high CDI performance; see Figure 7. Conversely, longer 
CDI desalination times (4 min) are preferred and the desalination cycle may be terminated 

Carbon 
electrode

Specific 
surface 
area 
(m2/g)

Initial salt 
concentration 
(mg/L)

Applied 
voltage 
(V)

Operation 
time (min)

Salt 
Rejection 
(%)

Salt 
adsorption 
capacity, SAC, 
(mg/g)

Ref.

ACC 984 1000 1.6 7 25 5.4 [31]

1043 100 1.2 12.5 15 — [32]

1980 5844 1 300 18 1.75 [54]

1200 100 1.2 7 15 5.8 [29]

1980 5844 0  ~  1.2 1440 12 — [55]

ACC/ZnO 1300 100 1.2 7 22 8.5 [29]

637 1000 1.6 7 15 8.1 [31]

— 100 1.2 12.5 35 — [32]

ACC/titania 1180 5844 0  ~  1.2 1440 50 8.1 [55]

1890 5844 1 300 40 4.3 [54]

546 500 1.2 200 45 — [56]

Table 2. Various activated carbon cloth (ACC) electrodes and their CDI treatment performance.

Figure 7. Changes in NaCl concentration (initial conductivity of 2000 mS/cm) with time for ACC. (a) ACC treated in 
KOH and (b) in HNO3 [53].
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there will be improvements in both SAC and charge efficiency if higher voltages are applied 
and higher electrode SBET is achieved. The effect of ACC treatment (with KOH or HNO3 for 
different treatment times) on the removal efficiency has been studied and shown that lower 
treatment (3 h) is favored to achieve a high CDI performance; see Figure 7. Conversely, longer 
CDI desalination times (4 min) are preferred and the desalination cycle may be terminated 

Carbon 
electrode

Specific 
surface 
area 
(m2/g)

Initial salt 
concentration 
(mg/L)

Applied 
voltage 
(V)

Operation 
time (min)

Salt 
Rejection 
(%)

Salt 
adsorption 
capacity, SAC, 
(mg/g)

Ref.

ACC 984 1000 1.6 7 25 5.4 [31]

1043 100 1.2 12.5 15 — [32]

1980 5844 1 300 18 1.75 [54]

1200 100 1.2 7 15 5.8 [29]

1980 5844 0  ~  1.2 1440 12 — [55]

ACC/ZnO 1300 100 1.2 7 22 8.5 [29]

637 1000 1.6 7 15 8.1 [31]

— 100 1.2 12.5 35 — [32]

ACC/titania 1180 5844 0  ~  1.2 1440 50 8.1 [55]

1890 5844 1 300 40 4.3 [54]

546 500 1.2 200 45 — [56]

Table 2. Various activated carbon cloth (ACC) electrodes and their CDI treatment performance.

Figure 7. Changes in NaCl concentration (initial conductivity of 2000 mS/cm) with time for ACC. (a) ACC treated in 
KOH and (b) in HNO3 [53].
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once we reach a stable product concentration; by doing this, one can estimate the highest 
achievable rejection for a specific CDI cell; see Figure 7.

ACC-CDI performance was evaluated to check for the system feasibility for water treatment 
by comparing the literature results for different studied ACC-CDI systems. Important param-
eters associated with the used electrode (e.g., specific surface area), electrolyte solution (e.g., 
initial salt concentration) and experiment operating conditions (e.g., applied voltage and 
operation time) were gathered and reported in Table 2. Observed salt rejections and SACs 
were gathered for non-composite ACC and composites ACC/ZnO and ACC/titania electrodes 
to be compared separately. The highest achieved rejections were 25, 35 and 50% for ACC, 
ACC/ZnO and ACC/titania, respectively, and the maximum observed SACs were 5.8, 8.5 and 
8.1 for ACC, ACC/ZnO and ACC/titania, respectively.

6. Conclusion

CDI technology shows a great potential for brackish water desalination due to its simple design, 
cheap components, low energy-consumption (fairly low potential and recoverable energy), 
economical feasibility, high efficiency, safety and environmental friendliness. The classical EDL 
theory explains the concept behind the CDI which is simply associated with electrosorption of 
ions at the surface of a pair of electrically charged electrodes; counterions will occupy pores inside 
the carbon particles due to the presence of the Coulomb force. Salt rejection occurs due to both 
physical adsorption and electrical adsorption contributions. ACC-CDI systems should have 
feed water salinity between 100 and 1000 ppm (typically between 5 and 50 mM and/or 0.5 and  
5 mS/cm) and applied potential must be in the range 0.6–1.6 V DC (typically 1.2 V). 
Desalination/regeneration time can have any duration/time, from very short  ~  4 min, with lit-
tle adsorption, to very long  >  90 min, depending on when equilibrium concentration becomes 
stable. ACC-CDI rejections could reach up to 25 and 35% for plain ACC and ACC deposited 
with ZnO nanorods.

CDI performance metrics and equations, which identify the system feasibility, have been dis-
cussed and included the following: desalination efficiency, charge efficiency, SAC, ASAR, 
specific capacitance and Langmuir isotherm. Selected parameters when choosing an ideal 
electrode must involve high specific surface area, high electrical conductivity, high stability, 
high hydrophilicity, low costs and scalability. It was found that traditional CDI design has 
advantages over newer designs due to its simplicity and lower costs. However, other CDI 
architectures showed higher system’s efficiency (e.g., MCDI), but with a significant added 
cost. Generally, removal efficiency increases at low salt concentrations and low flow rates. 
Though high feed concentrations would result in higher SAC, higher applied potentials, 
higher surface areas and longer CDI desalination times are favored for better CDI perfor-
mance. Observed salt rejections and SACs of various non-composite ACC and composites 
ACC/ZnO and ACC/titania showed that the composite electrodes have much higher num-
bers. The highest achieved rejections were 25, 35 and 50% for ACC, ACC/ZnO and ACC/
titania, respectively, and the maximum observed SACs were 5.8, 8.5 and 8.1 for ACC, ACC/
ZnO and ACC/titania, respectively.
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once we reach a stable product concentration; by doing this, one can estimate the highest 
achievable rejection for a specific CDI cell; see Figure 7.

ACC-CDI performance was evaluated to check for the system feasibility for water treatment 
by comparing the literature results for different studied ACC-CDI systems. Important param-
eters associated with the used electrode (e.g., specific surface area), electrolyte solution (e.g., 
initial salt concentration) and experiment operating conditions (e.g., applied voltage and 
operation time) were gathered and reported in Table 2. Observed salt rejections and SACs 
were gathered for non-composite ACC and composites ACC/ZnO and ACC/titania electrodes 
to be compared separately. The highest achieved rejections were 25, 35 and 50% for ACC, 
ACC/ZnO and ACC/titania, respectively, and the maximum observed SACs were 5.8, 8.5 and 
8.1 for ACC, ACC/ZnO and ACC/titania, respectively.

6. Conclusion

CDI technology shows a great potential for brackish water desalination due to its simple design, 
cheap components, low energy-consumption (fairly low potential and recoverable energy), 
economical feasibility, high efficiency, safety and environmental friendliness. The classical EDL 
theory explains the concept behind the CDI which is simply associated with electrosorption of 
ions at the surface of a pair of electrically charged electrodes; counterions will occupy pores inside 
the carbon particles due to the presence of the Coulomb force. Salt rejection occurs due to both 
physical adsorption and electrical adsorption contributions. ACC-CDI systems should have 
feed water salinity between 100 and 1000 ppm (typically between 5 and 50 mM and/or 0.5 and  
5 mS/cm) and applied potential must be in the range 0.6–1.6 V DC (typically 1.2 V). 
Desalination/regeneration time can have any duration/time, from very short  ~  4 min, with lit-
tle adsorption, to very long  >  90 min, depending on when equilibrium concentration becomes 
stable. ACC-CDI rejections could reach up to 25 and 35% for plain ACC and ACC deposited 
with ZnO nanorods.

CDI performance metrics and equations, which identify the system feasibility, have been dis-
cussed and included the following: desalination efficiency, charge efficiency, SAC, ASAR, 
specific capacitance and Langmuir isotherm. Selected parameters when choosing an ideal 
electrode must involve high specific surface area, high electrical conductivity, high stability, 
high hydrophilicity, low costs and scalability. It was found that traditional CDI design has 
advantages over newer designs due to its simplicity and lower costs. However, other CDI 
architectures showed higher system’s efficiency (e.g., MCDI), but with a significant added 
cost. Generally, removal efficiency increases at low salt concentrations and low flow rates. 
Though high feed concentrations would result in higher SAC, higher applied potentials, 
higher surface areas and longer CDI desalination times are favored for better CDI perfor-
mance. Observed salt rejections and SACs of various non-composite ACC and composites 
ACC/ZnO and ACC/titania showed that the composite electrodes have much higher num-
bers. The highest achieved rejections were 25, 35 and 50% for ACC, ACC/ZnO and ACC/
titania, respectively, and the maximum observed SACs were 5.8, 8.5 and 8.1 for ACC, ACC/
ZnO and ACC/titania, respectively.
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charge/discharge current used during the deionization process. A DC/DC converter is
required to transfer the stored energy from one cell to another with the maximum possible
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resource of paramount importance and growing scarcity, although throughout modern history
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overpopulation, global warming, the increase of polluting emissions and the growing energy
demand of the world productive model are at the base of numerous studies that indicate an
alarming water scarcity in the medium term. Thus, some sources [1] estimate a 40% increase in
water demand with respect to its availability within a period of 20 years, which makes it
possible to calculate that one-third of the world’s population will have access to only 50% of
the amount of water necessary to cover their basic needs.

With this forecast and the potential increase of the world population, it is estimated that by
2050 a global water crisis without precedents could be established that would create very high
levels of scarcity in large regions of the planet. This necessarily implies investments in the
improvement of water saving and the optimization of current methods of water regeneration/
purification.

Over the past decades, processes such as reverse osmosis (RO), electrodialysis and various forms
of distillation, such as multi-effect distillation and multi-stage flash distillation, have reached a
high level of technological and industrial maturity [2, 3], and are currently the reference pro-
cesses and mostly used for the regeneration/production of drinking water on a large scale. These
methods have the main drawback of high energy consumption (e.g. 4–7kWh/m3 for RO) so that
new strategies for purification are being investigated in order to reduce their consumption.

CDI technology is presented as an efficient alternative to the previously mentioned technolo-
gies, as it allows an important recovery of the energy involved in the process.

2. Capacitive deionization (CDI)

CDI technology uses an electric field created by a pair of electrodes to induce the mobility and
separation of the dissolved salts in the water towards the corresponding electrodes (Figure 1).
The salts (their ionic components) are retained at the interface between the electrode and the
aqueous medium, in an electrochemical structure called double-layer. Therefore, CDI is a low-
pressure desalination process where an energy recovery process can be used to minimize the
energy consumption.

2.1. Operating principle

As it was mentioned, CDI technology uses the electric field created between the electrodes to
retain the ions on the electrode surface by means of electrostatic attraction [4]. This accumula-
tion of ions on the electrodes is a thermodynamically reversible process and can be eliminated
in a later step, during which the electrodes are depolarized. The behavior of the structure is
similar to a supercapacitor that can be charged or discharged. In order to increase the effective
surface of the electrode, nanoporous carbon materials are used to cover the surface of the
electrode [5–7].

The first phase of operation is called deionization or desalination phase, and more technically,
the ionic adsorption phase. This phase lasts as long as it takes the equivalent capacitor to
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charge to the desired potential, always lower than 1.2 V to avoid water dissociation. The water
between the electrodes will be partially deionized during this stage. During the second phase,
the electrodes are depolarized or discharged while circulating a flow of water that is used to
facilitate the removal of the ions adsorbed by the electrode plates, which will be evacuated in
the form of a concentrate or brine. This second phase is called the regeneration or cleaning
phase since it makes the electrodes be ready for a new cycle again.

This principle and mode of operation, based on alternating charge-discharge of the equivalent
capacitor, suggests the use of the energy accumulated in the electrodes during the regeneration
phase (once the electrodes are saturated of salt ions) to supply another deionization module
that starts the desalination phase. This principle of energy reuse (transferring energy between
deionization modules) implies the possibility of significantly reducing the energy consumption
of the system.

The primary energy source will only have to provide the necessary amount of energy to
compensate the losses that occur during the energy transfer between the CDI cells.

2.2. Membrane capacitive deionization (MCDI)

In this variant of capacitive deionization, ion-selective membranes are interposed between the
electrodes and the solution. In this way, it is possible to use the polarity reversal in the
electrodes periodically, drastically improving the efficiency in the cleaning phase [8, 9].

In addition, the use of membranes improves the performance of the process, since it increases
the electronic efficiency, which is the ratio between the amount of salt eliminated and the
amount of electric current supplied to the CDI cell to achieve that goal.

Figure 2 shows a diagram of the MCDI operation composed of two capacitive units or cells.
Each of the cathodes has a cation-selective membrane interposed, and each anode has an
anion-selective membrane so that the ions charged with a sign opposite to that of the electrode

Figure 1. Schematic of ion adsorption during the polarization of electrode plates.
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(or counter-ions) can move freely through the membrane, while the movement of ions with a
charge of the same sign is blocked.

During the purification phase, the electrodes invert the polarity to facilitate the desorption of
the adsorbed ions in the previous desalination phase. The re-adsorption of ions is avoided
thanks to the barrier posed by the membranes.

In both cases, CDI or MCDI, another important parameter, is the effective electrode surface.
This parameter is related to the equivalent capacitance that represents the deionization cell
and, therefore, to the quantity of salt that can be adsorbed.

3. CDI module characterization

The interface between an electrically charged electrode and an electrolytic solution is a prob-
lem widely studied as part of the so-called surface phenomena. In this interface, a region of
ionic accumulation is formed, commonly called electric double-layer, in which the ionic species
present in the electrolytic medium are spatially distributed in a characteristic manner
responding to the electronic charge present in the electrode. In this type of interfaces, it is
known that the accumulated charge density depends on the voltage level of the electrode, the
concentration of the solution and its chemical composition.

The double-layer name comes from the first theoretical model formulated to explain the
accumulation of charge in these interfaces. In 1883, Helmholtz assumes that the electric
charges in the electrode form a layer that induces another layer in the solution, of ionic
character and polarity opposite to that of the electrode. In the Helmholtz model, the layer
present in the solution is formed by ions intimately in contact with the outer surface of the
electrode (the surface in contact with the solution) and it is assumed that there are no further
interactions within the solution due to the influence of the electrode beyond this layer adjacent
to the surface.

Assuming a flat electrode, the Helmholtz model is equivalent to the classical model of a flat-
parallel capacitor (Figure 3) where A is the effective electrode surface, XH is the distance
between ions and εr is the permittivity.

Figure 2. Schematic of a membrane capacitive deionization cell.
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CH ¼ A � εr � ε0
χH

(1)

The desalination cell is built by piling several electrodes to increase the capability of water
processing. In Figure 4, several electrodes are piled controlling the distance between them,
“d,” and the number of electrodes placed in series, “n.”

Although there are more complex models of the ion distribution around the electrodes [10–12],
the whole desalination cell can be modeled with the traditional circuit used to characterize a
capacitor C. In this model two additional resistances are included, a series resistance RS to
model conduction losses, and a parallel resistance RP that represents the self-discharge of the
module.

The proposed electric model of the CDI cell (Figure 5) will allow the desalinization system to
be simulated together with the power topology used for the energy recovery. The electrical
parameters defined, RS, RP and C, depending on the geometrical characteristics of the CDI cell
and on the salt molar concentration (M). In order to obtain their values, a current source is
applied to the cell that generates a linear evolution in the voltage across the terminals.

The CDI cell is initially completely discharged. At t = 0, a constant current, IDC, is applied to
initiate the charging process (Figure 6). Therefore, since the equivalent capacitor C is initially
discharged, the value of the voltage VC(t = 0+) measured will determine the value of RS

expressed in Ω.

RS ¼ ΔV1

IDC
(2)

The capacitance of the CDI module, C, can be obtained from the linear charging process,
during which the parallel resistance, RP, can be neglected:

Figure 3. Classical double-layer model of a flat-parallel capacitor.
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C ¼ IDC

tgα
(3)

Finally, to determine the parallel resistance, RP, the current source is turned off, and an exponen-
tial evolution of the voltage across the CDI cell (VC) can be approximated by the expression:

VC tð Þ ¼ VCmax � e�t=RP �C (4)

where VCmax is the maximum voltage across the CDI module once current IDC turns to 0 A.
Several tests were performed, and the absolute error obtained in the adjustment of the RP

calculation was lower than 1%.

Figure 5. Electric charge/discharge circuit used for the parasitic determination (RS, RP, C).

Figure 4. (a) Schematic of a planar desalination module and (b) prototype.
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With the proposed method, the values of RS, RP, and C can be obtained as a function of
geometrical parameters: distance between electrodes “d,” number of electrodes “n,” the sur-
face of electrodes “S” and NaCl molar concentration (M). To determine the tendencies of these
values in an actual CDI cell, the prototype shown in Figure 4 was built and tested.

From Figure 7, it can be concluded that capacity C is almost independent of the distance
between electrodes.

This fact demonstrates that the capacity is mainly due to the formation of the electric double
layer. The addition of several electrodes is equivalent to adding capacitors in series; therefore,
the total capacity is reduced although the voltage across the cell can be increased, increasing

Figure 6. Electric charge/discharge test used for the parasitic determination.

Figure 7. Capacity as a function of M (concentration of NaCl) for different configurations depending on n (number of
plates-electrode) and d (distance between electrodes).
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the total energy stored. For high concentrations (>0.1 to 0.6 M), the change in C is linear with a
very little slope (≤1Farad per 0.1 M). This is so because the double electric layer is almost
completely formed for concentrations around 0.1 M.

Regarding RS, the series resistance (Figure 8), it can be seen that it increases a lot for low
concentration values,M, and presents a linear trendwith small or very small slope from 0.3M on.

Figure 8. RS for different configurations.

Figure 9. RP for different configurations.
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With reference to the parallel resistance, RP, (Figure 9) the data measured show that it
increases at low concentrations and presents a linear trend with a small or very small slope
starting at 0.3 M.

4. Estimation of saline retention in electrodes

Tests have been carried out using the CDI cell shown in Figure 4 to estimate the amount of salt
that can be captured by the electrodes of this type of cells when they are completely filled with
salt water. The molar salt concentration (M) is one of the parameters used to characterize the cell.

The first tests (performed at zero water flow) consist of series of charge/discharge cycles of the
CDI cell using a solution with the maximum concentration considered (0.6 M).

It can be pointed out that, as shown in Figure 10, the electrodes present very high retention
values taking into account that the initial concentration is 0.6 M. There is a variation through-
out the series, tending to stabilize as the number of cycles increase.

In the second set of tests (Figure 11), two-electrode cells were used considering different initial
concentrations, c0, and changing the distance between electrodes (d) to identify the influence of
this parameter on the salt retention. The results obtained show that salt retention increases as
the distance between electrodes is reduced.

This effect can be justified if we take into account that the series resistance presented in the cell
increases with the distance “d,” especially at concentrations below 0.3 M, which presumably
results in a decrease in the effective voltage in the electric double-layer and, as a result, a lower
ionic retention.

Controlling the thickness of the nanoporous carbon layer deposited on the electrode surface,
the quantity in grams of activated carbon per electrode can be determined. With the results

Figure 10. Results obtained by application of several charge-discharge cycles to cell configurations of more than two
electrodes.
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Figure 10. Results obtained by application of several charge-discharge cycles to cell configurations of more than two
electrodes.
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obtained in the previous test, an estimation of milligrams of salt retained per gram of activated
carbon was also calculated.

The data plotted in Figure 12 are susceptible of a logarithmic adjustment in the whole range
and a linear adjustment for low concentrations. Both present a good correlation (R2 > 0.94).

One important parameter to be analyzed during the diffusion of ions in the charging/
discharging process is the amplitude of the current used.

By reducing the amplitude of the current used during the charging process of the CDI cell, ions
have a longer time to move into the carbon porosities, thus increasing the salt retention. This
phenomenon seems to reach a limit at which the amount of salt retained remains the same
even if the current is doubled (from iC = 1 to 2 A). From this, it can be concluded that the
amplitude of the charge/discharge current and the amount of salt retained are two opposed

Figure 11. Estimated relative retention for cell configurations of two electrodes at different separations (d) and for
different initial concentrations (c0).

Figure 12. Estimated relative retention for cell configurations of two electrodes and different initial concentrations (c0).
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magnitudes and a trade-off between them will be necessary. Figure 13 also shows the time
required by the electrodes to reach saturation, after which the salt retention capability drops.

5. Up/down DC/DC converter for energy recovery

As already mentioned, one of the most interesting aspects of CDI is the possibility of reusing
the energy stored in capacitive cells or modules once the deionization phase has finished. The
regenerative use of energy in CDI technology consists of using the energy stored in the CDI cell
once it is saturated (the deionization process is finished and the cleaning process begins) and
transferring it to other modules that begin their deionization phase. This strategy can be
applied to several cells that exchange the energy involved in the process, thus defining a cycle
to produce clean water.

In order to be able to transfer the energy stored in the CDI cell to another one, it is necessary to
include a DC/DC power converter in the system (Figure 14).

Figure 13. Estimated salt retention at different charging current (iC).

Figure 14. Desalination diagram with an up-down converter for energy transfer from CDI cell-1 to CDI cell-2.
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One possible option for the converter topology is a buck-boost that operates at the variable
frequency with hysteresis control where the maximum (iLmax) and minimum (iLmin) inductor
current is fixed (Figure 15).

Limiting the inductor current (iLmin, iLmax) conditions the efficiency of the system, since these
values are related to conduction and switching losses. The converter operation is based on
transferring part of the energy stored at the input cell-1 to the inductor L during the period
when transistor M1 is closed and M2 is open (tON). This period finishes when the inductor
current reaches the maximum value defined by the converter control (iLmax). After this, tran-
sistor M2 is closed (M1 is opened) during time tOFF and the energy stored in the inductor is
discharged on the output cell-2. This stage typically finishes when the inductor current
becomes equal to zero (iLmin = 0).

Therefore, iLmax can be used as the control parameter of the up/down converter during the
energy transfer between the input CDI cell, which is completely charged, and the output CDI
cell, which is initially completely discharged. By increasing the value of iLmax, the time
involved in the transfer will be reduced.

To optimize the efficiency of the CDI system, it is necessary to define the value of iLmax during the
energy recovery process. High values of this parameter will increase conduction losses, whereas
low values of iLmax will increase the transfer time and the self-discharge through the parallel
resistance RP. On the other hand, the estimation of iLmax depends on the salt concentration (M) and
the geometry of the CDI cells, which define the parameters RP, RS and C of the electrical model.

The DC/DC converter can be mathematically modeled assuming linear evolutions of the induc-
tor current in each switching period (i) during the charge and discharge [13]. Therefore, when
transistor M1 is conducting (M2 off), the discharge of the input cell is ideally described by:

uc1 ið Þ ¼ uc1 i�1ð Þ � ILmax þ ILmin

2 � C � ton i�1ð Þ (5)

Similarly, the output cell increases its voltage when M2 is on (M1 off). The equation defining
such a process in each switching cycle is:

Figure 15. Voltage and current waveforms in the DC/DC converter.
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uc2 ið Þ ¼ uc2 i�1ð Þ þ ILmax þ ILmin

2 � C � toff i�1ð Þ (6)

The RMS currents through the cells in each switching period can also be determined by:

iRMSC1i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

toni þ toff i
�
ðtoni

0

Imax � Imin

toni
� tþ Imin

� �2

� dt

vuuut (7)

iRMSC2i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

toni þ toff i
�

ðtoniþtoff i

toni

Imin � Imax

toff i
� t� tonið Þ þ Imax

� �2

� dt

vuuuut (8)

Based on the RMS current values calculated with the equations above, conduction and
switching losses can be estimated:

Pcond ¼
P

i i2RMSC1i þ i2RMSC2i

� � � toni þ toff i
� � � R

Ttotal
(9)

Pswitch ¼
1
2 � trþ tfð ÞPi

Imin � uc1i þ uc2 iþ1ð Þ
� �þ

Imax � uc1 iþ1ð Þ þ uc2i
� �

 !

Ttotal
(10)

The parameter R represents the total series resistance along the conduction path.

Voltage losses due to cell self-discharge are also taken into account in the model by incorpo-
rating the following expression that represents the energy lost in a cell during the switching
period “i” due to self-discharge:

ECRpi ¼
1
RP

� uc2i tONi þ tOFFi

� �
(11)

Once the energy dissipated in each cycle (ECcond: energy loosed during conduction stage,
ECswitch: energy loosed during switching stage, ECp: energy loosed in RP) is known, the real
voltages of capacitors C1 and C2 can be recalculated as follows:

ΔEC1i ¼ 1
2
� C1 � uc21 iþ1ð Þ �

1
2
� C1 � uc21i (12)

ΔEC2i ¼ 1
2
� C2 � uc22 iþ1ð Þ �

1
2
� C2 � uc22i (13)

ΔErealC1i ¼ ΔEC1i � EC1condi � EC1switchi � ECRpi
(14)

ΔErealC2i ¼ ΔEC2i � EC2condi � EC2switchi � ECRpi
(15)

From the previous expressions, the real voltage across each capacitor can be derived:
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uc1 iþ1ð Þreal ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � ΔErealC1i þ 1

2 � C1 � uc21ireal
� �

C1

vuut
(16)

uc2 iþ1ð Þreal ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � ΔErealC2i þ 1

2 � C2 � uc22ireal
� �

C2

vuut
(17)

The model described allows users to obtain a large amount of information related to the
behavior of the converter: currents, voltages, transfer times, performance. But it can also
provide insight into the influence that the desalination cells will have on these parameters. In
order for this to be possible, the previous expressions must include the influence of the
distance between electrodes “d,” the number of electrodes “n,” the molarity “M,” and the S
surface.

ERSon ið Þ d; n;M; Sð Þ ¼ RS d; n;M; Sð Þ � iRMSC1 ið Þ

� �2
� ton (18)

ERSoff ið Þ d; n;M; Sð Þ ¼ RS d; n;M; Sð Þ � iRMSC2 ið Þ

� �2
� toff (19)

ERS ið Þ d; n;M; Sð Þ ¼ ERSon ið Þ d; n;M; Sð Þ þ ERSoff ið Þ d; n;M; Sð Þ (20)

ERP ið Þ d; n;Mð Þ ¼
ðT ið Þ

0

uC ið Þ tð Þ
� �2
RP d; n;Mð Þ � dt (21)

ET ið Þ d; n;M; Sð Þ ¼ ERS ið Þ d; n;M; Sð Þ þ ERP ið Þ d;n;M;Sð Þ þ Pcond ið Þ d; n;M; Sð Þ � T þ Pswitch ið Þ d; n;M; Sð Þ � T
(22)

From the equation system described above, it is possible to determine the overall efficiency of
the DC/DC converter together with the desalination cells [14].

Once the equations to calculate losses have been established, it is possible to determine the
optimum iLmax current in each switching period by implementing an iterative process
according to the flow chart of Figure 16. The procedure consists in increasing the value of
iLmax in each switching period until the maximum efficiency is obtained for that switching
period. After that, a new switching period is considered and a new iteration with iLmax is
carried out in order to derive the optimum iLmax value for the new switching period. The
process is repeated until the input CDI cell is completely discharged.

The process mentioned was applied to several cell configurations consisting of four electrodes
of 250�250�5mm placed at different distances from one another, in which the salt concentra-
tion was also a parameter under control [14]. As an example, Figure 17 shows the optimal
current when the cell parameters associated with this configuration are: C = 0.1F, Rs = 25mΩ,
and Rp = 40Ω. Taking these parameters into account, the calculation of the optimum current as
indicated above gives rise to the evolution shown in Figure 17.

Desalination and Water Treatment50

By controlling the switching times of the semiconductors it is possible to control that the
maximum current through the inductor follows the profile defined by the optimum current
for each specific cell. Figure 18 shows the efficiency obtained in several cases when the optimal
current is used and the maximum voltage is 1.5 V. It is important to point out the necessity of
reducing the series resistance because it limits the maximum efficiency that can be obtained.

Figure 16. Optimum current iLmax estimation flow chart per switching period.
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The green plot determines the average of the optimal current during the whole energy trans-
ference process (right-hand scale).

The efficiency improvement depends on the CDI cell geometry and the salt concentration (M)
because these magnitudes condition the values of the parameters that define the electrical
model of the cell. Actual measurements confirmed that, by applying this control strategy, the
efficiency was improved by 10% in most of the cases as compared to that obtained when using
a constant current value during the charge/discharge process.

6. Conclusions

The method presented allows the electrical characterization of the CDI cell in terms of salt
concentration in the water and cell geometry. A model proposed is based only on three
parameters RP, RS, C, which simplifies mathematical calculations. Using this electrical model

Figure 17. Optimum current iLmax estimated.

Figure 18. System efficiency operating at optimum current (red) and average optimum current during the energy
transference (green).
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and the mathematical characterization of the DC/DC converter, it is possible to identify energy
losses in the cell either by self-discharge or due to the current handled during the energy
recovery processes, together with the power losses in the converter.

As a result, a clear identification of the power losses in all the system components is obtained.
This makes it possible to identify the optimum current to minimize losses and optimize
process efficiency for any salt concentration once the cell geometry is defined.

The feedback parameter used by the converter control strategy described is the maximum
current through the inductor, iLmax. This parameter is calculated at each switching period so
as to obtain the optimum value that maximizes the efficiency of the energy transfer between
CDI cells.

Author details

Alberto M. Pernía*, Miguel J. Prieto, Juan A. Martín-Ramos, Pedro J. Villegas and
Francisco J. Álvarez-González

*Address all correspondence to: amartinp@uniovi.es

University of Oviedo, Gijón, Spain

References

[1] UN-Water. Water in a Changing World. The United Nations World Water Development
Report 3. UNESCO Publishing; Mar 2009. http://publishing.unesco.org/

[2] Younos T, Tulou KE. Overview of desalination techniques. Journal of Contemporary
Water Research and Education. 2009;132:3-10

[3] Fraidenraich N, Vilela OC, Lima GA, Gordon JM. Reverse osmosis desalination: Model-
ing and experiment. Applied Physics Letters. 2009;94:124102-124103

[4] Oren Y. Capacitive deionization (CDI) for desalination and water treatment-past, present
and future (a review). Desalination. 2008;228:10-29

[5] Gao Y, Li HB, Cheng ZJ, Zhang MC, Zhang YP, Zhang ZJ, Cheng YW, Pan LK, Sun Z.
Electrosorption of cupric ions from solutions by carbon nanotubes and nanofibres film
electrodes grown on graphite substrates. In: Proceedings of the IEEE Nanoelectronics
Conference INEC 2008; Shanghai, China; 24–27 March 2008. pp. 242-247

[6] Hwang S, Hyun S. Capacitance control of carbon aerogel electrodes. Journal of Non-
Crystalline Solids. 2004;347:238-245

[7] Xu P, Drewes JE, Heil D, Wang G. Treatment of brackish produced water using carbon
aerogel-based capacitive deionization technology. Water Research. 2008;42:2605-2617

Energy Recovery in Capacitive Deionization Technology
http://dx.doi.org/10.5772/intechopen.75537

53



The green plot determines the average of the optimal current during the whole energy trans-
ference process (right-hand scale).

The efficiency improvement depends on the CDI cell geometry and the salt concentration (M)
because these magnitudes condition the values of the parameters that define the electrical
model of the cell. Actual measurements confirmed that, by applying this control strategy, the
efficiency was improved by 10% in most of the cases as compared to that obtained when using
a constant current value during the charge/discharge process.

6. Conclusions

The method presented allows the electrical characterization of the CDI cell in terms of salt
concentration in the water and cell geometry. A model proposed is based only on three
parameters RP, RS, C, which simplifies mathematical calculations. Using this electrical model

Figure 17. Optimum current iLmax estimated.

Figure 18. System efficiency operating at optimum current (red) and average optimum current during the energy
transference (green).

Desalination and Water Treatment52

and the mathematical characterization of the DC/DC converter, it is possible to identify energy
losses in the cell either by self-discharge or due to the current handled during the energy
recovery processes, together with the power losses in the converter.

As a result, a clear identification of the power losses in all the system components is obtained.
This makes it possible to identify the optimum current to minimize losses and optimize
process efficiency for any salt concentration once the cell geometry is defined.

The feedback parameter used by the converter control strategy described is the maximum
current through the inductor, iLmax. This parameter is calculated at each switching period so
as to obtain the optimum value that maximizes the efficiency of the energy transfer between
CDI cells.

Author details

Alberto M. Pernía*, Miguel J. Prieto, Juan A. Martín-Ramos, Pedro J. Villegas and
Francisco J. Álvarez-González

*Address all correspondence to: amartinp@uniovi.es

University of Oviedo, Gijón, Spain

References

[1] UN-Water. Water in a Changing World. The United Nations World Water Development
Report 3. UNESCO Publishing; Mar 2009. http://publishing.unesco.org/

[2] Younos T, Tulou KE. Overview of desalination techniques. Journal of Contemporary
Water Research and Education. 2009;132:3-10

[3] Fraidenraich N, Vilela OC, Lima GA, Gordon JM. Reverse osmosis desalination: Model-
ing and experiment. Applied Physics Letters. 2009;94:124102-124103

[4] Oren Y. Capacitive deionization (CDI) for desalination and water treatment-past, present
and future (a review). Desalination. 2008;228:10-29

[5] Gao Y, Li HB, Cheng ZJ, Zhang MC, Zhang YP, Zhang ZJ, Cheng YW, Pan LK, Sun Z.
Electrosorption of cupric ions from solutions by carbon nanotubes and nanofibres film
electrodes grown on graphite substrates. In: Proceedings of the IEEE Nanoelectronics
Conference INEC 2008; Shanghai, China; 24–27 March 2008. pp. 242-247

[6] Hwang S, Hyun S. Capacitance control of carbon aerogel electrodes. Journal of Non-
Crystalline Solids. 2004;347:238-245

[7] Xu P, Drewes JE, Heil D, Wang G. Treatment of brackish produced water using carbon
aerogel-based capacitive deionization technology. Water Research. 2008;42:2605-2617

Energy Recovery in Capacitive Deionization Technology
http://dx.doi.org/10.5772/intechopen.75537

53



[8] Li H, Zou L. Ion-exchange membrane capacitive deionization: A new strategy for brack-
ish water desalination. Desalination. 2011;275(1-3):62-66

[9] Hassanvanda A, Chenb GQ, Webleya PA, Sandra E. Kentish improvement of MCDI
operation and design through experiment and modelling: Regeneration with brine and
optimum residence time. Desalination. September 2017;417(1):36-51

[10] Niu R, Yang H. Modeling and identification of electric double-layer supercapacitors. ICRA
Communications. Feb. 2011:1-4

[11] Spyker RL, Nelms RM. Classical equivalent circuit parameters for a double-layer capaci-
tor. IEEE Transactions on Aerospace and Electronic Systems. Jul. 2000;36(3):829-836

[12] Hemmatifar A, Stadermann M, Santiago JG. Two-dimensional porous electrode model
for capacitive deionization. The Journal of Physical Chemistry C. 2015;119(44):24681-
24694

[13] Pernia AM, Norniella JG, Martin-Ramos JA, Diaz J, Martinez JA. Up-down converter for
energy recovery in a CDI desalination system. IEEE Transactions on Power Electronics.
July 2012;27(7):3257-3265

[14] Álvarez-González FJ, Martín-Ramos JA, Díaz J, Martínez JA, Pernía AM. Energy-recovery
optimization of an experimental CDI desalination system. IEEE Transactions on Indus-
trial Electronics. March 2016;63(3):1586-1597

Desalination and Water Treatment54

Chapter 4

Computational Study of Liquid Film Condensation with
the Presence of Non-Condensable Gas in a Vertical
Tube

Adil Charef, M’barek Feddaoui,
Abderrahman Nait Alla and Monssif Najim

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76753

Provisional chapter

Computational Study of Liquid Film Condensation with
the Presence of Non-Condensable Gas in a Vertical Tube

Adil Charef, M’barek Feddaoui,
Abderrahman Nait Alla and Monssif Najim

Additional information is available at the end of the chapter

Abstract

The main objective of this chapter is to study the liquid film condensation in a thermal
desalination process, which is based on the phase change phenomenon. The external tube
wall is subjected to a constant temperature. The set of the non-linear and coupled equa-
tions expressing the conservation of mass, momentum and energy in the liquid and gas
mixtures is solved numerically. An implicit finite difference method is employed to solve
the coupled governing equations for liquid film and gas flow together with the interfacial
matching conditions. Results include radial direction profiles of axial velocity, tempera-
ture and vapour mass fraction, as well as axial variation of the liquid film thickness.
Additionally, the effects of varying the inlet conditions on the phase change phenomena
are examined. It was found that increasing the inlet-to-wall temperature difference
improves the condensate film thickness. Decreasing the radius of the tube increased the
condensation process. Additionally, non-condensable gas is a decisive factor in reducing
the efficiency of the heat and mass exchanges. Overall, these parameters are relevant
factors to improve the effectiveness of the thermal desalination units.
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1. Introduction

The demand of fresh water supply is increasing due to the economic development and the fast
population growth. With limited resources of fresh water, desalination of seawater and brack-
ish water offers the potential to encounter the increasing water demands around the world.
Generally, the reverse osmosis has about the great part of the market share in the world
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compared to thermal desalination technologies. Consequently, the necessity to improve the
thermal processes, which are based on the phase change phenomenon of evaporation and
condensation, continues to receive a high interest. Condensation on the cooling surfaces is a
phenomenon of major significance in the chemical industries, refrigeration, heat exchangers
and desalination units, including thermal desalination.

The mechanism of condensation can be classified by various ways: geometric configurations
like tube, channel, internal, external, horizontal or vertical; species of fluid such as steam,
refrigerant or mixture with the presence of non-condensable gas; condensing phenomena as
filmwise, dropwise or fog; and flow regime like laminar and turbulent. Since the first analysis
of Nusselt [1] for film condensation on a vertical plate, a numerous number of studies have
been done on improving film condensation modelling and to contribute to the comprehension
of this complex phenomenon. Lebedev et al. [2] performed experimentally a combined study
of heat and mass transfer from water vapour on a flat plate. They observed an enhancement of
the condensation heat transfer with the increase of the inlet relative humidity. Dobran and
Thorsen [3] studied the laminar filmwise condensation of a saturated vapour inside a vertical
tube. They found that the mechanism of condensation is governed by ratio of vapour to liquid
viscosity, Froude number to Reynolds number ratio, subcooling number and Prandtl number
of liquid. Siow et al. [4, 5] presented a numerical study of the laminar film condensation with
the presence of non-condensable gas in horizontal and then in vertical channels. They analysed
the effect of the inlet Reynolds number, the inlet pressure and the inlet-to-wall temperature
difference on the condensation mechanism. They studied also the liquid film condensation
from steam-air mixtures inside a vertical channel. Results indicate that a higher concentration
of non-condensable gas caused substantial reduces in the local Nusselt number, the pressure
gradient and the film thickness. Belhadj et al. [6] conducted a numerical analysis to improve
the condensation process of water vapour inside a vertical channel. Their results show that the
phenomenon of phase change is sensitive to the inlet temperature of liquid film. For different
values of the system parameters at the inlet of the tube, Dharma et al. [7] estimated from a
numerical study the local and average values of Nusselt number, the pressure drop, the
condensate Reynolds number and the gas-liquid interface temperature. Lee and Kim [8]
carried out experimental and analytical studies to analyse the effect of the non-condensable
gas (nitrogen) on the condensation of water vapour along a vertical tube with a small diameter.
The experimental results demonstrate that the heat transfer coefficients become important
with a high inlet vapour flow and the reduction of mass fraction of nitrogen. In addition, the
authors developed a new correlation to evaluate the heat transfer coefficient regardless the
diameter of the condenser tube. Nebuloni and Thome [9] developed a numerical and theoret-
ical model to predict the laminar film condensation inside various channel shapes. They
showed that the channel shape strongly affects the overall thermal performance. Chantana
and Kumar [10] investigated experimentally and theoretically the heat transfer characteristics
of steam-air during condensation inside a vertical tube. They observed that a higher Reynolds
number and mass fraction of vapour improve the process of condensation. Dahikar et al. [11]
conducted an experimental and CFD studies in the case of the film condensation with down-
ward steam inside a vertical pipe. They found that a larger interfacial shear affects the momen-
tum transfer because of the great velocity gradient especially at the gas-liquid interface.
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Merouani et al. [12] presented a numerical analysis during the condensation of steam-gas
mixtures between two coaxial cylinders. They observed that a higher vapour concentration at
the inlet and molar mass of the non-condensable gas increases the heat flux at the inner wall.
Qiujie et al. [13] presented a numerical study in the case of steam-air condensation on isother-
mal vertical plate by using volume of fluid (VOF) method. Their results indicate that the mass
fraction variation of the non-condensable gas directly affects the liquid film condensation and
then influences the heat transfer.

In the thermal desalination unit, the condenser is used for producing freshwater from the
saline water sources. In fact, in order to enhance the condensation process with the presence
of non-condensable gas in thermal seawater desalination processes, many studies have been
conducted. Semiat and Galperin [14] found from steam condensation that even a small air
mass fraction decreases the heat transfer coefficient in seawater desalination plant. Al-
Shammari et al. [15] have shown from an experimental study that non-condensable gas has a
negative effect on the heat transfer. An experimental study on the role of non-condensable
gases in the condensation of steam inside slightly inclined tubes was presented by Caruso et al.
[16]. The experiments were carried out under the following conditions: inner diameter of the
tube 12.6 and 26.8 mm, inclination of the tube 7�, mass fraction of the non-condensable gas
between 5 and 42%, and vapour saturated at atmospheric pressure. Due to the gravity, the
condensate is collected mainly in the lower part of the tube. They also developed a correlation
to calculate the local condensation heat transfer coefficient. Hassaninejadfarahani et al. [17]
investigated numerically a liquid film condensation with high amount of non-condensable gas
inside vertical tube. They examined the effects of varying the inlet air mass fraction, the inlet
relative humidity, the inlet Reynolds number and the radius of the tube on the simultaneous
heat and mass transfer during condensation. Recently, Charef et al. [18] investigated the
condensation process of water vapour-air into liquid film inside a vertical tube under two
different boundary conditions: imposed temperature and imposed heat flux. The results indi-
cated a better condensation process under imposed heat flux. It was found that the presence of
non-condensable gas affects negatively the system efficiency.

The purpose of this study is to numerically develop and investigate the problem of water
vapour condensation in the presence of non-condensable gas in a vertical tube. In order to
improve the effectiveness of the steam condensation in desalination process, special attention
is addressed to examine the effects of the tube geometry and the inlet conditions on the
condensation process. In the following, we present the studied problem, the numerical method
and the main results.

2. Mathematical model

2.1. Physical model and assumptions

The geometry under consideration is a vertical tube with length L and radius R (Figure 1).
The tube wall is subjected to a constant temperature. A mixture of water vapour and non-
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condensable gas enters the tube with a uniform velocity u0, vapour mass fraction w0, temper-
ature T0 and pressure P0. The vapour condenses and forms a liquid film thickness as the
mixture flowing downwards.

For the mathematical formulation of the problem, it has been assumed that the gas flow is
laminar, incompressible and two-dimensional. The vapour and liquid phases are in thermody-
namic equilibrium at the interface. In addition, viscous dissipation and other secondary effects
are negligible, and the humid air is assumed to be a perfect gas.

2.2. Mathematical formulation

With respect to the mentioned assumptions, the governing equations for the conservation of
mass, momentum and energy, respectively, in the liquid region are written as

• Conservation of mass:

∂
∂x

rLuLð Þ þ 1
r
∂
∂r

rrLvLð Þ ¼ 0 (1)

Figure 1. Geometry of the problem.
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• Conservation of momentum:

∂
∂x

rLuLuLð Þ þ 1
r
∂
∂r

rrLvLuLð Þ ¼ � dp
dx

þ 1
r
∂
∂r

rμL
∂uL
∂r

� �
þ rLg (2)

• Conservation of energy:

∂
∂x

rLuLCp,LTL
� �þ 1

r
∂
∂r

rrLvLCp,LTL
� � ¼ 1

r
∂
∂r

rλL
∂TL

∂r

� �
(3)

Similarly, the mass conservation, momentum, energy and diffusion equations for the gas phase
are written as follows:

• Conservation of mass:

∂
∂x

rGuGð Þ þ 1
r
∂
∂r

rrGvGð Þ ¼ 0 (4)

• Conservation of momentum:

∂
∂x

rGuGuGð Þ þ 1
r
∂
∂r

rrGvGuGð Þ ¼ � dp
dx

þ 1
r
∂
∂r

rμG
∂uG
∂r

� �
þ rGg (5)

• Conservation of energy:

∂
∂x

rGuGCp,GTG
� �þ 1

r
∂
∂r

rrGvGCp,GTG
� � ¼ 1

r
∂
∂r

rλG
∂TG

∂r

� �
(6)

• Species diffusion equation:

∂
∂x

rGuGwð Þ þ 1
r
∂
∂r

rrGvGwð Þ ¼ 1
r
∂
∂r

rrGD
∂w
∂r

� �
(7)

2.3. Boundary and interfacial conditions

The governing equations are subjected to the following boundary conditions:

• At the tube inlet x ¼ 0ð Þ

uG ¼ u0; TG ¼ T0; PG ¼ P0; wG ¼ w0 (8)

• At the centre line of the tube r ¼ 0ð Þ

vG ¼ 0;
∂uG
∂r

¼ ∂TG

∂r
¼ ∂w

∂r
¼ 0 (9)
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• At the wall of the tube r ¼ Rð Þ

uL ¼ vL ¼ 0; TL ¼ TW (10)

• At the interface vapour-liquid r ¼ R� δxð Þ
Continuities of velocity and temperature:

uI xð Þ ¼ uG,I ¼ uL, I ; TI xð Þ ¼ TG,I ¼ TL,I (11)

Continuity of shear stress:

τI ¼ μ
∂u
∂r

� �

L, I
¼ μ

∂u
∂r

� �

G, I
(12)

Heat balance at the interface:

λL
∂TL

∂r
¼ λG

∂TG

∂r
� J“hfg (13)

where hfg is the latent heat of condensation and J“ is the mass flux at the interface J“ ¼ rGvI
� �

.

The radial velocity of water vapour-air mixture is calculated by considering that the interface is
semipermeable [19] and that the solubility of air in the liquid film is negligibly small, which
implies that the air velocity in the radial direction is zero at the interface. The velocity of the
steam-air mixture at the interface can be written as

vI ¼ �
P2

i¼1 DG,im
∂wGi
∂r

1�P2
i¼1 wGi

� � (14)

The governing Eqs. (1)–(7) with interfacial conditions (8)–(13) are used to determine the field of
variables uL, vL, TL, uG, vG, TG, w. To complete the mathematical model, two equations are used.
At every axial location, the overall mass balance in the liquid phase and the gas flow should be
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mcd ¼ 2π
ðx
0
rGvI R� δxð Þdx (17)

A transformation of coordinates was performed to ensure that the computational grid would
clearly define the gas-liquid interface at each station along the tube. The r, x coordinates are
transformed into η, X as follows:

η ¼ R� δxð Þ � r
R� δxð Þ 0 ≤ r ≤ R� δxð Þ (18)

η ¼ R� δxð Þ � r
δx

R� δxð Þ ≤ r ≤R (19)

X ¼ x
L

(20)

The pure component data (in previous formulations) is approached by polynomials in terms of
mass fraction and temperature. For more information, the thermo-physical properties are
available in [20, 21].

3. Numerical solution method

The set of non-linear governing equations are discretized using a finite difference numerical
scheme. The radial diffusion and the axial convection terms are approximated by the central
and the backward differences, respectively. Hence, we arrange the system of discretized alge-
braic equations coupled with the boundary conditions into a matrix. Finally, the matrix reso-
lution is carried out using the tri-diagonal matrix algorithm (TDMA) [22]. Besides that, a
special care was made to ensure accuracy of the numerical computation, by generating a non-
uniform grid in both directions. Accordingly, the grid is refined at the interface. In fact, it is
important to note that as the liquid goes to the outlet, the film thickness varies along the tube.
For that reason, during the downstream marching at each iteration, our finite difference
computational grid deals with the variation of the liquid and gas computational domain.

3.1. Marching procedure

A set of non-linear algebraic equations is realized for uL, vL, TL, uG, vG, TG, w and the two
scalars dp dx= and δx. The computational solution is advanced as follows:

1. For any axial position x, guess an arbitrary values of dp dx= and δx.

2. Solve the finite difference forms of Eqs. (2)–(3) and (5)–(7) simultaneously for uL, TL, uG, TG, w.

3. Numerically, integrate the continuities of Eqs. (1) and (5) to find vL and vG.
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4. The interfacial conditions of velocity, temperature, shear stress and heat balance are
obtained from Eqs. (11)–(13).

5. Calculate the error of the liquid film mass balance Eitt
L using Eq. (15).

6. The best approximation to the thickness of the liquid film is then obtained using the secant
method [23]. Thus

δittþ1
x ¼ δittx � δittx þ δitt�1

x

Eitt
L � Eitt�1

L

Eitt
L (21)

The convergence criteria used is Eitt
L ¼ 10�5. Usually, six to seven iterations suffice to get

converged solution.

7. Calculate the error in the gas flow balance Eitt
G using Eq. (16).

8. Check the satisfaction of the convergence of velocity, temperature and species concentra-
tions. If the relative error between two consecutive iterations is small enough, that is

Err ¼
max ϒn

i, j � ϒn�1
i, j

���
���

max ϒn
i, j

���
���

< 10�5 (22)

The solution for the actual axial position is complete. If not, repeat procedures (1) to (7),
where ϒ represents the variables uL, TL, uG, TG, w.

3.2. Velocity and pressure coupling

Owing to satisfy the global mass flow constraint, the pressure correction gradient and axial
velocity profile are performed applying a method proposed by Raithby and Schneider [24],
described by Anderson et al. [25]. To fully explain, we let H ¼ dp dx= . Due to an initial guesses for

�dp dx=ð Þ ¼ �dp dx=ð Þ∗, we calculate provisional velocities unþ1
j

� �∗
and a mass flow rate of gas

_M
nþ1
j

� �∗
. Because of the linearity of the equation of momentum with frozen coefficients, the

correct velocity at each point from an application of Newton’s method is as follow:

unþ1
j ¼ unþ1

j

� �∗
þ
∂unþ1

j

∂H
ΔH (23)

ΔH is the change in the gradient of the pressure required to satisfy the global mass flow

constraint. In addition, we specify unþ1
p, j ¼ ∂unþ1

j

∂H . The difference equations are indeed differenti-

ated with respect to the pressure gradient (H) to have difference equations for unþ1
p, j , which

have a tridiagonal form. The coefficients for the unknowns in these equations will be the same
as for the original implicit difference equations. The system of algebraic equations for unþ1

p, j is
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resolved by Thomas algorithm. Furthermore, the boundary conditions on unþ1
p, j must be coher-

ent with the boundary conditions of the velocity. At boundaries, where the velocity is speci-
fied, unþ1

p, j ¼ 0. The solution of unþ1
p, j is used to calculate ΔH, noting that to satisfy the constraint

of the global mass flow, unþ1
p, j ΔH is the correction in velocity at each point. So, we can write

_Mnþ1
i � _Mn

i ¼ 2πΔH
ðR�δx

0
rrunþ1

p, j dr (24)

where the integral is estimated using numerical means. The _Mnþ1
i in Eq. (24) is the known

value specified in the initial conditions. The required value of ΔH is given by Eq. (24), whereas
the correct values of the velocity unþ1

j may be determined from Eq. (23). Besides, the continuity

equation then allows to calculate vnþ1
j .

3.3. Mesh stability and validation of the numerical model

To validate the grid independency of results and to avoid convergence problems due to the use
of thin grids, it is helpful to choose an optimum solution between computational time and
result precision. Several grid sizes have been examined to ensure that the results are grid
independent. Figure 2 shows that in all grid arrangements, the difference in local Nusselt
number of sensible heat is always less than 3%. The grid with NI � (NJ + NL) = 131 � (81 + 31)
is chosen because it gives results close enough to those of the thin grid and sufficiently accurate

Figure 2. Comparison of sensible heat Nusselt number.
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to describe the heat and mass transfer. Note that NI is the total grid points in the axial
direction, NJ is the total grid points in the radial direction at the gas region, and NL is the total
grid points in the radial direction at the liquid region.

Figure 3. Comparison with numerical study of Hassaninejadfarahani et al. [17] for (a) dimensionless mass fraction at the
tube exit, and (b) dimensionless mixture temperature.
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In order to check the accuracy and validity of the numerical method, the obtained results
were first compared to those reported by Hassaninejadfarahani et al. [17] in the case of
laminar condensation of a steam and non-condensable gas in a vertical tube, in which the
tube wall is maintained at a constant temperature. A good agreement was found between
the current computational study and the results provided by Hassaninejadfarahani et al.
[17] as shown in Figure 3a, b, which illustrates the vapour mass fraction evolution and
mixture temperature, respectively.

The computations have been also compared with experimental results of Lebedev et al. [2]. It is
important to indicate that Lebedev et al. [2] examined the simultaneous heat and mass transfer
during humid air condensation in a vertical duct. So, to obtain the case of Lebedev et al. [2],
equivalent hydraulic diameter de is chosen [7, 26]. Figure 4 is a plot of local condensate heat
transfer coefficient compared with the study of Lebedev et al. [2] for T0 = 60�C, P0 = 1 atm, L =
0.6 m, TW = 5�C and de = 0.02 m. A good agreement between our computations and the
experiment curves is found with a maximum relative error of 4.7% for both curves (u0 = 1.4 m/s
and u0 = 0.7 m/s).

4. Distribution of axial velocity, temperature and mass fraction profiles
along the vertical tube

This chapter investigates the process of the liquid film condensation from the water vapour
and non-condensable gas mixtures inside a vertical tube. The results of this study have been

Figure 4. Comparison with experimental data of Lebedev et al. [2] for local condensate heat transfer coefficient.
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obtained for the case of inlet gas temperature T0=70�C, inlet pressure P0=1 atm and inlet
Reynolds number is fixed at Re0 = 2000. The range of each parameter for this study is listed in
Table 1. At first, the air is used as non-condensable gas.

Figures 5–7 Illustrate the profiles of velocity, temperature and the mass fraction of water
vapour at different axial locations of the tube. From the distribution of velocity in Figure 5, it
is observed that the variation of the velocity in the gas mixture is higher than that in the liquid
region. Moreover, as the gas flow progresses along the tube, the velocity in the mixture
decreases, while the velocity in the liquid film slightly rises. This behaviour is due to the mass
transfer from the mixture to the liquid film. In fact, when the gas mixture loses the mass, it
loses velocity too, however, the liquid film gaining mass as well as acceleration. Figure 6
Presents the evolution of the temperature profiles in both mixture and liquid phases at differ-
ent tube sections. It can be seen that in the liquid phase, the temperature profiles are close to
the temperature of the wall and nearly linear. This indicates that the interface temperature

Tube length (L (m)) 3.0, 4.5, 6.0

Tube radius (R(m)) 0.008, 0.01, 0.012

Inlet vapour mass fraction (w0) 0.05, 0.125, 0.2

wall temperature (TW(�C)) 5, 20, 35

Non-condensable gas Oxygen, air, nitrogen

Table 1. The ranges of the physical parameters.

Figure 5. Distributions of axial velocity profile in both the liquid and vapour phases at different tube sections.
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Figure 6. Distributions of axial temperature profile in both the liquid and vapour phases at different tube sections.

Figure 7. Distributions of axial vapour mass fraction profile in gas phases at different tube sections.
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Figure 6. Distributions of axial temperature profile in both the liquid and vapour phases at different tube sections.

Figure 7. Distributions of axial vapour mass fraction profile in gas phases at different tube sections.
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decreases from the inlet to the tube exit, resulting in the reduction of the heat transfer across
the condensate film. Also, the slopes of the temperature of the mixture are decreasing along the
tube owing to the absorbed energy transferred from the gas flow to the liquid film. The
distributions of the mass fraction of water vapour in the gas region are illustrated in Figure 7.
It is interesting to observe that the vapour mass fraction w0 decreases from the entrance to the
tube exit, which implies that the condensation rate is decreasing along the tube. Consequently,
w0 is reduced from the Centre line (η = 1) to the liquid-vapour interface (η = 0).

5. Effect of the tube geometry (length L and radius R)

In the desalination units, the tube geometry of which the water vapour condenses (whether it
is the length or the radius) contributes positively to the improvement of the condensation
process if they are well dimensioned.

To reveal their impacts, we first examined the impact of the length of the tube on the liquid film
thickness and the condensing mass flux at the interface along the tube. Figure 8 shows the
influence of the tube length on the thickness of the film and condensing mass flux at the
interface. It is noted that δx increases with increasing the tube length L. The results also indicate
that, for a high tube length, the mechanism of the condensation is important when the distance is
less than (X = 0.8), especially for L = 4.5 m and 6.0 m, because for a fixed Reynolds gas number
(the inlet velocity is fixed too), the condensed vapour decreases with the increase of tube length.
This means that near to the tube exit, the condensation process becomes almost unimportant. It is

Figure 8. Effect of the tube length on the variation of the liquid film thickness and the condensing mass flux at the
interface along the tube.
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also observed that the condensing mass flux reduces from the inlet to the outlet, particularly for
the two large values of L approaching zero, because the total amount of the water vapour is
transferred to liquid film and remains only the air at the vapour-liquid interface.

The effect of changing the tube radius R is shown in Figure 9. From the curves in this figure, it is
interesting to observe that for a fixed value of T0, w0 and Re0, a smaller tube radius corresponds
to a thicker liquid film thickness. This trend is true for every position X from the inlet to the
outlet of the tube. These results are directly related to the velocity of the gas mixture at the inlet.
Obviously, for a fixed Reynolds number, δx increases according to the velocity increases with a
weak tube radius. This implies that a higher inlet velocity tends to move the air away from the
interface and thus maintains its lower fraction, leading to the increase of the heat transfer
coefficient, which improves the condensation process. It is also found that the condensing mass
flux increases with the tube radius only near the inlet when X < 4 due to a high interfacial shear
stress. This tendency is reversed as the gas mixture progresses along the tube.

6. Effect of water vapour mass fraction w0

In the majority of thermal desalination units, the water vapour that does not condense at the
first effect, with all the non-condensable gases content, is transferred to the second effect, and
this produces gas accumulation up to inadmissible concentrations. These gases cause a reduc-
tion in the performance of the system.

Figure 9. Effect of the tube radius on the variation of the liquid film thickness and the condensing mass flux at the
interface.
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this produces gas accumulation up to inadmissible concentrations. These gases cause a reduc-
tion in the performance of the system.

Figure 9. Effect of the tube radius on the variation of the liquid film thickness and the condensing mass flux at the
interface.
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This result is confirmed in Figure 10, which shows that the thickness of the film increases
considerably from the inlet to the exit of the tube. It is also observed that the increase in the
mass fraction of water vapour w0 considerably improves the condensation mechanism along
the tube. Indeed, for a constant T0, an increase of w0 affects the thermo-physical properties of
the gas mixture at the inlet, which leads to an augmentation of the vapour partial pressure and
the temperature at the vapour-liquid interface. Consequently, the condensing mass flux at the
interface J“ increases significantly with w0 leading to an increase in the rate of condensation,
which improves the thickness of the liquid film. On the other hand, a small amount of w0

(inversely proportional to the mass fraction of the non-condensable gas) causes a remarkable
reduction of the condensed mass flux rate and the axial variation of the thickness of the film
along the tube. This is due to the presence of air, which plays the role of thermal and mass
transfer resistance at the vapour-liquid interface.

7. Effect of the wall temperature TW

The effect of the wall temperature TWon the liquid film thickness and the condensing mass flux
is presented in Figure 11. It is noted that the thickness of the liquid film varies inversely with
the imposed temperature of the wall. Clearly, there is a significant growth of the liquid film
thickness when TW reduces from 35�C to 5�C because the amount of the condensed vapour is
enhanced along the tube by the increase of the heat transfer and hence the thickness of the

Figure 10. Effect of the inlet vapour mass fraction on the variation of the liquid film thickness and the condensing mass
flux at the interface.

Desalination and Water Treatment70

Figure 11. Effect of TW on the evolution of the liquid film thickness and the condensing mass flux at the interface.

Figure 12. Effect of TW on the accumulated condensation along the tube.

Computational Study of Liquid Film Condensation with the Presence of Non-Condensable Gas in a Vertical Tube
http://dx.doi.org/10.5772/intechopen.76753

71



This result is confirmed in Figure 10, which shows that the thickness of the film increases
considerably from the inlet to the exit of the tube. It is also observed that the increase in the
mass fraction of water vapour w0 considerably improves the condensation mechanism along
the tube. Indeed, for a constant T0, an increase of w0 affects the thermo-physical properties of
the gas mixture at the inlet, which leads to an augmentation of the vapour partial pressure and
the temperature at the vapour-liquid interface. Consequently, the condensing mass flux at the
interface J“ increases significantly with w0 leading to an increase in the rate of condensation,
which improves the thickness of the liquid film. On the other hand, a small amount of w0

(inversely proportional to the mass fraction of the non-condensable gas) causes a remarkable
reduction of the condensed mass flux rate and the axial variation of the thickness of the film
along the tube. This is due to the presence of air, which plays the role of thermal and mass
transfer resistance at the vapour-liquid interface.

7. Effect of the wall temperature TW

The effect of the wall temperature TWon the liquid film thickness and the condensing mass flux
is presented in Figure 11. It is noted that the thickness of the liquid film varies inversely with
the imposed temperature of the wall. Clearly, there is a significant growth of the liquid film
thickness when TW reduces from 35�C to 5�C because the amount of the condensed vapour is
enhanced along the tube by the increase of the heat transfer and hence the thickness of the

Figure 10. Effect of the inlet vapour mass fraction on the variation of the liquid film thickness and the condensing mass
flux at the interface.

Desalination and Water Treatment70

Figure 11. Effect of TW on the evolution of the liquid film thickness and the condensing mass flux at the interface.

Figure 12. Effect of TW on the accumulated condensation along the tube.
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liquid film becomes thicker. From this figure, it is also observed that the condensing mass flux
is important for a large value of the inlet-to-wall temperature difference and then decreases
along the tube. The results indicate that J“ decreases as the gas flow progresses along the tube
because the condensation is accompanied by a diminution in the temperature of the vapour
phase and the heat transferred by the latent mode during the condensation to the liquid film.
The effect of wall temperature on the accumulated condensation mcd is illustrated in Figure 12.
It can be seen that mcd becomes important for low temperatures. When the temperature
difference (T0 - TW) increases, the heat transfer increases, and consequently the density of the
condensed flux increases. This explains why the condensation process is favoured for a higher-
temperature difference.

8. Effect of the non-condensable gas type

In thermal desalination units, when the water vapour condenses, the presence of a non-
condensable gas hinders this phenomenon. The accumulation of non-condensable components
at the vapour-liquid interface plays the role of an obstacle for heat and mass transfer. This
causes a reduction in the efficiency of the system and therefore an increase in costs in most
desalination units using phase change.

In this section, we analyse the influence of the non-condensable gas type during water vapour
condensation. We considered mixed mixtures of water-oxygen, water-air and water- nitrogen.
The molar mass of oxygen, air and nitrogen are equal to 31.99, 28.95 and 28.01 g/mol, respec-
tively. Since the liquid film thickness δ and the condensing mass flux at the interface J“
determine the condensation efficiency, Figure 13 illustrates the variation of δ and J“ along the

Figure 13. Effect of the type of non-condensable gas on the evolution of the liquid film thickness and the condensing mass
flux at the interface along the tube.
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tube. For a fixed w0, P0 and Re0, an increase in the molar mass of the gas leads to a growth in
the density of the gas mixture, the temperature of the gas mixture, as well as a decrease in the
saturation concentration especially for water-oxygen mixture. This causes a strong vapour
concentration gradient and condensing mass flux at the vapour-liquid interface. The results
obtained show that the evolution of the film thickness and condensing mass flux in the water-
oxygen mixture are significantly greater than those of the other mixtures. In addition, the
condensing mass flux decreases along the tube and tends to a lower value especially near to
the tube exit, which means the end of the condensation process.

9. Conclusion

A numerical analysis has been carried out to investigate the liquid film condensation of the
water vapour with the presence of non-condensable gas inside a vertical tube. The main
conclusions drawn from this study are as follows:

1. The efficiency of the system is enhanced by increasing the tube length and decreasing the
radius, which allows condensing the maximum of the water vapour.

2. A small amount of non-condensable gas improves the heat and mass exchanges.

3. Decreasing the wall temperature enhances the liquid film thickness and the accumulated
condensation.

4. The non-condensable gas type has a great effect on the condensation process.

Nomenclature

Cp specific heat (J. kg�1. K�1)

D diffusion coefficient (m2. s�1)

d diameter of the tube (m)

R radius of the tube (d/2) (m)

L tube length (m)

g gravitational acceleration (m. s�2)

Nus sensible Nusselt number

mcd accumulated condensation

P atmospheric pressure (Pa)

T temperature (�C)

u axial velocity (m. s�1)
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v radial velocity (m. s�1)

w mass fraction of vapour

J” mass flux at the interface (kg.m�2.s�1)

hfg latent heat of condensation (J. kg�1)

r radial coordinate (m)

Greek symbols

δ liquid film thickness (m)

λ thermal conductivity (w.k�1. m�1)

μ dynamic viscosity (kg. m�1. s�1)

r density (kg. m�3)

τ shear stress

ɸ relative humidity (%)

Subscripts

L referring to the liquid

G referring to the gas mixture

I interface

0 condition at inlet of the tube

W condition at wall of the tube

a referring to the air

x axial
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Abstract

 A new machine to produce distilled water was provided, which includes a heat pump sys-
tem and a vacuum system. And in the vacuum system of this new machine, the ejector is the 
key component. Three kinds of ejectors were studied by using FLUENT software to simu-
late their parameters. The simulation results showed that a vacuum is formed in the ejector 
throat, where the speed also reached its maximum value. The optimized ratio between the 
area of the throat and that of the mixing section can be obtained according to theoretical 
calculations. The ejector with the ratio 0.0156 can be used to prepare distilled water, and 
the experimental results show that the energy consumption of 1 kilogram distilled water 
is lower than 0.3 kWh. In the heat pump system, the capillary is the key component. Five 
kinds of capillaries were studied by using CFD software to simulate their parameters. The 
simulation results showed that the larger the degree of supercooling of the refrigerant in the 
capillary, the larger the liquid volume fraction of the outlet refrigerant. The experimental 
results show that suitable capillary can greatly improve the efficiency of the system.

Keywords: ejector, simulate, the ratio of ejector, distilled water, capillary tube, 
condensate depression, energy conservation optimization

1. Introduction

With the development of economy, the problems of water resource shortage and energy 
shortages appeared in more and more countries and regions. At the same time, people also 
have increasing demands on the quality and quantity of water, so the research of water treat-
ment and purification has never been stopped.

Although 70% of the earth is covered by water, the freshwater that people depend on is only  
2.5–3% of the total water, and the entire world is facing a serious shortage of fresh water 
resources. In China [1], for example, China’s total water resources for  2.81 ×  10   4   one hundred 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[15] Al-Shammari S, Webb D, Heggs P. Condensation of steam with and without the presence
of non-condensable gases in a vertical tube. Desalination. 2004;169(2):151-160 http://dx.
doi.org/10.1016/j.desal.2003.11.006

[16] Caruso G, Di Maio DV, Naviglio A. Condensation heat transfer coefficient with non-
condensable gases inside near horizontal tubes, Desalination, vol. 309, (2013) pp. 247-253.
DOI: 10.1016/j.ijheatmasstransfer.2013.09.049

[17] Hassaninejadfarahani F, Guyot MK, Ormiston S. Numerical analysis of mixed-convection
laminar film condensation from high air mass fraction steam–air mixtures in vertical
tubes. International Journal of Heat and Mass Transfer. 2014;78:170-180. DOI: 10.1016/j.
ijheatmasstransfer.2014.06.047

[18] Charef A, Feddaoui M, Najim M, Meftah H. Liquid film condensation from water vapour
flowing downward along a vertical tube. Desalination. 2017;409:21-31. DOI: 10.1016/j.
desal.2017.01.018

[19] Eckert E, Drake Jr. Analysis of Heat and Mass Transfer. New York: Hemisphere Publish-
ing; 1987

[20] Poling BE, Prausnitz JM, John Paul O, Reid RC. The Properties of Gases and Liquids, 5.
New York: McGraw-Hill; 2001

[21] Perry R, Green D. Perrys Chemical Engineers Handbook. New York: McGraw-Hill; 1997

[22] Patankar S. Numerical Heat Transfer and Fluid Flow. New York: Hemisphere/McGraw-
Hill; 1980

[23] Nougier JP. Méthodes de calcul numérique. 3rd ed. Paris: Masson; 1991

[24] Raithby GD, Schneider GE. Numerical solution of problems in incompressible fluid flow:
Treatment of the velocity pressure coupling. Numerical Heat Transfer. 1979;2(4):417-440

[25] Anderson DA, Tannehill JC, Pletcher RH. Computational Fluid Mechanics and Heat
Transfer. New York: Hemisphere/McGraw-Hill; 1984

[26] Charef A, Feddaoui M, Najim M, Meftah H. Comparative study during condensation of
R152a and R134a with presence of non-condensable gas inside a vertical tube. Heat and
Mass Transfer. 2018;54:1085-1099. DOI: 10.1007/s00231-017-2205-2

Desalination and Water Treatment76

Chapter 5

Distilled Water Production by Vacuum Heat Pump

Liu Bin, Cai Ling, Li Tianyin and Sajid Muhammad

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76839

Provisional chapter

DOI: 10.5772/intechopen.76839

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Distilled Water Production by Vacuum Heat Pump

Liu Bin, Cai Ling, Li Tianyin and Sajid Muhammad

Additional information is available at the end of the chapter

Abstract

 A new machine to produce distilled water was provided, which includes a heat pump sys-
tem and a vacuum system. And in the vacuum system of this new machine, the ejector is the 
key component. Three kinds of ejectors were studied by using FLUENT software to simu-
late their parameters. The simulation results showed that a vacuum is formed in the ejector 
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area of the throat and that of the mixing section can be obtained according to theoretical 
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the experimental results show that the energy consumption of 1 kilogram distilled water 
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shortages appeared in more and more countries and regions. At the same time, people also 
have increasing demands on the quality and quantity of water, so the research of water treat-
ment and purification has never been stopped.

Although 70% of the earth is covered by water, the freshwater that people depend on is only  
2.5–3% of the total water, and the entire world is facing a serious shortage of fresh water 
resources. In China [1], for example, China’s total water resources for  2.81 ×  10   4   one hundred 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



million tons, accounting for sixth place in the world. However, per capita water resources 
in the global rankings are 108 in China, and China is one of the most water-short countries 
in 21 poor countries in the world, and water per capita fresh water is only   1 ⁄ 4   times the word 
average per capita. And in 2010, the total water demand was 730 billion tons in China, but 
the water supply was only 6200~6300 billion tons. By 2030, the water deficit will be higher 
than 100 billion cubic meters in 2010, and the amount of water per capita will fall to 1760   m   3  .  
The most severe water shortage is in the coastal industrial cities, where the per capita water 
resource is much lower than 500   m   3  , which belongs to the severe water shortage area.

Scholars have done a lot of the work on water purification and other aspects, but the principle 
of the method is not the same, and new methods and new technologies continue to emerge. 
For example, Sevda et al. [2] use microbial respiration to purify the water, and they have made 
the single seawater desalination room volume increased from 3 ml to 15 L. There are also a 
lot of traditional researches on the distilled water by evaporation pipe, for example, Hegazy 
[3] collected the water through a vacuum evaporator to collect steam condensation, and the 
energy consumption is about 1.8 Kwhr/kg; Mahkamov [4] studied a new type of small and 
dynamic solar desalination device, where the piston converter was driven by solar energy 
and with periodic changes in volume and pressure, in which the purified water can be col-
lected in evaporation tube. There are also many scholars who used membrane technology to 
produce distilled water. For example, Deshmukh et al. [5] studied the desalination by forward 
osmosis, and they summed up quantitative results between the structure parameters of the 
support layer with reduced film area in a certain range, thereby saving cost. In the direct con-
tact membrane distillation process, Duong [6] optimized the thermal efficiency of the brine, 
so that the water recycling rate ranges from 20 to 60% and the energy consumption can be 
reduced by more than half. Khalifa [7] and other studies have used air gap membrane distil-
lation to produce distilled water, and the influence of feed temperature and air gap width on 
the system performance was obtained. In addition, solar energy as a clean energy was also 
widely used to produce distilled water, for example, Reif et al. [8] used solar energy to desali-
nation. Comparing with the conversion of solar energy into electricity, they pointed out that 
it was more effective and attractive for the system to be converted into heat energy. Sahoo 
et al. [9] used solar energy for desalination of sea water and polygeneration, reducing the 
cost and greenhouse gas emissions. Combination of distilled water and refrigeration system 
has been researched in depth by scholars. For example, Wang [10] studied a high-efficiency 
combined desalination and refrigeration system based on the LiBr-H2O absorption cycle, get-
ting more high energy utilization rate and lower operating costs. Nada [11] et al. studied the 
water production rate of distilled water in the process of desiccant air conditioning. Houa 
et al. [12] used simulation method to verify the feasibility of marine cooling system with 
seawater cooling and seawater desalination. Chiranjeevi [13] studied the combination of the 
two-stage seawater desalination and refrigeration system to improve the energy utilization 
coefficient. Scholars have studied other methods for producing distilled water, for example, 
Rommerskirchen [14] produced distilled water by using the single module electrode capaci-
tor. Compared to the traditional capacitive de ionized, it can produce distilled water continu-
ously. Zhang [15] studied the influence of salt, anionic polyacrylamide, and crude oil on the 
membrane fouling in the process of polymer flooding. Comparing with the effect of silica gel 
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and AQSOA-Z02 on distilled water, Youssef [16] summed up the effect of different cooling 
water temperatures on the two kinds of materials. Ebrahimi [17] studied the use of low-grade 
heat source for seawater desalination.

Although the principle of the method for producing distilled water is various, the study on 
the distilled water by vacuum heat pump is relatively rare. In this paper, the effect of the pres-
sure of the ejector pressure on the production of distilled water is studied.

2. System structure

The vacuum heat pump system is shown in Figure 1.

The structure of system is divided into two parts: the refrigeration cycle system and the water 
cycle system.

The principle of refrigeration cycle system is that the high-temperature and high-pressure 
gas from compressor releases heat when it enters into the vapor generator and auxiliary con-

Figure 1. System structure of distilled water. 1, compressor; 2, vapor generator; 3, auxiliary condenser; 4, capillary; 5, 
condensate absorber; 6, vent valve; 7, gas–liquid separator; 8, water intake; 9, water outlet; 10, high-pressure diaphragm 
pump; 11, ejector.
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and AQSOA-Z02 on distilled water, Youssef [16] summed up the effect of different cooling 
water temperatures on the two kinds of materials. Ebrahimi [17] studied the use of low-grade 
heat source for seawater desalination.

Although the principle of the method for producing distilled water is various, the study on 
the distilled water by vacuum heat pump is relatively rare. In this paper, the effect of the pres-
sure of the ejector pressure on the production of distilled water is studied.

2. System structure

The vacuum heat pump system is shown in Figure 1.

The structure of system is divided into two parts: the refrigeration cycle system and the water 
cycle system.

The principle of refrigeration cycle system is that the high-temperature and high-pressure 
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Figure 1. System structure of distilled water. 1, compressor; 2, vapor generator; 3, auxiliary condenser; 4, capillary; 5, 
condensate absorber; 6, vent valve; 7, gas–liquid separator; 8, water intake; 9, water outlet; 10, high-pressure diaphragm 
pump; 11, ejector.
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denser, and then the gas turns into low-temperature and low-pressure liquid when it flows 
through the capillary. The liquid will get in the condensate absorber to transfer heat with 
water vapor. At the end, the low-pressure gas will be back to the compressor after the liquid 
passing through the gas-liquid separator. In this cycle, the condensing heat of refrigerant is 
used to produce water vapor by vapor generator, and the evaporative cooling is used to cap-
ture water vapor and produce distilled water in condensate absorber.

The work principle of water cycle system is that the water from condensate absorber is sucked 
by high-pressure diaphragm pump into the ejector, and then the water will be mixed with the 
vapor sucked by ejector entrainment from vapor generator. After ejector diffuser, the mixture 
of the vapor and the water returns to the condensate absorber, where the vapor is cooled into 
distilled water.

2.1. Application of ejector in system

From the working principle of the vacuum heat pump to produce the distilled water, we 
can find that the function of ejector is of vital importance in this system. The pressure of 
vapor generator is determined by the sucking pressure resulted from the injecting pressure 
and velocity of the water. When the injecting pressure is lower, the temperature of the vapor 
generator is low, so the condensation temperature of the refrigeration system will be reduced 
and the system efficiency is improved. While the temperature of the condensate absorber is 
higher, which means a higher temperature of the evaporation temperature of the refrigeration 
system, it also provides a higher performance of the refrigeration system. Figure 2 shows the 
relationship between the water boiling temperature in vapor generator and induced pressure.

It can be seen from Figure 2, if a lower water vapor temperature is needed, the lower the 
induced pressure. When the temperature of water vapor is 30°C, the pressure is 4.25 kPa, and 
the induced pressure is 7.38kPa at 40°C, which means a very low pressure in vapor generator, 
so a very good ejector is necessary to obtain an excellent performance of the vacuum heat pump.

Figure 2. Induced pressure vs. boiling temperature in vapor generator.
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2.2. Application of capillary in system

The selection of capillary tubes plays an important role in the system’s energy-saving opti-
mization, it is the component for throttling in the system. The refrigerant is pressurized by a 
compressor and congealed by a condenser. And it becomes a highpressure liquid and then 
flows into the capillary tube. Because the inner diameter of the capillary tube is very small, the 
flow of the refrigerant causes great resistance, and the pressure of the refrigerant is gradually 
reduced. When the pressure is reduced to the gasification pressure at the temperature of the 
refrigerant throttling, after the metastable process, the refrigerant is gasification.

In this chapter, CFD simulation and experimental test are performed on the matching of capil-
lary tubes.

3. Design and simulation

3.1. Design and simulation of the ejector

For the ejector, in order to get a low suck pressure for the vapor generator, the spreading 
ratio (SR) defined as the ratio of the throat area to the tube area should be very small, and the 
velocity should be very high according to energy conservation. So selecting one optimized 
ejector to obtain a good performance of the vacuum heat pump system is very important; we 
designed three ejectors with different spreading ratios, of which the ratios were 0.0156, 0.0532, 
and 0.0946, respectively, and the throat diameters were 1.5, 3, and 4 mm, respectively, shown 
in Table 1.

(A) SR = 0.0156 and Dt = 1.5 mm; (B), SR = 0.0532 and Dt = 3 mm; and (C), SR = 0.0946 and 
Dt = 4 mm.

The performance of the above three ejectors were analyzed by FLUENT software. The fluid 
was the water, the inlet pressure was 0.6 MPa, and the inlet velocity is 1.6 m/s. The simulated 
results were shown in Figure 3.

Table 1. Physical structure of three different ejectors 3-a:SR=0.0156,Dt=1.5mm, 3-b:SR=0.0532,Dt=3mm, 3-c:SR=0.0946,Dt=4mm.
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2.2. Application of capillary in system
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From Figure 3, it can be seen that the maximum speed of the ejector (A) throat is 110 m/s and 
the velocity of the water vapor injection is more than 50 m/s. Compared with the ejector (B), 
the maximum speed of the throat is 30 m/s, and the velocity of the steam injection is about 
4 m/s. While as the ejector (C), there was a reverse flow in the suck line, which implied that 
the water vapor from the vapor generator cannot be sucked into the condensate absorber. This 
can be analyzed from the perspective of conservation of energy.

3.2. Design and simulation of the capillary

The capillary tube is a small tube with small inner diameter. Due to the small inner diam-
eter, when the fluid flows through the capillary tube, it will be greatly frictional resistance 

Figure 3. Internal velocity distribution of ejector.
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of the inner wall, and the pressure of the fluid will gradually decrease. And the flow of 
refrigerant in capillary tube can be divided into four stages: overcooling phase, single-phase 
metastable phase, gas–liquid two-phase metastable phase, and gas–liquid phase in thermal 
equilibrium phase. Therefore, we should choose different sizes of capillary tubes to mea-
sure the influence of different types of capillary tubes on the inlet overcooling and refriger-
ant liquid phase exit volume fraction. It is very important to select an optimized capillary 
tube to obtain a great system performance of heat pump distilled water, so we designed five 
capillary tubes with different sizes (inner diameter × length, unit mm), of which the sizes 
were 1.7 × 1700, 1.7 × 1500, 1.4 × 1500, 1.4 × 1400, and 1.4 × 1300. The inner diameter of the 
capillary tube used in the system is 0.5–2 mm, and the length is 1–4 m. The inner diameter 
and length of each capillary tube are different, but their materials are all copper tubes. After 
selecting the inner diameter and the length, the flow rate of the capillary tube depends on 
the difference between the cooling degree, the return air pressure, the suction pressure, and 
so on.

The VOF multiphase flow model is used in the five capillary flow simulations, and the perfor-
mance is simulated and analyzed by FLUENT software. The fluid is the refrigerant R22, the 
inlet pressure is 1.8 Mpa, the outlet pressure is 0.6 Mpa, the inlet refrigerant temperature is 
314.15 K, and the outlet temperature is 279.16 K.

Capillary tube is a slender structure; the length is greater than the diameter, if only using 
unstructured grid and drawing the number of grid will be too much; it is easy to exceed the 
limits of computer processing, so here structured grids are used, internal for hexahedral grid 
and external for tetrahedron, mesh model as shown in Figure 4.

At the inlet pressure which is 1.8 Mpa, the saturation temperature of the refrigerant R22 is 
47°C; before entering capillary refrigerant is supercooled. Of five kinds of capillary tube in 
experimental conditions, the coolant temperature in the entrance of the capillary tube is 41°C, 
namely, supercooling degree is 6°C; the five models of capillary throttling effect comparing 
simulation diagram are:

1. Inlet coolant temperature is 41°C, liquid phase distribution of refrigerant in different types 
of capillary tubes is as follows:

Figure 4. Capillary grid division.
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of the inner wall, and the pressure of the fluid will gradually decrease. And the flow of 
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sure the influence of different types of capillary tubes on the inlet overcooling and refriger-
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At the inlet pressure which is 1.8 Mpa, the saturation temperature of the refrigerant R22 is 
47°C; before entering capillary refrigerant is supercooled. Of five kinds of capillary tube in 
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As you can see from the figure above, the shape of the liquid phase change of the five types 
of capillary tube is similar; the refrigerant gasification rate is faster in the first half of the tube, 
with the gradual reduction of the refrigerant in the liquid phase; the amount of heat added to 
refrigerant gasification is also decreasing; this leads to a gradual decrease in the gasification 
rate of the refrigerant. Obviously, the volume fractions of the liquid phase of the refrigerant 
after the throttling are, respectively, 5, 4, 2, 3, and 1. The larger the volume fraction of the 
liquid in the capillary tube, the less the flash gas caused by throttling, the better the system.
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Figure 5. The liquid phase distribution of the refrigerant in capillary tube No. 1 was different.
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1. The volume distribution of refrigerant liquid phase in the same type of capillary tube:

In order to study the effect of the cooling degree on the volume fraction of the liquid phase of 
the capillary export refrigerant, this simulation simulated the distribution of the liquid phase 
of the refrigerant under five degrees of supercooling for each type of capillary. In this system, 
before throttlinh the refrigerant saturation temperature is 47°C. And every 3°C, select a tem-
perature value for degree of supercooling and the selected temperatures arerespectively 44, 
41, 38, 35, 32, as shown in Figures 5. And we only focus on the experiment diagram of capil-
lary No. 1, and the phase volume fraction distribution of refrigerant in the process of capillary 
throttling of the other four capillary tubes is uniformly expressed in Table 2.

According to the results of comprehensive simulation analysis, the volume fraction of 
the liquid phase of the liquid phase of the five types of capillary tubes shows the trend 

Number of 
capillaries

Temperature 
(°C)

Max position 
(mm)

Max position with 
its volume fraction 
(liquid)

Min position 
(mm)

Min position with its 
volume fraction (liquid)

2 44 0 1 1500 0.64

41 0 1 1500 0.646

38 0 1 1500 0.659

35 0 1 1500 0.706

32 0 1 1500 0.732

3 44 −1500 1 0 0.634

41 −1500 1 0 0.649

38 −1500 1 0 0.627

35 −1500 1 0 0.695

32 −1500 1 0 0.722

4 44 −1400 1 0 0.654

41 −1400 1 0 0.669

38 −1400 1 0 0.696

35 −1400 1 0 0.72

32 −1400 1 0 0.745

5 44 −1300 1 0 0.68

41 −1300 1 0 0.695

38 −1300 1 0 0.723

35 −1300 1 0 0.739

32 −1300 1 0 0.769

Table 2. The maximum and minimum position with their volume fractions of other capillaries at different temperatures.
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of increasing with the increase of the supercooling degree. Therefore, under certain con-
ditions, the higher the degree of supercooling, the less flash gas produced by throttling, 
the higher the volume fraction of the liquid component of refrigerant. Combined with the 
experiment, the entry refrigerants 41°C under 1, 2, 3, 4, and 5 capillary outlet refrigerant 
liquid volume fractions are, respectively, 0.599, 0.646, 0.649, 0.646, and 0.649; it has already 
satisfied the requirements of heat pump system. Comprehensive to the practical situation 
and design experience of heat pump system, this system selects the supercooling degree at 
6°C, and the temperature of the refrigerant before the throttling is 41°C as the temperature 
of the capillary inlet refrigerant.

4. Results and discussion of the experiment

4.1. Experimental results and discussion of ejector

A set of experimental transposition was designed to verify the possibility of producing dis-
tilled water by the ejector. The main equipment include compressor (2R11B225A), pump (DP-
35), condensation absorber (diameter 100 mm and height 300 mm), water generator (diameter 
100 mm and height 300 mm), and capillary (length of 400 mm and diameter 2 mm). The above 
three kinds of forms of ejector were tested. Ejector C failed to form steam ejector function, so 
Figure 6 shows throat pressure of the ejectors (A) and (B) versus time.

From Figure 6, it can be seen that the minimum pressure of ejector A can reach −0.085 Pa, 
the corresponding water vapor generator temperature at 50°C, and it can produce very good 
water vapor ejector effect, meeting the temperature requirements of the condenser of the 
refrigeration system. The lowest pressure can reach −0.034 Pa, the corresponding water vapor 
generator temperature at 73°C, but at this temperature, the efficiency of the refrigeration sys-
tem will be very low. Figure 8 is the fluid state of the ejector in the experiments.

From Figure 7, it can be seen that there is a mixed fluid of water and vapor in the ejectors A 
and B, while the ejector C produces the backflow, which cannot form an effective water vapor 
ejector effect. The ejector A is selected as a system unit, and the three different powers of the 
compressor were used in the production of distilled water. Table 3 is the amount of distilled 
water produced by three experiments.
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1. The volume distribution of refrigerant liquid phase in the same type of capillary tube:

In order to study the effect of the cooling degree on the volume fraction of the liquid phase of 
the capillary export refrigerant, this simulation simulated the distribution of the liquid phase 
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before throttlinh the refrigerant saturation temperature is 47°C. And every 3°C, select a tem-
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Number of 
capillaries

Temperature 
(°C)

Max position 
(mm)

Max position with 
its volume fraction 
(liquid)

Min position 
(mm)

Min position with its 
volume fraction (liquid)

2 44 0 1 1500 0.64

41 0 1 1500 0.646

38 0 1 1500 0.659

35 0 1 1500 0.706

32 0 1 1500 0.732

3 44 −1500 1 0 0.634

41 −1500 1 0 0.649

38 −1500 1 0 0.627

35 −1500 1 0 0.695

32 −1500 1 0 0.722

4 44 −1400 1 0 0.654

41 −1400 1 0 0.669

38 −1400 1 0 0.696

35 −1400 1 0 0.72

32 −1400 1 0 0.745

5 44 −1300 1 0 0.68

41 −1300 1 0 0.695

38 −1300 1 0 0.723

35 −1300 1 0 0.739

32 −1300 1 0 0.769

Table 2. The maximum and minimum position with their volume fractions of other capillaries at different temperatures.
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of increasing with the increase of the supercooling degree. Therefore, under certain con-
ditions, the higher the degree of supercooling, the less flash gas produced by throttling, 
the higher the volume fraction of the liquid component of refrigerant. Combined with the 
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liquid volume fractions are, respectively, 0.599, 0.646, 0.649, 0.646, and 0.649; it has already 
satisfied the requirements of heat pump system. Comprehensive to the practical situation 
and design experience of heat pump system, this system selects the supercooling degree at 
6°C, and the temperature of the refrigerant before the throttling is 41°C as the temperature 
of the capillary inlet refrigerant.
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100 mm and height 300 mm), and capillary (length of 400 mm and diameter 2 mm). The above 
three kinds of forms of ejector were tested. Ejector C failed to form steam ejector function, so 
Figure 6 shows throat pressure of the ejectors (A) and (B) versus time.
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tem will be very low. Figure 8 is the fluid state of the ejector in the experiments.

From Figure 7, it can be seen that there is a mixed fluid of water and vapor in the ejectors A 
and B, while the ejector C produces the backflow, which cannot form an effective water vapor 
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compressor were used in the production of distilled water. Table 3 is the amount of distilled 
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From Table 3, it can be seen that the whole distillation water device runs stably under ejector 
A, and the water output per unit of electricity is more than 4.7 kg, the energy efficiency of 
which can be calculated by the following equation:

  ϕ =   Q __ P    (1)

where Q is the heat produced by distilled water (kJ) and P is the power consumed (kJ). 
Therefore, the energy efficiency of this device is  ϕ =   4.7 × 2400 ________ 3600   = 3.13 

Figure 8. Five different types of the capillary.

Figure 6. Throat pressure of ejector (a) and ejector (B) vs. time.

Figure 7. The flow state of the water vapor in the ejector.
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4.2. Experimental results and discussion of capillary

A set of experimental equipment was designed to study the problem of capillary matching for 
a heat pump distiller. The main equipment include compressor (Panasonic centrifugal com-
pressor, 220 V, 50 Hz, 1700 w), swap body (diameter 15 mm and height 27 cm), frozen water 
tank (length 30 cm, width 30 cm, and height 40 cm), ejector (inlet diameter 6.5 cm, nozzle 
diameter 1.2 mm, and speed of evacuation 15 L/s), valve (DC2 4 V), and five different types of 
capillary tubes, as shown in Figure 8.

The simulation test of these five capillary tubes found that the capillary tubes No. 1 and No. 2 
were most suitable for this system, where No. 2 was slightly worse than No. 1, and the other 
three kinds of capillaries were not suitable for the system. And then we are just going to think 
about the simulation results for the No. 1 and No. 2. Table 4 shows the voltage, current, and 
temperature of capillary tube No. 1 and No. 2. Table 5 shows the electric energy per hour of 
the system under the capillary No. 1 and No. 2. Table 6 shows the yield and energy efficiency 
of the distilled water under No. 1 and No. 2.

Number of 
capillaries

Sizes (inner diameter × 
length, unit mm)

Voltage 
(V)

Electricity 
(A)

Compressor 
power (W)

Compressor average 
power (W)

1 1.7 × 1700 220 2.7 594 608.7

220 2.8 616

220 2.8 616

2 1.7 × 1500 220 2.8 616 616

220 2.8 616

220 2.8 616

Table 4. The voltage, current, and temperature distribution of the compressor for two most suitable capillaries.

Number of 
capillaries

Sizes (inner diameter × 
length, unit mm)

Compressor average 
power (W)

System 
power (W)

Consumption of electricity 
per hour (degree)

1 1.7 × 1700 608.7 716.7 0.7167

2 1.7 × 1500 616 724 0.724

Table 5. Electric energy consumption per hour for two most suitable capillaries.

Experiment 
number

Compressor type Effluent 
(kg)

Energy consumption 
(kWhr)

Unit energy consumption  
(kg/(kWhr))

1 TH31 9.8 2 4.90

2 PG108X1 4.8 0.98 4.90

3 KH145 5.2 1.1 4.73

Table 3. Quantity of distilled water produced.
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From Table 3, it can be seen that the whole distillation water device runs stably under ejector 
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which can be calculated by the following equation:
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4.2. Experimental results and discussion of capillary
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diameter 1.2 mm, and speed of evacuation 15 L/s), valve (DC2 4 V), and five different types of 
capillary tubes, as shown in Figure 8.
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were most suitable for this system, where No. 2 was slightly worse than No. 1, and the other 
three kinds of capillaries were not suitable for the system. And then we are just going to think 
about the simulation results for the No. 1 and No. 2. Table 4 shows the voltage, current, and 
temperature of capillary tube No. 1 and No. 2. Table 5 shows the electric energy per hour of 
the system under the capillary No. 1 and No. 2. Table 6 shows the yield and energy efficiency 
of the distilled water under No. 1 and No. 2.
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Heat pump water distiller is a device that uses electric energy to produce distilled water, and in 
this article the energy efficiency is defined as the ratio of water production to electricity consump-
tion. And the higher the energy efficiency is, the more distilled water is produced per kWh, and 
the more energy-efficient the system.  The energy consumed by the system is compressor, pump, 
fan, and circuit board. As the power of the fan is negligible, the total power is combined with the 
power of the compressor and the pump. Energy efficiency is the key factor to consider the per-
formance of the system. The purpose of energy-saving optimization is to improve the energy effi-
ciency of the system under the condition of ensuring stable operation. Considering the selection of 
capillary tubes, in terms of energy consumption or energy efficiency, capillary tube No. 1 is supe-
rior to capillary tube No. 2. It is the most suitable system for smooth operation and energy saving.

5. Conclusion

Utilizing the production of distilled water by heat pump system is a very effective and compre-
hensive application of energy transposition. The condenser heat is used to generate steam, and 
then water vapor is caught by the evaporator to produce distilled water. Through the simulation 
and experimental study of the ejector and capillary, the following conclusions can be drawn:

1. Through theoretical and experimental research, the use of heat pump system to produce 
distilled water is feasible.

2. The negative pressure produced by the ejector is increasing with the decreasing of the 
spreading ratio. In this study, the pressure of the ejector can reach the following pressure 
of −0.85 MPa at the spreading ratio of 0.0156.

3. In this experiment, the amount of distilled water per kilowatt is above 4.7 kg, and the en-
ergy efficiency is 3.13.

4. Through theoretical and experimental studies, capillary tube selection plays an important 
role energy-saving optimization of the system. Suitable capillary can greatly improve the 
efficiency of the system.

5. Through CFD simulation, it is verified that the greater the degree of supercooling of the 
refrigerant in the capillary, the larger the liquid volume fraction of the refrigerant at the 
outlet of the capillary is.

Number of 
capillaries

sizes (inner diameter × 
length, unit mm)

Distilled water 
production (L/h)

Average 
production (L/h)

Energy efficiency  
(L/degree)

1 1.7 × 1700 2.1 2.05 2.86

2.08

1.97

2 1.7 × 1500 1.69 1.76 2.43

1.88

1.72

Table 6. Production and energy efficiency of distilled water of two most suitable capillaries.
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Abstract

The expansion trend of current desalination processes is expected to boost brine rejec-
tion to 240 km3 and CO2 emission to 400 million tons per year by 2050. This high brine 
rejection and CO2 emission rates are copping COP21 goal, maintaining temperature rise 
below 2°C. An innovative and energy-efficient process/material is required to achieve 
Paris Agreement targets. Highly efficient adsorbent cycle integration is proposed with 
well-proven conventional desalination processes to improve energy efficiency and to 
reduce environmental and marine pollution. The adsorbent cycle is operated with solar 
or low-grade industrial waste heat, available in abundance in water stress regions. The 
proposed integration with membrane processes will save 99% energy and over 150% 
chemical rejection to sea. In case of thermally driven cycles, the proposed hybridization 
will improve energy efficiency to 39% and will reduce over 80% chemical rejection. This 
can be one solution to achieve Paris Agreement (COP21) targets for climate control that 
can be implemented in near future.

Keywords: desalination, hybridization, sustainability, economics, environmental impact

1. Introduction

The inevitable escalation in economic development has serious implications for environment 
as energy generation and food-processing processes are vicious to the ecosystem. Energy is 
extremely important for any economy to generate wealth and the key component for GDP 
growth. A quadruple growth in energy demand is predicted by The International Energy 
Outlook 2016 (IEO2016) from 2012 to 2040. It is estimated to grow from 549  quadrillion 
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Abstract

The expansion trend of current desalination processes is expected to boost brine rejec-
tion to 240 km3 and CO2 emission to 400 million tons per year by 2050. This high brine 
rejection and CO2 emission rates are copping COP21 goal, maintaining temperature rise 
below 2°C. An innovative and energy-efficient process/material is required to achieve 
Paris Agreement targets. Highly efficient adsorbent cycle integration is proposed with 
well-proven conventional desalination processes to improve energy efficiency and to 
reduce environmental and marine pollution. The adsorbent cycle is operated with solar 
or low-grade industrial waste heat, available in abundance in water stress regions. The 
proposed integration with membrane processes will save 99% energy and over 150% 
chemical rejection to sea. In case of thermally driven cycles, the proposed hybridization 
will improve energy efficiency to 39% and will reduce over 80% chemical rejection. This 
can be one solution to achieve Paris Agreement (COP21) targets for climate control that 
can be implemented in near future.

Keywords: desalination, hybridization, sustainability, economics, environmental impact

1. Introduction

The inevitable escalation in economic development has serious implications for environment 
as energy generation and food-processing processes are vicious to the ecosystem. Energy is 
extremely important for any economy to generate wealth and the key component for GDP 
growth. A quadruple growth in energy demand is predicted by The International Energy 
Outlook 2016 (IEO2016) from 2012 to 2040. It is estimated to grow from 549  quadrillion 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



British thermal units (Btu) in 2012 to 815 quadrillion Btu in 2040, 48% increase in 28 years. 
The energy demand could have more than doubled without efficiency gain and suitable 
energy mix. The non-Organization for Economic Cooperation and Development (non-
OECD) countries are the major contributor in this drastic energy demand. In these countries, 
energy demand rises by 71% from 2012 to 2040 in contrast with only 18% in developed 
countries in same time span as shown in Figure 1. An average GDP growth of 4.2% per year 
is estimated between 2012 and 2014 in non-OECD countries as compared to 2.0% per year 
in OECD countries as estimated by IEO2016. In terms of energy consumption by sectors, 
industry is leading followed by residential and transport. This trend persists from 1971 to 
2014, but overall consumption doubled during this period. Power plant sectors consume 
35% of global energy, and it is estimated to grow due to urbanization in developing coun-
tries. Global electricity demand is expected to increase over 65% from 2014 to 2040, 2.5 times 
faster than overall energy demand [1–7].

Even though there is a competition between countries for development, but it has severe impact 
on environment in terms of CO2 emission. Every drop of fuel pollutes environment and inten-
sity depends on process efficiency. Global CO2 emission measured as 40 gigaton (Gt) per year 
in 2016 is almost double as compared to 1980 emission level. Energy sector are the major con-
tributor, 68%, in CO2 emission and power generation sector sharing 42% in energy sector emis-
sion followed by transport 23% and industry 19%. A systematic diversification of the global 
energy mix and technology improvement driven by economics and climate policies almost 
flattens the CO2 emission rate in 2014, only 0.8% increase, as compared to 1.7% in 2013 and 
3.5% in 2000. In the past 3 years, 2012–2014, the moderate increase in CO2 emission, 0.8–1.7%, is 

Figure 1. Organization for Economic Cooperation and Development (OECD) and non-OECD countries’ energy 
consumption from 1990 to 2040. Asia and Middle East region show major share in the world energy consumption. 
IEO2016 estimated the trend from 2017 to 2040 with BAU process [1].
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remarkable when global economic growth rate was 3% as compared to 4% emission annually 
with GDP growth rate of 4.5% in last decade. In other words, partial decoupling of economic 
growth and CO2 emission has been observed in last 3 years due to shift in energy production 
and consumption, power generation, technological improvements and policy implementation. 
In 2015, the milestone year, 170 countries signed an agreement at the 21st Conference of the 
Parties (COP21) in Paris for climate action. The Paris Agreement is the first international cli-
mate agreement extending mitigation obligations to all developed and developing countries 
representing over 90% of energy-related CO2 emissions and approximately 7 billion people. 
The agreement aim to achieve CO2 emission peak as soon as possible to cap the increase in the 
global average temperature to below 2°C. In addition, it also aims to pursue extra efforts to 
limit the temperature increase to 1.5°C. Business as usual (BAU) scenario, as most of the coun-
tries followed, can lead to over 5°C temperature increase as shown in Figure 2 [8–25].

In Middle East, fast economic growth along with structural changes is expected to increase 
energy consumption to over 90% (30 quadrillion Btu) from 2012 to 2040. In GCC countries, 
the electricity demand has been increased at thrice the global average over the last few years 
due to many factors such as (i) high economic growth rate, (ii) huge development projects 
encouraging policies, (iii) government subsidies and (iv) higher cooling and water demand. 
The United Nations Environment Program identified the GCC countries as the highest per 
capita energy consumption in the world and they contribute 45–50% cumulative Arab coun-
tries’ CO2 emissions. Saudi Arabia is leading in power generation as well as in CO2 emission 
in GCC countries followed by UAE, Kuwait, Qatar, Oman and Bahrain as shown in Figure 3. 
Increasing energy demand and CO2 emission inspired the regional government to improve 
energy efficiency, diversifying energy mix and to devise strategies for alternative renewable 
energy sources to conserve natural resources and environment [26–37].

Figure 2. CO2 emission trends impact on environmental at three different scenarios: (i) business as usual approach will 
lead to 3–6°C ambient temperature increase, (ii) COP21 goal targets to control emission to maintain temperature increase 
below 2°C and (iii) advance processes/technologies to lower temperature increase to 1.5°C [8, 9].
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1.1. Energy efficiency and renewable energy targets for electricity generation

GCC countries already planned energy efficiency and renewable energy targets for 2030 as 
shown in Figure 4. As a global sunbelt region, solar energy has received particular attention 
due to abundance availability in the region and falling cost of technology, particularly photo-
voltaic (PV). Renewable energy plans of GCC will result in cumulative 2.5 Billion barrels of oil 
equivalent saving from 2015 to 2030 equivalent to USD 55–87 billion savings. Implementation of 
renewable energy sources and decrease of fossil fuel consumption will reduce a cumulative total 
of 1 gigaton (Gt) of CO2 emission by 2030. This will result in 8% reduction in the region’s per cap-
ita carbon footprint, in line with the countries’ Intended Nationally Determined Contributions 
(INDC) submissions to the Paris climate conference (COP21). In addition to CO2 savings, energy 
efficiency and renewable energy application will reduce 16% of water consumption in power 
generation sector. This will save 11 trillion liters of water per year that will not only have ecologi-
cal benefits but will also reduce energy consumption for water desalination [38–47].

In GCC region, energy intensive desalination processes are the major contributor to satisfy the 
increasing water demand with the development of infrastructure. The regional water demand 
is expected to increase to fivefold by 2050. The water is utilized during fossil fuel extraction, 
industrial processing, domestic purposes, cooling and power generation. The analyst pre-
dicted that the scale of water utilized for energy production only will increase from 583 billion 
cubic meters (bcm) in 2010 to 790 bcm of water in 2013, resulting in even higher demand for 
desalination in the region [47]. Desalination technologies development and alternate energy 
mix are required urgently to coup the BAU trend.

1.2. Energy efficiency and renewable application for desalination

Currently, GCC countries’ cumulative desalination capacity is 26 million cubic meter (mcm) per 
day, equivalent to 36% of total global capacity. GCC countries are set to ramp up their desalina-
tion infrastructure 6–10% annually till 2040, extending total capacity to almost twofold. These 

Figure 3. CO2 emissions trends in Gulf Cooperation Council (GCC) countries. Saudi Arabia is leading with 56% emission 
due to high electricity and water demand and poor energy-efficient process applications [5].
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beyond limit extensions of fossil fuel operated desalination capacities will have significant 
impact on regional economy. For example, Saudi Arabia consuming nearly 300,000 barrels of oil 
for thermal desalination to fulfill daily water demand and similar challenges are faced by other 
GCC countries. Traditionally, in GCC region, thermal desalination processes (MSF & MED) are 
preferred over membrane-based (SWRO) processes due to two main reasons: (i) extensive pre-
treatment requirement for SWRO processes due to high salinity in Arabian Gulf and (ii) energy 
efficiency of thermally driven processes by utilizing residual low grade heat due to integrated 
water-and-power projects.

Thermal desalination processes gained confidence by operating for over 30 years in GCC 
region, and they are well integrated into power generation infrastructure. In terms of sea 
areas, Arabian Gulf is the largest intake facility for desalination capacities and producing 12.1 
mcm per day. United Arab Emirates is dominating with 23% desalination capacity in Gulf 
followed by Saudi Arabia 11% and Kuwait 6%. In the Red Sea area, desalination plants have 
a total production capacity of 3.6 mcm per day, dominating by co-generation plants (72%). 

Figure 4. Gulf Cooperation Council (GCC) countries’ targets for renewable energy applications and processes energy 
efficiency. Saudi Arabia planned to inject 54 GW electricity from renewable sources by 2040 [6].
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Saudi Arabia accounts for 92% of the desalinated capacities in the Red Sea region, thermal 
desalination dominating by 78% installations (2.6 mcm per day). Major desalination installa-
tions in Red Sea, their size and technology type are presented in Figure 5 [48–56].

In addition to less energy efficient, conventional desalination processes have enormous impact 
on marine line and environmental in terms of volume of brine rejection and CO2 emissions. It is 
estimated that the brine rejection will increase to 240 km3 and emission will be approximately 

Figure 5. Location and size of major thermal- and membrane-based desalination installations along Red Sea, Gulf Coast 
and Mediterranean Sea. Thermal desalination processes are dominating due to severe feedwater conditions in GCC 
countries [56].
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400 million tons of carbon equivalents per year by 2050. In the Gulf, 23.7 metric tons (mt) of chlo-
rine, 64.9 mt of antiscalants and 296 kg of copper rejection are estimated from desalination instal-
lations, and in Red Sea, these rejections are 5.6 mt of chlorine, 20.7 mt of antiscalants and 74 kg of 
copper [57–61]. The impact of conventional desalination processes on energy and environment 
can be judged by the developed risk matrix as shown in Table 1. It can be seen that SWRO 
processes are operating in severe impact zone (half elements are in the red zone) while thermal 
desalination processes are higher than moderate zone (two elements are in the red zone).

Therefore, energy-efficient desalination processes (innovative hybrid cycles) and transition-
ing towards alternate renewable energies are two key innovation pillars needed to address 
future sustainable desalination water supplies in the region.

Hybrid desalination projects (SWRO/MSF, MSF/MED), for energy efficiency, were proposed 
and implemented to few facilities such as Jeddah-II, Fujairah II and Ras AL-Khair in the past 
[62–88]. Unfortunately, hybrid concept was unable to get much industrial implementation 
due to operational limitations. Today, industrial scale desalination processes pairing with 
innovative cycles are well needed to pave the way for future desalination in GCC under 
COP21 goal. We proposed an innovative adsorption (AD) cycle hybridization with SWRO 
and MED to meet COP21 accord. The proposed AD cycle utilized low-grade waste heat or 
renewable energy such as solar or geothermal to produce fresh water. The integration of AD 

Impact

Probability 1 2 3

1

2

3

SWRO Thermal

(I × P) (I × P)

Energy 3 × 3 3 × 3

CO2 emission 3 × 3 3 × 2

Chemical rejection 3 × 3 3 × 2

Brine concentration 3 × 2 3 × 1

Brine temperature 1 × 1 1 × 1

Pumps noise 3 × 2 2 × 1

Low impact

Moderate

High impact

Severe impact

Table 1. The impact matrix of conventional desalination processes. Both processes showed severe impact in terms of 
energy consumption, chemical rejection and CO2 emission. Impact of SWRO processes is worse than thermal processes.

Renewable Energy-Driven Desalination Hybrids for Sustainability
http://dx.doi.org/10.5772/intechopen.77019

101



Saudi Arabia accounts for 92% of the desalinated capacities in the Red Sea region, thermal 
desalination dominating by 78% installations (2.6 mcm per day). Major desalination installa-
tions in Red Sea, their size and technology type are presented in Figure 5 [48–56].

In addition to less energy efficient, conventional desalination processes have enormous impact 
on marine line and environmental in terms of volume of brine rejection and CO2 emissions. It is 
estimated that the brine rejection will increase to 240 km3 and emission will be approximately 

Figure 5. Location and size of major thermal- and membrane-based desalination installations along Red Sea, Gulf Coast 
and Mediterranean Sea. Thermal desalination processes are dominating due to severe feedwater conditions in GCC 
countries [56].

Desalination and Water Treatment100

400 million tons of carbon equivalents per year by 2050. In the Gulf, 23.7 metric tons (mt) of chlo-
rine, 64.9 mt of antiscalants and 296 kg of copper rejection are estimated from desalination instal-
lations, and in Red Sea, these rejections are 5.6 mt of chlorine, 20.7 mt of antiscalants and 74 kg of 
copper [57–61]. The impact of conventional desalination processes on energy and environment 
can be judged by the developed risk matrix as shown in Table 1. It can be seen that SWRO 
processes are operating in severe impact zone (half elements are in the red zone) while thermal 
desalination processes are higher than moderate zone (two elements are in the red zone).

Therefore, energy-efficient desalination processes (innovative hybrid cycles) and transition-
ing towards alternate renewable energies are two key innovation pillars needed to address 
future sustainable desalination water supplies in the region.

Hybrid desalination projects (SWRO/MSF, MSF/MED), for energy efficiency, were proposed 
and implemented to few facilities such as Jeddah-II, Fujairah II and Ras AL-Khair in the past 
[62–88]. Unfortunately, hybrid concept was unable to get much industrial implementation 
due to operational limitations. Today, industrial scale desalination processes pairing with 
innovative cycles are well needed to pave the way for future desalination in GCC under 
COP21 goal. We proposed an innovative adsorption (AD) cycle hybridization with SWRO 
and MED to meet COP21 accord. The proposed AD cycle utilized low-grade waste heat or 
renewable energy such as solar or geothermal to produce fresh water. The integration of AD 

Impact

Probability 1 2 3

1

2

3

SWRO Thermal

(I × P) (I × P)

Energy 3 × 3 3 × 3

CO2 emission 3 × 3 3 × 2

Chemical rejection 3 × 3 3 × 2

Brine concentration 3 × 2 3 × 1

Brine temperature 1 × 1 1 × 1

Pumps noise 3 × 2 2 × 1

Low impact

Moderate

High impact

Severe impact

Table 1. The impact matrix of conventional desalination processes. Both processes showed severe impact in terms of 
energy consumption, chemical rejection and CO2 emission. Impact of SWRO processes is worse than thermal processes.

Renewable Energy-Driven Desalination Hybrids for Sustainability
http://dx.doi.org/10.5772/intechopen.77019

101



cycle with conventional desalination processes will help to overcome their operational limita-
tions. For example, in first case, RO + AD integration can boost overall recovery to over 80% 
as compared to 35–40% of RO alone. This will help to protect marine pollution by reducing 
pretreatment chemical rejection into the sea. In second case, its hybridization with thermal 
processes such as MED + AD will help to overcome last stage operational temperature limi-
tations of conventional MED system by extending to as low as 7°C as compared to 40°C in 
conventional processes. It will help to boost water production to almost twofold with same 
energy input. In both cases, CO2 emission will reduce as AD cycle utilized only low-grade 
industrial waste heat or renewable energy. We presented detailed experimentation of both 
mentioned cases and their economic analysis to show the superiority of hybrid cycles over 
conventional processes in terms of energy efficiency, marine and environmental impact.

2. The basic adsorbent cycle

The basic adsorbent cycle consists of four major components, namely (i) evaporator, (ii) adsor-
bent beds, (iii) condenser and (iv) circulation pumps as shown in Figure 6. The feedwater is 
supplied to evaporator and saturation pressure is maintained by the adsorbent uptake capacity 
to achieve evaporation conditions below ambient level. Once the adsorbent bed is near satura-
tion, adsorption process switched to second bed and regeneration heat is supplied to desorb 
vapor and prepare adsorbent for next cycle adsorption. The desorbed vapor is condensed in 
the condenser by circulating the chilled water from evaporator. It can be noticed that electricity 

Figure 6. Adsorbent cycle 3D model can operate with solar or industrial waste heat from 55 to 85°C. The adsorbent is 
packed in the beds.
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is only supplied for pumping of liquid and major thermal energy is supplied from renewable 
solar or industrial process waste heat from 55–85°C. The detail of adsorption cycle can be found 
in published literature [89–105]. The adsorbent selection depends on application temperature. 
The list of most common adsorbent and their application status are provided in Table 2. We 
developed an advance silica gel with improved uptake by pore opening. We also developed 
silica gel-coated heat exchanger AD cycle that can achieve heat transfer coefficient twofold 
higher as compared to conventional packed bed AD cycle [106, 107]. Silica gel has many advan-
tages such as (i) easily available, (ii) lower cost as compared to all available adsorbent, (iii) more 
stable and reliable and (iv) easy to modify for required application [108–111].

The proposed adsorbent cycle has capability to integrate with conventional desalination pro-
cess to improve their performance. The detail of integration with SWRO and thermal pro-
cesses and their advantages are discussed in the following sections.

3. Membrane process and their integration: energy and 
environmental impact

In GCC countries, 42% desalinated water is produced by membrane processes. Conventional 
SWRO processes consume 7–17 kWhpe/m3 primary energy (equivalent to 3–8 kWhelec/m3) for 
seawater desalination and they emit 3.0 kg/m3 CO2 to the environment [112]. Currently, major 
online SWRO plants in Saudi Arabia and future proposed projects is presented in Table 3.

Most of the SWRO plants are operated under saline water conversion cooperation (SWCC), 
and their overall recovery varies from 17 to 40% depending upon feedwater quality. Four 
major plants, namely (i) Jeddah, (ii) Rbigh, (iii) Jubail and (iv) Shuqaiq operational data were 
collected, and analysis results are presented.

3.1. SWRO and hybrid cycle results and discussion

Figure 7(a–c) shows the seawater, retentate and distillate concentration for four mentioned 
plants. It can be seen that Red seawater feed concentration varies from 37,000 ppm in 
Jeddah to 40,000 ppm in Jubail. The retentate maximum concentration was observed at 
Jeddah, 60000 ppm due to better recovery. The distillate concentration met the WHO stan-
dard, <500 ppm, except at Rbigh where it can reach to 800 pm and it mixed with thermal-
driven processes distillate before distribution to end users.

Adsorbent Cost Application status

Silica gel Low Industrial scale

Metal organic framework (MOF) High Research based only

Zeolite High Medium pilot

Table 2. Summary of major adsorbent, their cost and technological application status. Silica gel is most applied adsorbent 
because of its stability and reliability [110].
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the condenser by circulating the chilled water from evaporator. It can be noticed that electricity 

Figure 6. Adsorbent cycle 3D model can operate with solar or industrial waste heat from 55 to 85°C. The adsorbent is 
packed in the beds.
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is only supplied for pumping of liquid and major thermal energy is supplied from renewable 
solar or industrial process waste heat from 55–85°C. The detail of adsorption cycle can be found 
in published literature [89–105]. The adsorbent selection depends on application temperature. 
The list of most common adsorbent and their application status are provided in Table 2. We 
developed an advance silica gel with improved uptake by pore opening. We also developed 
silica gel-coated heat exchanger AD cycle that can achieve heat transfer coefficient twofold 
higher as compared to conventional packed bed AD cycle [106, 107]. Silica gel has many advan-
tages such as (i) easily available, (ii) lower cost as compared to all available adsorbent, (iii) more 
stable and reliable and (iv) easy to modify for required application [108–111].

The proposed adsorbent cycle has capability to integrate with conventional desalination pro-
cess to improve their performance. The detail of integration with SWRO and thermal pro-
cesses and their advantages are discussed in the following sections.

3. Membrane process and their integration: energy and 
environmental impact

In GCC countries, 42% desalinated water is produced by membrane processes. Conventional 
SWRO processes consume 7–17 kWhpe/m3 primary energy (equivalent to 3–8 kWhelec/m3) for 
seawater desalination and they emit 3.0 kg/m3 CO2 to the environment [112]. Currently, major 
online SWRO plants in Saudi Arabia and future proposed projects is presented in Table 3.

Most of the SWRO plants are operated under saline water conversion cooperation (SWCC), 
and their overall recovery varies from 17 to 40% depending upon feedwater quality. Four 
major plants, namely (i) Jeddah, (ii) Rbigh, (iii) Jubail and (iv) Shuqaiq operational data were 
collected, and analysis results are presented.

3.1. SWRO and hybrid cycle results and discussion

Figure 7(a–c) shows the seawater, retentate and distillate concentration for four mentioned 
plants. It can be seen that Red seawater feed concentration varies from 37,000 ppm in 
Jeddah to 40,000 ppm in Jubail. The retentate maximum concentration was observed at 
Jeddah, 60000 ppm due to better recovery. The distillate concentration met the WHO stan-
dard, <500 ppm, except at Rbigh where it can reach to 800 pm and it mixed with thermal-
driven processes distillate before distribution to end users.

Adsorbent Cost Application status

Silica gel Low Industrial scale

Metal organic framework (MOF) High Research based only

Zeolite High Medium pilot

Table 2. Summary of major adsorbent, their cost and technological application status. Silica gel is most applied adsorbent 
because of its stability and reliability [110].
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At these four locations, we also analyzed the CO2 emission and chemical rejection in the brine 
and applied to overall capacity in GCC according to SWRO market share. Table 4 shows the 
CO2 emission and chemical rejection per day in the GCC region by SWRO processes only.

The alarming situation, huge amount of CO2 emission to environment and chemical rejection 
to sea on daily basis can be clearly observed by conventional SWRO process operation. These 
processes cannot be terminated due to water requirement, but they can be improved.

Impact of SWRO processes can be minimized either by material development or process 
improvements. The variety of efficient materials have been proposed such as (i) catalytic 
nanoparticle-coated ceramic membranes, (ii) zeolitic, (iii) inorganic-organic hybrid nanocom-
posite membranes and (iv) bio-inspired membranes that includes protein-polymer hybrid 

Plant name Capacity (m3/day) Overall recovery 
(%)

Commissioning Operator Ref

Jeddah phase-II 48,848 35 1994 SWCC [113]

Rabigh 168,000 40 2009 RAWEC [114]

Shuqaiq-II 212,000 40 2010 NOMAC [115]

Ras Azzour 307,000 40 2014 SWCC [116]

Shuaiba I & II 76,800 40 2003 SEPCO [117]

Shuaiba III Extension, 150,000 40 2009 SEPCO [118]

Medina-Yanbu Phase II 127,825 35 1995 SWCC [119]

North Obhor, Jeddah 12,500 35 2006 SAWACO [120]

Jeddah-1 56,800 35 1989 SWCC [121]

Umm Lujj 4400 24 1986 SWCC

Haql 4400 30 1989 SWCC

Duba 4400 31 1989 SWCC

Al-Barik 2275 17 1983 SWCC

Barge Raka, 24,981 SWCC [118]

Future projects

Jeddah phase (4) 400,000 2019 SWCC [122]

Rabigh phase (3) 600,000 2019

Alugair 10,000 2019

Omluj 18,000 2020

Yanbu-4 450,000 2020

Jubail phase (3) 330,000 2021

Table 3. Major SWRO plants in operation and future proposed projects in Saudi Arabia. They need extensive pretreatment 
and still recovery is only up to 40% maximum.
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biomimetic membranes, isoporous block copolymer membranes and aligned nanotube mem-
branes for energy efficiency [128–135]. In terms of commercialization, most of the proposed 
materials are farthest (5–10 years) from commercial reality. On the other hand, SWRO pro-
cesses [136, 137] can be integrated with proposed AD cycle to improve process performance. 
Both technologies are readily available and can be implemented in near future.

3.2. Membrane process integration with AD cycle

Membrane process can be integrated with AD cycle for energy efficiency and to reduce envi-
ronmental impact. AD cycle can operate at high concentration, almost near crystallization 

Figure 7. Six-month results of four major SWRO plants in Saudi Arabia. (a) Seawater feed concentration, (b) SWRO 
retentate concentration and (c) distillate concentration.
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cesses [136, 137] can be integrated with proposed AD cycle to improve process performance. 
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Figure 8. AD cycle evaporator inside view during operation. (a) Salt crystallization at 250,000 ppm at 10°C evaporator 
temperature and (b) white salt deposition cleared by feed spray jet impingement. It shows AD cycle successful operation 
at near crystallization zone, over 80% recovery: One of the highest recovery reported up till now.

zone, without fouling and corrosion chances due to low temperature operation. In addition to 
zero chemical injection, it also has minimal impact on environment as it operated with renew-
able energy. In this way, this hybridization will not only help to reduce CO2 emission but also 
chemical rejection to the sea.

In proposed integration, the SWRO retentate, at 50,000 to 60,000 ppm, is supplied to AD cycle 
operating at evaporator temperature of 5–30°C. Both heat inputs, silica gel regeneration and 
evaporator, are supplied from renewable solar energy. This low evaporator temperature 

Parameters Quantity Units

Total GCC capacity 26 Mm3/day

SWRO share (42%) 10.92 Mm3/day

Total primary energy (PE) consumption* 81.3 GWh/day

CO2 emission** 42,855.2 ton/day

Pre-treatment***

Total feed (30% recovery) 36.4 mm3/day

Disinfection, NaOCl or free chlorine (1 ppm) 36.4 ton/day

Acid for pH adjustment, H2SO4 (30–100 ppm) 3636.4 ton/day

Coagulation, FeCl3 or AlCl3 (1–35 ppm) 1272.7 ton/day

Flocculation, polyelectrolyte (0.2–4 ppm) 145.6 ton/day

Antiscaling, polycarbonic acid (2 ppm) 72.8 ton/day

Dechlorination, NaHSO3 (3 ppm) 109.2 ton/day

*SWRO electricity consumption = 3.5 kWhelec/m3, Power plant conversion efficiency = 47%.
**CO2 emission rate = 0.527 kg/kWhpe.
***Pretreatment chemical values are taken from four plants and published literature [123–127].

Table 4. Energy consumption, CO2 emission and chemical rejection by all SWRO plants in GCC. The severe impact on 
environment and marine life can be observed clearly.
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enable AD cycle to operate more than 80% recovery, over 250,000 ppm. Experiments were 
conducted up to 250,000 ppm concentration to investigate salt concentration effect on heat 
transfer. Figure 8(a) shows salt crystallization in evaporator at 250,000 ppm. Soft scale depo-
sition, in the form of white powder, was observed at high concentration that can be easily 
washed out by spraying as shown in Figure 8(b). Figure 9 shows concentration effect on heat 
transfer at different evaporator temperatures. It can be seen that even at high concentration 
the heat transfer coefficient has reasonable value that shows successful operation of AD cycle 
at highest concentration without fouling and scaling chances.

Figure 9. Effect of salt concentration and evaporator temperature on heat transfer coefficient of AD evaporator. The AD 
cycle evaporator can operate as low as 7°C.

Parameters SWRO Hybrid cycle % Saving by hybridization (%)

Total PE consumption (GWhpe/day)* 81.3 40.9 98.9

CO2 emission (ton/day) 42,855.2 21,550.1 98.9

Pretreatment chemicals (ton/day)

Disinfection, NaOCl 36.4 13.4 170

Acid for pH adjustment, H2SO4 3636.4 1348.1 170

Coagulation, FeCl3 or AlCl3 1272.7 471.8 170

Flocculation, Polyelectrolyte 145.6 53.9 170

Antiscaling, polycarbonic acid 72.8 26.9 170

Dechlorination, NaHSO3 109.2 40.4 170

*AD electricity consumption = 1.38kWhelec/m3 [137].

Table 5. Comparison of SWRO and its hybrid with AD cycle. The superiority of hybrid cycle can be seen clearly from 
summary table.
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**CO2 emission rate = 0.527 kg/kWhpe.
***Pretreatment chemical values are taken from four plants and published literature [123–127].
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environment and marine life can be observed clearly.
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enable AD cycle to operate more than 80% recovery, over 250,000 ppm. Experiments were 
conducted up to 250,000 ppm concentration to investigate salt concentration effect on heat 
transfer. Figure 8(a) shows salt crystallization in evaporator at 250,000 ppm. Soft scale depo-
sition, in the form of white powder, was observed at high concentration that can be easily 
washed out by spraying as shown in Figure 8(b). Figure 9 shows concentration effect on heat 
transfer at different evaporator temperatures. It can be seen that even at high concentration 
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*AD electricity consumption = 1.38kWhelec/m3 [137].

Table 5. Comparison of SWRO and its hybrid with AD cycle. The superiority of hybrid cycle can be seen clearly from 
summary table.
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The proposed AD cycle recovering 51% more from SWRO retentate booting overall recover to 
81%. The final reject concentration was observed as 185,000 ppm from AD cycle. This integra-
tion will not only help to save overall energy but also environmental pollution. The summary of 
savings is presented in Table 5. It can be noticed that proposed integration can save up to 100% 
energy and CO2 emission. In addition, it will also help to reduce chemical rejection to sea.

The impact matrix as presented in Table 1 for conventional SWRO processes can be modified 
for hybrid cycle as presented in Table 6. It can be observed clearly that most of the parameters 
impact is reduced to medium and low from initial high value. This shows that hybridization 
will not help to produce more water but also with minimum impact on environment and 
marine life along with energy efficiency.

4. Thermal process and their integration: energy and environmental 
impact

The present share of thermally driven desalination processes is about 58% within the GCC 
countries. Typically, the energy requirements for such processes are reported as 2.0 kWhelec/m3 
electricity and 60–70 kWhth/m3 of thermal energy. For energy efficiency, the thermally driven 
desalination processes are designed as an integral part of a cogeneration plant, producing both 
electricity and water from the temperature cascaded processes. The thermal energy is low-grade 
bleed steam extracted from the last stages of steam turbines. Based on the exergy destruction 
analysis of the primary energy input, the gas turbines consumed 75 ± 2% and steam turbines (via 
the heat recovery from turbine exhaust) extracted 21 ± 2% of input primary energy, leaving a mere 
3 ± 1.5% of the total exergy input to the thermally driven desalination processes. Consequently, 

Impact

Probability 1 2 3

1

2

3

SWRO Hybrid cycle

(I × P) (I × P)

Energy 3 × 3 3 × 1

CO2 emission 3 × 3 3 × 1

Chemical rejection 3 × 3 3 × 1

Brine concentration 3 × 2 3 × 2

Brine temperature 1 × 1 1 × 1

Pumps noise 3 × 2 3 × 2

Table 6. The comparison of impact of conventional SWRO and proposed hybrid cycle. The hybrid cycle reduced all 
parameters impact to medium and low.
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the overall primary energy required by thermal desalination processes is merely 6.58 kWhpe/m3 
(equivalent of 4.25 kWhpe/m3 from electricity +2.33 kWhpe/m3 from the thermal input) [138–140]. 
We examine the major online thermal desalination plants in Saudi Arabia as well as the future 
proposed projects, and a summary of the analysis is outlined in Table 7.

Plant name Capacity (m3/day) Overall recovery 
(%)

Commissioning Operator Ref.

Ras Al Khair 728,000 40 2014 SWCC [141–147]

Yanbu Phase-II 68,190 40 2012 SWCC

Yanbu 1 100,800 1981 SWCC

Yanbu 2 144,000 1999 SWCC

Yanbu 2 expansion 68, 190 2007 SWCC

Yanbu 3 550,000 40 2016 SWCC

Jubail 1 137,729 40 1982 SWCC

Jubail 2 947,890 40 1983 SWCC

Khobar 2 223,000 40 1982 SWCC

Khobar 3 280,000 40 2002 SWCC

Khafji 22,886 40 1986 SWCC

Jeddah 4 221,575 40 1981 SWCC

Shuaiba 1 223,000 1989 IWPP

Shuaiba 2 454,545 2002 IWPP

Shuqaiq 97,014 1989 SWCC

Rabigh 2 18,000 2009 SWCC

AlWajh 3 9000 1979 SWCC

Umluj 3 9000 2009 SWCC

Farasan 2 9000 SWCC

AlQunfutha 9000 SWCC

AlLith 9000 SWCC

Alazizia 4500 1987 SWCC

Rabigh 1 1204 1982 SWCC

Future projects

Jubail phase (3) 15,00,000 40 2021 SWCC [148, 149]

Khobar 4 250,000 2020

Khobar 5 220,000 2020

Yanbu 5 100,000 2020

Jubail 3 150,000 2021

Table 7. Major thermal desalination plants in operation and future proposed projects in Saudi Arabia. They need only 
light pretreatment and can achieve 40% recovery.
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the overall primary energy required by thermal desalination processes is merely 6.58 kWhpe/m3 
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All major integrated thermal desalination plants in Saudi Arabia are under SWCC and their 
recovery is about 40%. Since thermal desalination processes are robust, they need less chemi-
cals as compared to SWRO processes. We analyzed the energy requirement, CO2 emission 
and chemical rejection based on total capacity of GCC.

4.1. Thermal systems and hybrid cycle results and discussion

We analyzed the operational conditions of all major MED/MSF plants in the World and in 
Saudi Arabia. All mentioned MED plants are operating between top brine temperature (TBT) 
60°C to bottom brine temperature (LBT) 40°C. The MSF operational range is slightly wider, 
between 120 and 40°C. The high temperature of MED/MSF is controlled by scaling and foul-
ing chances and lower brine temperature is by ambient conditions. Limited rage of operation 
put the cap on the performance of thermally driven desalination systems even they are domi-
nating in GCC region. The detailed analysis of all thermal desalination plants in GCC and 
their impact are presented in Table 8.

It can be noticed that impact of thermal desalination processes is less severe than SWRO, but 
still same trend will have high impact in long-term operation. To maintain secure water sup-
ply in GCC, thermal desalination processes need to improve.

The two ways for thermal process improvements are material development for high heat trans-
fer and process improvement to overcome thermodynamic limits of conventional processes. 

Parameters Quantity Units

Total GCC capacity 26 mm3/day

Thermal share (68%) 17.7 mm3/day

Total primary energy (PE) consumption* 116.5 GWh/day

CO2 emission** 61,388.8 ton/day

Pretreatment

Total feed 53.0 mm3/day

Scale inhibitor, polyphosphate (1–8 ppm) 424.3 ton/day

Acid, sulfuric acid (100 ppm) 5304.0 ton/day

Antifoam, poly othelyne ethylene oxide (0.1 ppm) 5.3 ton/day

Oxidizing agent, foam of chlorine (1 ppm) 53.0 ton/day

*Electricity consumption = 2.0 kWhelec/m3, thermal energy consumption = 70kWhth/m3, power plant conversion 
efficiency = 47%.
**CO2 emission rate = 0.527 kg/kWhpe.
***Pretreatment chemical values are taken from operational plants and published literature [150–154].

Table 8. Energy consumption, CO2 emission and chemical rejection by all thermal desalination plants in GCC. Their 
impact is less severe as compared to SWRO.
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The material development already reached to asymptotic limit, but processes improvement still 
have gap and need immediate research data for industrial application. We presented detailed 
experimentation on thermal system hybridization for industrial reference for future design.

4.2. Thermal process integration with AD cycle

Thermal desalination processes, MED/MSF, can be integrated with AD cycle to enhance their 
performance by extending their operational range. In these cycles, low temperature heat is 
supplied to first steam generator only and their performance depends on number of recover-
ies. The AD cycle hybridization can extend the last stage operational range to as low as 7°C 
as compared to conventional operational range of 40°C. This extension of LBT helps to insert 
more number of recoveries and hence boosts the performance.

To investigate hybrid MED performance, a four-stage MED was designed, fabricated and 
installed in KAUST. This MED is a miniature form of Yanbu MED plant installed by Doosan, 
Korea. The last stage of MED was integrated with solar thermal-driven AD cycle to extend last 
stage temperature to below ambient condition. Figure 10 shows AD and MED pilots installed 
in KAUST, Saudi Arabia.

The AD regeneration heat, 65°C hot water, is supplied from evacuated tube solar thermal collec-
tors installed on one of the rooftop building. Experiments were conducted with straight MED 
as well as the hybridized MED + AD cycle to compare the performance. Figure 11(a) shows the 
control of MED pilot. For MED heat source, a small boiler is installed to inject steam into hot 
water circuit to maintain any set temperature. Feed is supplied parallel to all four stages after 
extracting condensation heat from last condenser. Distillate and brine are collected in separate 
tanks via u-tube to maintain the inter-stage pressure difference. Straight MED experiment was 
conducted for 72 hours continuously to validate the stability of operation. The temporal profile 
of all components showed stable operation of MED as presented in Figure 11(b). After suc-
cessful MED testing, it was hybridized with AD cycle to operate as a hybrid cycle. Integration 

Figure 10. Solar-driven AD pilot and four-stage MED plant to investigate as a hybrid cycle. The pilot plant was designed 
for overall capacity of 10 m3/day.
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All major integrated thermal desalination plants in Saudi Arabia are under SWCC and their 
recovery is about 40%. Since thermal desalination processes are robust, they need less chemi-
cals as compared to SWRO processes. We analyzed the energy requirement, CO2 emission 
and chemical rejection based on total capacity of GCC.

4.1. Thermal systems and hybrid cycle results and discussion

We analyzed the operational conditions of all major MED/MSF plants in the World and in 
Saudi Arabia. All mentioned MED plants are operating between top brine temperature (TBT) 
60°C to bottom brine temperature (LBT) 40°C. The MSF operational range is slightly wider, 
between 120 and 40°C. The high temperature of MED/MSF is controlled by scaling and foul-
ing chances and lower brine temperature is by ambient conditions. Limited rage of operation 
put the cap on the performance of thermally driven desalination systems even they are domi-
nating in GCC region. The detailed analysis of all thermal desalination plants in GCC and 
their impact are presented in Table 8.

It can be noticed that impact of thermal desalination processes is less severe than SWRO, but 
still same trend will have high impact in long-term operation. To maintain secure water sup-
ply in GCC, thermal desalination processes need to improve.

The two ways for thermal process improvements are material development for high heat trans-
fer and process improvement to overcome thermodynamic limits of conventional processes. 

Parameters Quantity Units

Total GCC capacity 26 mm3/day

Thermal share (68%) 17.7 mm3/day

Total primary energy (PE) consumption* 116.5 GWh/day

CO2 emission** 61,388.8 ton/day

Pretreatment

Total feed 53.0 mm3/day

Scale inhibitor, polyphosphate (1–8 ppm) 424.3 ton/day

Acid, sulfuric acid (100 ppm) 5304.0 ton/day

Antifoam, poly othelyne ethylene oxide (0.1 ppm) 5.3 ton/day

Oxidizing agent, foam of chlorine (1 ppm) 53.0 ton/day

*Electricity consumption = 2.0 kWhelec/m3, thermal energy consumption = 70kWhth/m3, power plant conversion 
efficiency = 47%.
**CO2 emission rate = 0.527 kg/kWhpe.
***Pretreatment chemical values are taken from operational plants and published literature [150–154].

Table 8. Energy consumption, CO2 emission and chemical rejection by all thermal desalination plants in GCC. Their 
impact is less severe as compared to SWRO.
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The material development already reached to asymptotic limit, but processes improvement still 
have gap and need immediate research data for industrial application. We presented detailed 
experimentation on thermal system hybridization for industrial reference for future design.

4.2. Thermal process integration with AD cycle

Thermal desalination processes, MED/MSF, can be integrated with AD cycle to enhance their 
performance by extending their operational range. In these cycles, low temperature heat is 
supplied to first steam generator only and their performance depends on number of recover-
ies. The AD cycle hybridization can extend the last stage operational range to as low as 7°C 
as compared to conventional operational range of 40°C. This extension of LBT helps to insert 
more number of recoveries and hence boosts the performance.

To investigate hybrid MED performance, a four-stage MED was designed, fabricated and 
installed in KAUST. This MED is a miniature form of Yanbu MED plant installed by Doosan, 
Korea. The last stage of MED was integrated with solar thermal-driven AD cycle to extend last 
stage temperature to below ambient condition. Figure 10 shows AD and MED pilots installed 
in KAUST, Saudi Arabia.

The AD regeneration heat, 65°C hot water, is supplied from evacuated tube solar thermal collec-
tors installed on one of the rooftop building. Experiments were conducted with straight MED 
as well as the hybridized MED + AD cycle to compare the performance. Figure 11(a) shows the 
control of MED pilot. For MED heat source, a small boiler is installed to inject steam into hot 
water circuit to maintain any set temperature. Feed is supplied parallel to all four stages after 
extracting condensation heat from last condenser. Distillate and brine are collected in separate 
tanks via u-tube to maintain the inter-stage pressure difference. Straight MED experiment was 
conducted for 72 hours continuously to validate the stability of operation. The temporal profile 
of all components showed stable operation of MED as presented in Figure 11(b). After suc-
cessful MED testing, it was hybridized with AD cycle to operate as a hybrid cycle. Integration 

Figure 10. Solar-driven AD pilot and four-stage MED plant to investigate as a hybrid cycle. The pilot plant was designed 
for overall capacity of 10 m3/day.
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Figure 11. MED and AD pilot results installed in KAUST. (a) Control of MED pilot and (b) straight MED components 
temperature profiles. Inter-stage temperature varies 2–3°C for 72-hour experiment, (c) MED hybrid cycle components 
temperature profiles. Inter-stage temperature increased to almost double as compared to straight MED. Also, hybrid 
cycle can operate below ambient temperature as can be seen last stage temperature.
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of AD cycle to the last stage of MED bring down the last stage temperature to below ambi-
ent and also inter-stage temperature was observed as 5–6°C as compared to 2–3°C in case of 
straight MED as shown in Figure 11(c). The excellent thermodynamic synergy of hybridization 
of two thermally driven cycles boosted water production to more than twofold as compared to 
straight MED at same top brine temperature. Figure 12 shows the water production compari-
son of straight MED and hybrid MEDAD. It can be clearly seen that water production improve-
ment is more than two times by AD cycle integration with last stage of MED.

Based on thermal cycle hybrid results, the impact matrix has been revised and presented in 
Table 10. The hybridization greatly improved the energy efficiency and reduced the environ-
mental impact as compared to conventional processes. In GCC, to maintain the confidence on 
thermally driven desalination processes, their hybridization is very important. It will help to 
achieve future water targets to maintain the GDP growth but following the COP21 goals for 
environmental emission.

Figure 12. MED and hybrid MEDAD cycle water production comparison. Integration of AD to the last stage of MED can 
boost water production to twofold by extending inter-stage temperature (Table 9).

Parameters Thermal system Hybrid cycle % Saving by hybridization (%)

Total PE consumption (GWhpe/day)* 116.5 84.2 38.3

CO2 emission (ton/day) 61,388.8 22,373.1 38.3

Pretreatment chemicals (ton/day)

Scale inhibitor, polyphosphate 424.3 235.7 80

Acid, sulfuric acid 5304.0 2946.7 80

Antifoam, poly othelyne ethylene oxide 5.3 2.95 80

Oxidizing agent, foam of chlorine 53.0 29.47 80

*AD electricity consumption = 1.38 kWhelec/m3.
MEDAD hybrid cycle improvement factor = 2.0 [155–173].

Table 9. Comparison of thermal desalination and its hybrid with AD cycle. The superiority of hybrid cycle can be seen 
clearly from summary table.
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5. Conclusions

An efficient and environment-friendly hybrid desalination process has been demonstrated for 
the first time with different energy mix for future water supplies. The following advantages 
can be observed clearly by implementation of desalination hybridizations:

I. Energy consumption and chemical discharge saving up to 99% and 150%, respectively, 
by the SWRO hybridization with AD cycle.

II. Thermal process integration with AD cycle will save up to 38% energy and up to 80% 
chemical rejection to sea.

III. CO2 emission saving by SWRO+AD up to 99% and by MEDAD up to 30%.

IV. Overall recovery up to 80% can be achieved without scaling and fouling chances due to 
low temperature operation.

V. Integration will help to reduce overall impact to low or moderate level, acceptable level 
under COP21 goal.

VI. Integration will help to secure future water demand for expected GDP growth rate with 
minimal impact on environment and by implementing different energy mix for higher 
energy efficiency.

We opine that the higher energy efficiency of hybridized seawater desalination cycles can 
contribute to meeting the goals of sustainable seawater desalination as outlined under a sub-
section of the COP21.

Impact

Probability 1 2 3

1

2

3

Thermal Hybrid cycle

(I × P) (I × P)

Energy 3 × 3 3 x 2

CO2 emission 3 × 3 3 × 1

Chemical rejection 3 × 2 2 × 1

Brine concentration 3 × 1 3 × 2

Brine temperature 1 × 1 1 × 1

Pumps noise 2 × 1 2 × 1

Table 10. The comparison of impact of conventional thermal desalination system and proposed hybrid cycle. The hybrid 
cycle reduced all parameters impact to medium and low.
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Abstract

There is an increasing demand for advancing conventional desalination technologies and 
developing novel solar powered desalination processes. In this chapter, the use of solar 
powered thermal desalination will be discussed comprehensively. The different existing 
methods of solar energy utilization for seawater desalination will be discussed, which 
includes solar stills, solar powered humidification-dehumidification (HDH) desalina-
tion, solar diffusion driven desalination, solar membrane distillation, concentrated solar 
power (CSP) based desalination, and solar pond distillation. The advantages and limita-
tions of these thermal desalination technology will be discussed. In addition, the environ-
mental impacts of solar desalination will be discussed due to its importance for adoption.

Keywords: desalination, solar energy, thermal processes

1. Introduction

For many years, efforts have been made to use solar energy for obtaining potable water from 
saline water. Some of the earliest solar powered desalination technologies were developed 
centuries ago, such as solar stills. There is an increasing demand for advancing conventional 
desalination technologies and developing novel solar powered desalination processes. The 
increasing demand for solar powered desalination systems is driven by the increasing cost of 
fossil fuels for thermal and electrical energy generation, falling cost of renewable energy tech-
nologies, need for small scale decentralized desalination systems to operate in remote areas 
that lack access to the electrical grid, and the concern over climate change. Solar powered 
desalination is especially important in remote and rural areas with low infrastructure and 
without connection to a grid. Small-scale stand-alone solar powered desalination systems are 
desirable to provide a reliable source of potable water.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

There is an increasing demand for advancing conventional desalination technologies and 
developing novel solar powered desalination processes. In this chapter, the use of solar 
powered thermal desalination will be discussed comprehensively. The different existing 
methods of solar energy utilization for seawater desalination will be discussed, which 
includes solar stills, solar powered humidification-dehumidification (HDH) desalina-
tion, solar diffusion driven desalination, solar membrane distillation, concentrated solar 
power (CSP) based desalination, and solar pond distillation. The advantages and limita-
tions of these thermal desalination technology will be discussed. In addition, the environ-
mental impacts of solar desalination will be discussed due to its importance for adoption.

Keywords: desalination, solar energy, thermal processes

1. Introduction

For many years, efforts have been made to use solar energy for obtaining potable water from 
saline water. Some of the earliest solar powered desalination technologies were developed 
centuries ago, such as solar stills. There is an increasing demand for advancing conventional 
desalination technologies and developing novel solar powered desalination processes. The 
increasing demand for solar powered desalination systems is driven by the increasing cost of 
fossil fuels for thermal and electrical energy generation, falling cost of renewable energy tech-
nologies, need for small scale decentralized desalination systems to operate in remote areas 
that lack access to the electrical grid, and the concern over climate change. Solar powered 
desalination is especially important in remote and rural areas with low infrastructure and 
without connection to a grid. Small-scale stand-alone solar powered desalination systems are 
desirable to provide a reliable source of potable water.
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The best combination of renewable energy and desalination technology achieves high fresh 
water production at low cost with efficient energy utilization. An excellent example is the inte-
gration of thermal desalination technologies with renewable thermal energy, such as solar and 
geothermal energy. Solar energy is the most promising energy for seawater desalination. Solar 
energy utilization systems such as flat plat solar collectors, evacuated tubes, and solar ponds 
absorb the solar energy and convert it to thermal energy that drives thermal desalination pro-
cesses. The use of solar energy for desalination can be categorized into direct, where the solar 
energy is absorbed directly by the saline water (solar pond and solar still), or indirect where 
the solar energy is absorbed by a solar collector and then transferred to the saline water. Solar 
energy is well suited for arid regions and rural areas where the solar intensity is high [44].

Desalination of seawater or brackish water is generally accomplished using water evapora-
tion (phase change), or by using a semi-permeable membrane to separate fresh water from 
concentrated saline water, or by a combination of the two as in membrane distillation. Most 
conventional desalination plants are large scale centralized units that typically serve urban 
populations. In recent years, there is considerable interest in developing decentralized desali-
nation technologies. An environmental advantage of decentralized desalination is that the 
brine discharge is spread out over a large area, and thus the environmental impact is consid-
erably less than that associated with large scale centralized desalination plants. In rural arid 
regions, populations are distributed over a large land surface area. For such cases, it is more 
economical to install and operate decentralized water production units that serve the local 
population in lieu of large centralized water production where water must be transported 
long distances. The rural arid regions typically have excellent solar resources, and thus solar 
driven desalination is appealing.

Solar energy, harvested in electrical or thermal form can be used to distill water. Solar ther-
mal energy systems, such as flat plate solar collectors, evacuated tubes, concentrating solar 
troughs, and solar ponds absorb the solar energy and convert it to thermal energy that drive 
thermal desalination processes. Solar thermal energy utilization for desalination can be cat-
egorized into direct, where the solar thermal energy is collected directly by the saline water, 
such as in solar stills and solar ponds, or indirect where the solar thermal energy is absorbed 
by a solar collector and then transferred to the saline water, such as in solar powered humid-
ification-dehumidification (HDH) and diffusion driven desalination. Technical simplicity, 
low maintenance requirements, and ease of operation are very important to enable successful 
application of distributed solar powered desalination systems.

The distillation performance can be examined in terms of characteristic parameters which are 
related to the method of distillations, which include:

1. Specific daily water production which is defined as the amount of water produced us-
ing 1 m2 of solar collector area per day. This parameter describes daily water production 
normalized by the solar collector area. This parameter is important for all solar powered 
desalination systems since solar collector area is indicative of the amount of energy that is 
flowing into the system and is also a proxy for cost. The solar collector cost typically ac-
counts for about 40–45% of the capital cost of air-heated HDH systems and 20–35% of the 
capital cost of water-heated HDH systems.
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2. Gained output ratio (GOR) which is defined as the ratio of the latent heat of evaporation 
of the distillate produced to the total heat input to the distillation process. It is a measure 
of how efficiently thermal energy is used in a desalination process. In the case of solar 
powered desalination systems, GOR is equal to the ratio of latent heat of evaporation of the 
distillate produced to the heat absorbed by the solar collectors.

3. Recovery ratio (RR) is defined as the ratio of the total fresh water produced to the saline 
feed water input. RR for small scale solar powered HDH desalination systems is much 
smaller than RR for conventional desalination processes, such as MSF, MED, VC and RO 
due to the low production efficiency of small scale systems.

2. Solar thermal energy desalination

2.1. Solar stills

The solar still is one of the oldest and by far the simplest water desalination method. A solar 
still consists of a structural element called a basin covered with a transparent material to allow 
the incident solar radiation to pass through to the basin saline water for thermal absorption and 
evaporation. Solar energy absorption, saline water evaporation, and fresh water condensation 
occur within a single enclosure for a solar still. Solar stills are inherently direct collection sys-
tems. Solar distillation using solar stills is considered to be a mature technology. Because it has a 
low maintenance requirement, it is used worldwide to produce fresh water. Typically, the basin 
is colored in dark or black to enhance solar flux absorption. The water is heated by the solar rays 
absorbed by the basin, which increases the water vapor pressure until some portion of the saline 
water evaporates as shown in Figure 1. The water vapor moves upward and typically condenses 
on the cool glass cover and run downs through a guiding channel to the collection reservoir.

Figure 1. Solar still [47].
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There exist many types of solar stills, including single slope, double slope, single and double 
basin, inverted, tubular, spherical, double effect multi wick, and greenhouse integrated solar 
stills as shown in Figure 2. Solar stills can be passive or active, depending on whether water 
circulation is needed. The main advantages of passive solar stills are that they do not require 
electrical energy for pumping (passive solar collector), it is simple, and it is easy to operate. 
However, the main drawback of the solar still is that it typically has low water production due 
to the loss of latent heat of condensation through the solar still transparent cover.

The gap distance between the solar still basin and the transparent cover surface has a consid-
erable influence on its performance; the performance increases with decreasing gap distance. 
As a result, several design improvements have been considered, such as the development of 
a cascaded type solar still [1]. In this design, the basin is inclined and consists of many small 
cavities to store water; it is arranged in cascaded manner, as shown in Figure 3. The basin is 
typically made of a metallic corrugated sheet such as flat black coated aluminum.

The performance of a conventional solar distillation system can be predicted by various meth-
ods [3–12]. In general, the distillate hourly production rate per square meter of solar still (   m   ̇    

w
   )  

is given by

    m   ̇    w   =   
3600   q   ̇   ew  

 ____________  h  fg  
    (1)

where    q   ̇   
ew

    is the evaporation rate per square meter of solar still cross section, hfg is the latent 
heat of vaporization. The solar still performance is influenced by several parameters such as 
wind velocity, sky and ambient temperature, solar radiation, and salt concentration. Various 
researchers have proposed several modifications to enhance the performance of a conven-
tional solar still. Some study has proposed to reduce the bottom heat loss coefficient [13]. 
Another study has proposed to reduce water depth in a solar still basin [5, 14, 15] which 
results in increased temperature and evaporation. It is also suggested to cover the back wall 
with cotton cloth in the solar still [16]. This is to reduce heat losses from the back of the solar 
still and enhance the evaporation rate. It has also been proposed to use coloring dye [17–20] 

Figure 2. Common designs of solar stills [2].
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and to use charcoal [21–23] to enhance solar energy absorption in the basin. Other studies 
have suggested to use energy storage to improve water yield [22, 23]. The use of multi-wick 
solar stills has been suggested to enhance water production performance [1]. Other studies 
have proposed cooling of the condensing glass cover [24–28] to enhance fresh water yield.

2.2. Solar powered humidification-dehumidification (HDH) desalination

Solar powered humidification-dehumidification (HDH) desalination has gained recent trac-
tion because it is viewed as a reliable desalination method for small scale decentralized appli-
cations. The humidification/dehumidification (HDH) process is a thermal desalination process 
that mimics the natural water purification cycle. Solar HDH systems have been investigated 
extensively and used widely for many decades as an alternative to common desalination sys-
tems for decentralized water production, and hence extensive knowledge exists on the design 
of these systems. HDH is based on water evaporation of heated saline water into an air stream 
and its subsequent condensation. Water vapor is carried by a circulating air stream from the 
saline water side, usually called evaporator or humidifier, to the condenser side where vapor 
is condensed as potable water as shown in Figure 4. Solar energy can be used to heat saline 
water via flat plat or evacuated tube solar collectors and successively directed to the evapo-
rator. In term of solar energy utilization, the water or the circulated air is heated to run the 
solar HDH process. There are different operating modes of humidification-dehumidification 
desalination process. These operating mode types include: (1) closed air-closed water cycle, 
(2) closed air-open water cycle (3) open air-closed water cycle, (4) open air-open water cycle. 
Fresh water yields depend on the HDH design, operating mode, and operating conditions. In 
general, the distillation yield in HDH desalination process is calculated as

    m   ̇    w   =   m   ̇    air   ( ω  in   −  ω  out  )   (2)

where    m   ̇    
air

    is mass flow rate of dry air (kg/s),   ω  
in
    and   ω  

out
    are the humidity ratio (kgH2O/kg dry air) of 

inlet and outlet air stream to the condenser, respectively. An important parameter that is used 
to examine the performance of HDH desalination process is the Gained Output Ratio (GOR) 
which is defined as the ratio of latent heat of evaporation of the distillate to the thermal energy 
input by the heated saline water. GOR is defined as,

  GOR =   
  m   ̇    w    h  fg   ________________________    m   ̇    saline    C  p    ( T  in   −  T  out  ) 

    (3)

Figure 3. Schematic of a cascaded solar still [2].
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where    m   ̇    
saline

    is mass flow rate of heated saline water (kg/s),   C  
p
    is the specific heat of the saline 

water,   T  
in
    and   T  

out
    are the of inlet and outlet saline water temperature to the evaporator, respec-

tively. HDH desalination process is best suited to utilize solar energy to heat saline water to 
a sufficiently high temperature such that water is evaporated. The temperature of the saline 
water is usually raised to 60°C; this is a relatively a low water temperature, which gives the 
HDH process an advantage over other traditional thermal desalination processes such as MSF 
or VC in that inexpensive materials of construction can be used. The downside of the HDH 
process is that the conversion rate is low; thus it is best suited for small-scale applications.

A significant advantage of the HDH process is that it typically operates in a low temperature 
range, which enables it to be driven by solar energy or a low-grade heat source. HDH systems 
are simple in design and operation; however, their low thermal energy efficiency is a signifi-
cant drawback. The low thermal efficiency associated with HDH systems is typically due to 
the low thermodynamic availability of low grade heat. In addition, HDH systems are com-
monly based on natural draft to circulate the air in the system, which is associated with low 
heat and mass transfer coefficients compared to forced draft air flow. Film condensation over 
metallic tubes is usually used to condense the water vapor in the air stream and recover the 
latent of condensation. Due to the low rate of heat transfer, large metallic surface area is usu-
ally required which increases the system cost. Solar HDH technologies have great promise for 
decentralized small-scale water production applications, although additional improvements 
in system efficiency are needed to reduce the capital cost.

Humidification and dehumidification method for saline water desalination has been exam-
ined by many researchers. Farid et al. proposed a design for a solar energy based HDH desali-
nation unit [29]. The performance factor of the desalination unit for different air and water 
flow rates have be examined by measuring water temperature. The study observed a varia-
tion in daily performance factor between 0.95 and 1.35. It was concluded that decreasing the 
water mass flow rate to 70 kg/h increases water temperature which increases the performance 
factor. Nawayseh et al. [30] carried out a simulation study for a closed cycle HDH process 
to optimize its operating condition. It was concluded that the performance of HDH process 
is significantly influenced by both water flow rate and to the surface area of humidifier and 
condenser. In addition, it was found that air flow rate has a small effect on the fresh water pro-
duction of the unit. The maximum fresh water production for the system less than 0.7 kg/m2h 
and the average daily production is 3.5 kg/m2 day for about 10-h operation. Al-Hallaj et al. [31] 
investigated a similar process configuration to that of Nawayseh et al. [30] and noticed that 
fresh water production performance is not affected by air flow rate. On the other hand, when 
operating at low temperature (50°C), water yields improves with increasing air flow rate. In 
their experimental study, they reported a maximum fresh water production of 0.65 kg/h, and 
a total daily production of 5 L/(m2.day). Their investigation concluded that fresh water pro-
duction increases significantly with increasing water mass flow rate to an optimum point. 
Beyond the optimum point, increasing the mass flow rate decreases fresh water production. 
They also suggested it is best to operate the unit with forced air circulation while operating at 
low temperature, and operate with natural air draft circulation the water temperatures is high.

Muller [32] analyzed a small-scale thermal seawater desalination system with a thermal stor-
age tank to enable the system to run 24 h/d of operation. They carried out the analysis using a 
simulation program to optimize the performance. They proposed to use a highly efficient solar 
collectors to heat the water to 85°C. Dai et al. [33] have examined an open loop humidification 
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and dehumidification system that uses a forced convection to circulate the air. A boiler is used 
to represent the solar collector to heat the saline water. In their system, they reported a thermal 
efficiency of 80% which is defined as the ratio of the minimum energy to obtain a fixed amount 
of water to the total heat input. Also, in the study it was reported that the performance is signifi-
cantly dependent on the inlet saline water temperature, mass flow rate of the saline water and air.

Orfi et al. [34] examined the efficiency of a desalination process with a solar air heater to 
improve the performance. An electric heater was used to replace the solar water heater. A 
constant solar irradiation flux of 800 W/m2 was used, and the maximum fresh water produc-
tion was 5.2 kg/m2d. The experimental results indicate that the performance of the system 
improves with increasing the ambient air temperature. It was also reported that increasing the 
cooling water flow rate increases the production to up to an optimum value.

A comprehensive technical review that compares between different thermal desalination tech-
niques is presented by Parekh et al. [35]. The main limitation of the HDH process is that the heat 
and mass transfer coefficients in the process are low because HDH process typically operate 
based on a natural draft to drive the airflow in the system. Numerous simulations are required 
to understand the air and mass flow rate influence on the performance of the HDH desalination 
process. It is reported that further simulations with a thermal storage module and 24 h opera-
tion are recommended to improve the process of the HDH. Condensation over tubes is usually 
used to condense the water vapor in the air stream. Because of the condenser low efficiency, 
HDH process require a large surface area condenser which increases the cost of the system.

Figure 4. Schematic diagram of the solar HDH [47].
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investigated a similar process configuration to that of Nawayseh et al. [30] and noticed that 
fresh water production performance is not affected by air flow rate. On the other hand, when 
operating at low temperature (50°C), water yields improves with increasing air flow rate. In 
their experimental study, they reported a maximum fresh water production of 0.65 kg/h, and 
a total daily production of 5 L/(m2.day). Their investigation concluded that fresh water pro-
duction increases significantly with increasing water mass flow rate to an optimum point. 
Beyond the optimum point, increasing the mass flow rate decreases fresh water production. 
They also suggested it is best to operate the unit with forced air circulation while operating at 
low temperature, and operate with natural air draft circulation the water temperatures is high.

Muller [32] analyzed a small-scale thermal seawater desalination system with a thermal stor-
age tank to enable the system to run 24 h/d of operation. They carried out the analysis using a 
simulation program to optimize the performance. They proposed to use a highly efficient solar 
collectors to heat the water to 85°C. Dai et al. [33] have examined an open loop humidification 
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and dehumidification system that uses a forced convection to circulate the air. A boiler is used 
to represent the solar collector to heat the saline water. In their system, they reported a thermal 
efficiency of 80% which is defined as the ratio of the minimum energy to obtain a fixed amount 
of water to the total heat input. Also, in the study it was reported that the performance is signifi-
cantly dependent on the inlet saline water temperature, mass flow rate of the saline water and air.

Orfi et al. [34] examined the efficiency of a desalination process with a solar air heater to 
improve the performance. An electric heater was used to replace the solar water heater. A 
constant solar irradiation flux of 800 W/m2 was used, and the maximum fresh water produc-
tion was 5.2 kg/m2d. The experimental results indicate that the performance of the system 
improves with increasing the ambient air temperature. It was also reported that increasing the 
cooling water flow rate increases the production to up to an optimum value.

A comprehensive technical review that compares between different thermal desalination tech-
niques is presented by Parekh et al. [35]. The main limitation of the HDH process is that the heat 
and mass transfer coefficients in the process are low because HDH process typically operate 
based on a natural draft to drive the airflow in the system. Numerous simulations are required 
to understand the air and mass flow rate influence on the performance of the HDH desalination 
process. It is reported that further simulations with a thermal storage module and 24 h opera-
tion are recommended to improve the process of the HDH. Condensation over tubes is usually 
used to condense the water vapor in the air stream. Because of the condenser low efficiency, 
HDH process require a large surface area condenser which increases the cost of the system.

Figure 4. Schematic diagram of the solar HDH [47].
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2.3. Solar diffusion driven desalination process

Solar diffusion driven desalination (DDD) is a thermal distillation process similar to the HDH 
where a solar collector is used to deliver the thermal energy. A simplified schematic diagram 
of the Solar DDD process is shown in Figure 5. The Solar DDD facility consists of two main 
components: evaporator and condenser. The evaporator and the condenser allows direct con-
tact between air and water and they are mainly composed of a packing material. The packing 
material is characterized by a high surface area to volume ratio which improve the water and 
air contact area. A single nozzle is mounted at the top of the packing in the evaporator and 
the condenser to spray saline water over the packing material in the evaporator, and to spray 
the cooling water in condenser. A basin at the bottom of the evaporator is installed and used 
to collect the saline water and another one is installed at the bottom of the condenser to collect 
the freshwater [44].

The DDD process operates on the principle of humidification and dehumidification of an air 
stream. The first process is called air humidification and occurs in the evaporator. Heated 
saline water enters the evaporator, as low as 45°C, and gets sprayed at the top of the packing 
via the evaporator nozzle. Low humidity air is forced via a fan at the bottom of the evapora-
tor to circulate the air through the system. With this arrangement, the drawn air is flowing 
counter-currently to the falling water which increase direct heat and mass transfer between 
air and water. This leads to humidification of the air and increases the air temperature exit-
ing the evaporator. The humidified air leaves the evaporator at the top as fully saturated and 
then enters the direct contact condenser. In the direct contact condenser, cold fresh water is 
sprayed on the top of packed bed. As the humidified air is flowing upward, it gets in direct 
contact with the sprayed cold fresh water which leads to the dehumidification of the air and 
reduction in its temperature. In dehumidification process, heat will be transferred from air-
vapor to the cold freshwater resulting in water vapor condensation which leads to fresh water 
production. The fresh water is collected at the basin of the condenser and sent to a fresh water 
production tank or to a heat exchanger to be cooled and recycled again [44].

The performance of the solar DDD have been investigated by various research groups [36–44]. 
A theoretical model has been developed to describe the heat and mass transfer in the pro-
cess and the performance has been studied for different operating conditions. A steady state 
theoretical model for the evaluation of heat and mass transfer in the evaporator for the DDD 
process is developed by Klausner et al. and Li et al. [36–39], and it is given in Eqs. 4–6. The for-
mulation is based on a two-fluid film model for a packed bed in which conservation equations 
for mass and energy are applied to a differential control volume. Eqs. 4–6 comprise a set of 
coupled ordinary differential equations that are used to solve for the humidity ratio, water tem-
perature, and air/vapor mixture temperature distributions along the height of the evaporator,

    
 dT  L   ___ dz   =   G __ L     d𝜔𝜔 ___ dz     

 ( h  Fg   −  h  L  ) 
 _______  Cp  L  

   +   
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 dT  a   ___ dz   = −   1 ____ 1 + ω     d𝜔𝜔 ___ dz     
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where L and G is the water and air mass fluxes, respectively, ω is the humidity ratio   k  
G
    is the 

mass transfer coefficient on gas side, a is the specific area of packing, which is defined as the 
total surface area of the packing per unit volume of space occupied, aw is the wetted specific 
area, Mv is the vapor molecular weight, R is the universal gas constant, and Ti is the liquid/
vapor interfacial temperature which is defined as,

   T  i   =   
 T  L   +  ( U  G   /  U  L  )   T  a    ___________ 1 +  ( U  G   /  U  L  ) 

    (7)

Similarly, a steady state theoretical model for the evaluation of heat and mass transfer in the 
condenser for the DDD process is given [36–39],

    
 dT  L   ___ dz   =   G __ L     d𝜔𝜔 ___ dz     

 ( h  Fg   −  h  L  ) 
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   +   
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  ,  (8)

    
 dT  a   ___ dz   = −   1 ____ 1 + ω     d𝜔𝜔 ___ dz     

 h  L   ( T  a  )  _____  Cp  G     +   
Ua ( T  L   −  T  a  )  _________  Cp  G   G (1 + ω)   .  (9)

Figure 5. Schematic diagram for the solar diffusion driven desalination process [42].
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2.3. Solar diffusion driven desalination process

Solar diffusion driven desalination (DDD) is a thermal distillation process similar to the HDH 
where a solar collector is used to deliver the thermal energy. A simplified schematic diagram 
of the Solar DDD process is shown in Figure 5. The Solar DDD facility consists of two main 
components: evaporator and condenser. The evaporator and the condenser allows direct con-
tact between air and water and they are mainly composed of a packing material. The packing 
material is characterized by a high surface area to volume ratio which improve the water and 
air contact area. A single nozzle is mounted at the top of the packing in the evaporator and 
the condenser to spray saline water over the packing material in the evaporator, and to spray 
the cooling water in condenser. A basin at the bottom of the evaporator is installed and used 
to collect the saline water and another one is installed at the bottom of the condenser to collect 
the freshwater [44].

The DDD process operates on the principle of humidification and dehumidification of an air 
stream. The first process is called air humidification and occurs in the evaporator. Heated 
saline water enters the evaporator, as low as 45°C, and gets sprayed at the top of the packing 
via the evaporator nozzle. Low humidity air is forced via a fan at the bottom of the evapora-
tor to circulate the air through the system. With this arrangement, the drawn air is flowing 
counter-currently to the falling water which increase direct heat and mass transfer between 
air and water. This leads to humidification of the air and increases the air temperature exit-
ing the evaporator. The humidified air leaves the evaporator at the top as fully saturated and 
then enters the direct contact condenser. In the direct contact condenser, cold fresh water is 
sprayed on the top of packed bed. As the humidified air is flowing upward, it gets in direct 
contact with the sprayed cold fresh water which leads to the dehumidification of the air and 
reduction in its temperature. In dehumidification process, heat will be transferred from air-
vapor to the cold freshwater resulting in water vapor condensation which leads to fresh water 
production. The fresh water is collected at the basin of the condenser and sent to a fresh water 
production tank or to a heat exchanger to be cooled and recycled again [44].

The performance of the solar DDD have been investigated by various research groups [36–44]. 
A theoretical model has been developed to describe the heat and mass transfer in the pro-
cess and the performance has been studied for different operating conditions. A steady state 
theoretical model for the evaluation of heat and mass transfer in the evaporator for the DDD 
process is developed by Klausner et al. and Li et al. [36–39], and it is given in Eqs. 4–6. The for-
mulation is based on a two-fluid film model for a packed bed in which conservation equations 
for mass and energy are applied to a differential control volume. Eqs. 4–6 comprise a set of 
coupled ordinary differential equations that are used to solve for the humidity ratio, water tem-
perature, and air/vapor mixture temperature distributions along the height of the evaporator,
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where L and G is the water and air mass fluxes, respectively, ω is the humidity ratio   k  
G
    is the 

mass transfer coefficient on gas side, a is the specific area of packing, which is defined as the 
total surface area of the packing per unit volume of space occupied, aw is the wetted specific 
area, Mv is the vapor molecular weight, R is the universal gas constant, and Ti is the liquid/
vapor interfacial temperature which is defined as,

   T  i   =   
 T  L   +  ( U  G   /  U  L  )   T  a    ___________ 1 +  ( U  G   /  U  L  ) 

    (7)

Similarly, a steady state theoretical model for the evaluation of heat and mass transfer in the 
condenser for the DDD process is given [36–39],

    
 dT  L   ___ dz   =   G __ L     d𝜔𝜔 ___ dz     

 ( h  Fg   −  h  L  ) 
 _______  Cp  L  

   +   
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  ,  (8)

    
 dT  a   ___ dz   = −   1 ____ 1 + ω     d𝜔𝜔 ___ dz     

 h  L   ( T  a  )  _____  Cp  G     +   
Ua ( T  L   −  T  a  )  _________  Cp  G   G (1 + ω)   .  (9)

Figure 5. Schematic diagram for the solar diffusion driven desalination process [42].
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    d𝜔𝜔 ___ dz   =   
 dT  a   ___ dz     P ________ P −  P  sat   ( T  a  ) 

    ω  m   (b − 2  cT  a   + 3  dT  a  2 ) .  (10)

where b, c and d are empirical constants that are given as a = 0.611379, b = 0.0723669, 
c = 2.78793 × 10−4, d = 6.76138 × 10−7, and Ta (°C) is the air temperature [36–39].

A more recent formulation has been developed for transient solar DDD [40–44]. Alnaimat 
et al. developed a transient one-dimensional theoretical model for the evaluation of heat and 
mass transfer within direct-contact evaporators and condensers. Eqs. 11–14 comprise a set 
of coupled partial differential equations that are used to solve for the humidity ratio, water 
temperature, air/vapor mixture, and packed bed temperature distributions along the height 
of the evaporator.
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where αL and αa is the liquid and air volume fraction, ρL and ρa the air and vapor density, 
respectively, UL and UG are the respective liquid and gas heat transfer coefficients. Similarly, 
Eqs. 15–18 comprise a set of coupled partial differential equations that are used to solve for 
the humidity ratio, water temperature, air/vapor mixture, and packed bed temperature distri-
butions along the height of the condenser.
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The given Eqs. 11–18 can be solved numerically simultaneously to predict water, air/vapor 
mixture and packed bed temperatures and humidity ratio within the evaporator and the con-
denser. These equations represent the heat and mass transport models in evaporator and 
condenser and they account for the transient variations within the packed-bed due to time 
varying inlet air and water temperatures and humidity. Figure 6 shows the fresh water pro-
duction rate for the given solar heat input where the condenser is operating with continuous 
cooling to maintain condenser inlet water temperature at 25°C. It is clear that as the solar heat 
input increases the evaporator inlet water temperature increases, which improve the water 
production. Figure 7 shows the increase in the total fresh water produced and the decline of 
the saline water volume in the storage tank with time. With its low energy consumption and 
low fabrication cost, solar DDD is expected to be competitive with other small scale desalina-
tion units for decentralized water production. The diffusion driven desalination process is 
considered promising for water desalination when driven by solar energy or waste heat.

2.4. Solar membrane distillation

In principles, membrane distillation (MD) is a hybrid of thermal distillation and membrane pro-
cesses. MD has an important feature is that it operates at a low temperature range compared to 
conventional thermal distillation processes and at a low pressure compared to reverse osmosis 
desalination. Due to this low temperature operating range, it is well suited to be heated by solar 
energy. The membranes used are non-wetting (hydrophobic) and typically are made from poly-
propylene (PP), polyvinylidene fluoride (PVDF), polyethylene (PE), or polytetrafluoroethylene 
(PTFE). Different membrane module configurations exist such as plate and frame, hollow fiber, 
tubular, and spiral wound membrane module. Hydrophobic microporous membranes act as a 
physical support that separates a warm saline water chamber from a cold permeate chamber [45].

In solar membrane desalination, salty water or brackish water is heated using solar energy 
and then directed to a warm saline chamber. The driving force in solar MD process is vapor 
pressure difference across the membrane. There are different methods to create a vapor pres-
sure difference across the membrane; thus MD can be categorized in terms of pressure dif-
ference creation into the following: direct contact membrane distillation (DCMD); air gap 
membrane distillation (AGMD); sweeping gas membrane distillation (SGMD); and vacuum 
membrane distillation (VMD). Water vapor transports through membrane pores from the 
high vapor pressure feed side to the low vapor pressure permeate side. The most commonly 
MD types used for desalination are DCMD, AGMD, and VMD as shown in Figure 8. Figure 8a  
depicts the direct contact membrane distillation (DCMD) process. In DCMD a pressure dif-
ference is created by a temperature difference between the feed water side and permeate side. 
The hot feed water is in direct contact with the membrane. As the water evaporates in the feed 
water side, it moves through the membranes and condenses on the lower temperature perme-
ate side. The salty liquid feed water cannot pass through the hydrophobic membrane to the 
permeate side. DCMD is commonly used for saline water desalination. The main disadvan-
tage of DCMD is the heat loss by conduction from the hot side to the cold side.

In DCMD, the mass flux is typically, assumed to be proportional to the vapor pressure differ-
ence across the membrane, and is given by:
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where b, c and d are empirical constants that are given as a = 0.611379, b = 0.0723669, 
c = 2.78793 × 10−4, d = 6.76138 × 10−7, and Ta (°C) is the air temperature [36–39].

A more recent formulation has been developed for transient solar DDD [40–44]. Alnaimat 
et al. developed a transient one-dimensional theoretical model for the evaluation of heat and 
mass transfer within direct-contact evaporators and condensers. Eqs. 11–14 comprise a set 
of coupled partial differential equations that are used to solve for the humidity ratio, water 
temperature, air/vapor mixture, and packed bed temperature distributions along the height 
of the evaporator.
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where αL and αa is the liquid and air volume fraction, ρL and ρa the air and vapor density, 
respectively, UL and UG are the respective liquid and gas heat transfer coefficients. Similarly, 
Eqs. 15–18 comprise a set of coupled partial differential equations that are used to solve for 
the humidity ratio, water temperature, air/vapor mixture, and packed bed temperature distri-
butions along the height of the condenser.
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The given Eqs. 11–18 can be solved numerically simultaneously to predict water, air/vapor 
mixture and packed bed temperatures and humidity ratio within the evaporator and the con-
denser. These equations represent the heat and mass transport models in evaporator and 
condenser and they account for the transient variations within the packed-bed due to time 
varying inlet air and water temperatures and humidity. Figure 6 shows the fresh water pro-
duction rate for the given solar heat input where the condenser is operating with continuous 
cooling to maintain condenser inlet water temperature at 25°C. It is clear that as the solar heat 
input increases the evaporator inlet water temperature increases, which improve the water 
production. Figure 7 shows the increase in the total fresh water produced and the decline of 
the saline water volume in the storage tank with time. With its low energy consumption and 
low fabrication cost, solar DDD is expected to be competitive with other small scale desalina-
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and then directed to a warm saline chamber. The driving force in solar MD process is vapor 
pressure difference across the membrane. There are different methods to create a vapor pres-
sure difference across the membrane; thus MD can be categorized in terms of pressure dif-
ference creation into the following: direct contact membrane distillation (DCMD); air gap 
membrane distillation (AGMD); sweeping gas membrane distillation (SGMD); and vacuum 
membrane distillation (VMD). Water vapor transports through membrane pores from the 
high vapor pressure feed side to the low vapor pressure permeate side. The most commonly 
MD types used for desalination are DCMD, AGMD, and VMD as shown in Figure 8. Figure 8a  
depicts the direct contact membrane distillation (DCMD) process. In DCMD a pressure dif-
ference is created by a temperature difference between the feed water side and permeate side. 
The hot feed water is in direct contact with the membrane. As the water evaporates in the feed 
water side, it moves through the membranes and condenses on the lower temperature perme-
ate side. The salty liquid feed water cannot pass through the hydrophobic membrane to the 
permeate side. DCMD is commonly used for saline water desalination. The main disadvan-
tage of DCMD is the heat loss by conduction from the hot side to the cold side.

In DCMD, the mass flux is typically, assumed to be proportional to the vapor pressure differ-
ence across the membrane, and is given by:
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  J =  C  m    ( P  f   −  P  p  )   (19)

where Cm is the membrane coefficient, Pf and Pp are the vapor pressure at the membrane 
feed and permeate surfaces. Since the pressure also depends on the feed and permeate tem-
perature, the above equation can be rewritten in terms of temperature difference across the 
membrane surfaces as:

  J =  C  m     dP ___ dT    ( T  f,m   −  T  p,m  )   (20)

where   T  
f,m

    and   T  
p,m

    is the feed and permeate temperatures at the membrane surface respectively. 
Here dP/dT is the variation in pressure and temperature which is given by the Clausius-
Clapeyron equation, as follows:

    dP ___ dT   =   
 h  fg   ___ R  T   2     P  0   (T)   (21)

where R and hfg represent the universal gas constant and the latent heat of vaporization 
respectively. Eq. 20 is valid when the separation process is for pure water or very diluted 
solution, and the temperature difference across the membrane surfaces is less than or equal 
to 10°C [45].

And for more concentrated solutions, another relation developed by Schofield et al. [46] for 
the mass flux which is given by:

  J =  C  m     dP ___ dT   [ ( T  f,m   −  T  p,m  )  − Δ  T  th  ]  (1 −  x  m  )   (22)

where  Δ  T  
th
    is the threshold temperature, which is given by:
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Here xf,m, xp,m, xm, represent the mole fraction of dissolved species at the hot membrane surface 
side, from the permeate membrane surface side and inside the membrane.

In the Air gap membrane distillation (AGMD) process, depicted in Figure 8b, the hot feed 
water is in direct contact with the membrane while the cold permeate is not in direct contact 
with the membrane. A stagnant air gap separates the cold water. The water evaporates in the 
feed water side and it moves across the membranes to condense on the lower temperature 
surface plate after passing the air gap. AGMD is commonly used for saline water desalination. 
The advantage of AGMD is that the reduction in the heat loss by from the hot side to the cold 
side. Figure 8c depicts the sweeping gas membrane distillation (SGMD) process. Carrier gas 
as flows in the permeate side to remove the vapor to a separate component to be condensed. 
SGMD is more typically used for removing volatile vapors and is less used in desalination. The 
main drawback of this process is the fact that it requires very large condenser to condense the 
vapor. In VMD process, vacuum is created in the permeate side via a pump. Water vapor passes 
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through the membrane due to the pressure difference between the feed water side and the per-
meate side as depicted in Figure 8d. The VMD is also achieved in a condenser outside the mem-
brane which considered an advantageous to reduce the heat lost via across the membrane [45].

The MD process poses some advantages over RO process since it does not require high pres-
sure feed water, and it can process very high salinity brines. The MD process can tolerate 
complete dry out of the membrane. In comparison with other large thermal distillation pro-
cesses MD is not limited to large scale applications; it is highly scalable. In addition, MD pro-
cesses include the rejection of ions, macromolecules, colloids, and other non-volatiles, lower 
operating temperatures compared to conventional distillation, and lower operating pressures 
compared to other pressure driven membrane separation processes. A disadvantage of MD 
process is the high cost of the membranes and the membrane susceptibility to get fouled 
which diminishes their durability.

2.5. Concentrating solar energy for desalination

Solar energy collectors can be classified in terms of the measured temperature range in the 
collector. Collectors are classified as low temperature when the measured collector tempera-
ture is <100°C, medium temperature collector when temperature is in the range of 100–150°C, 
and high temperature collector when collector temperature is >150°C. Solar energy plays an 
important role as a source of energy for low temperature desalination systems. For low tem-
perature collectors, HDH desalination or diffusion driven desalination is very suitable. For 
medium and high temperature collectors such as concentrated solar trough, conventional 
thermal desalination such as multi-effect desalination (MED), multistage flash distillation 
(MSF) and vapor compression distillation (VC) is more suitable to be integrated with these 

Figure 6. Solar heat input and fresh water production rate of the solar DDD [44].
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The MD process poses some advantages over RO process since it does not require high pres-
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complete dry out of the membrane. In comparison with other large thermal distillation pro-
cesses MD is not limited to large scale applications; it is highly scalable. In addition, MD pro-
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important role as a source of energy for low temperature desalination systems. For low tem-
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collectors. MSF, MED, and VC systems can be powered by the thermal energy captured by a 
concentrated solar energy to distill salty water.

The principle of using concentrated solar energy to power MSF processes is based on gener-
ating water vapor by heating seawater using concentrated solar energy. After being heated, 
water is introduced to a low pressure chamber, where sudden pressure drop occurs and water 
flashes to vapor. This process is repeated successively in a series of chambers in which the 
pressure is reduced at different stages. Water vapor is condensed on a heat exchanger bundle 
(condenser) and collected to produce freshwater. Figure 9 shows a combined concentrated 
solar energy system and MSF distillation process. The distillate production rate from MSF 
desalination process depends primarily on the brine temperature, number of stages, feed 
water salinity and fouling resistance of the brine heater. The plant distillate production can 
be increased by increasing the temperature difference between discharged hot brine and inlet 
seawater temperature [48]. Distillate production in solar multi stage flash desalination could 
be increased by using water as the heat transfer fluid in solar collectors and also by increasing 
the size of thermal storage tanks [49].

For MED processes integrated with concentrated solar energy, the distillation process takes 
place in a series of vessels collectively referred to as effects. Figure 10 shows a MED distillation 
process powered by concentrated solar energy. The thermic fluid is heated in the concentrated 
solar collector field, and thereafter is passed to the effect vessels to heat the sprayed saline water. 
As shown in Figure 10, a pre-heated seawater is introduced at the top of the effects, which is 
usually sprayed on bundle of tubes in which the thermic fluid is flowing, to create a falling 
film. The thermic fluid is at higher temperature than saturated temperature of the saline water. 
Water vapor is generated at the falling film and thereafter directed to the next effect where it 
releases its latent heat of condensation to the incoming saline water to produce distilled water.

Figure 7. Total fresh water produced and saline water volume in storage tank of the solar DDD [44].
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For solar powered vapor compression desalination, saline water is heated by a solar collector 
and directed to a vessel where it flashes to vapor. Figure 11 shows a VC distillation process 
powered by concentrated solar energy. The produced vapors are compressed using mechani-
cal vapor compressor (MVC) or thermo vapor compressor (TVC) to raise the condensation 
pressure and temperature of the vapor. The vapor compression raises the steam pressure and 
its saturation temperature. The compressed vapor is then used to heat the remaining saline 
water in the vessel in the first step. Then vapor exits the vessel and thereafter enters the con-
denser to release its latent heat to the saline feed water as shown in Figure 11. The condensed 
vapor is then collected in the distilled storage tank.

Figure 8. Different types of membrane distillation process: (a) direct contact membrane distillation (DCMD), (b) air gap 
membrane distillation (AGMD), (c) sweeping gas membrane distillation (SGMD), (d) vacuum membrane distillation 
(VMD) process, adapted from [45].
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For solar powered vapor compression desalination, saline water is heated by a solar collector 
and directed to a vessel where it flashes to vapor. Figure 11 shows a VC distillation process 
powered by concentrated solar energy. The produced vapors are compressed using mechani-
cal vapor compressor (MVC) or thermo vapor compressor (TVC) to raise the condensation 
pressure and temperature of the vapor. The vapor compression raises the steam pressure and 
its saturation temperature. The compressed vapor is then used to heat the remaining saline 
water in the vessel in the first step. Then vapor exits the vessel and thereafter enters the con-
denser to release its latent heat to the saline feed water as shown in Figure 11. The condensed 
vapor is then collected in the distilled storage tank.

Figure 8. Different types of membrane distillation process: (a) direct contact membrane distillation (DCMD), (b) air gap 
membrane distillation (AGMD), (c) sweeping gas membrane distillation (SGMD), (d) vacuum membrane distillation 
(VMD) process, adapted from [45].
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In mechanical vapor compression desalination, a mechanical compressor is used to com-
press water vapor. The compressed vapor flows inside a bundle of tubes, which leads to 
condensation at a relatively high temperature. A saline water is sprayed on the outside sur-
face of the bundle of tubes to recuperate the vapor latent heat of condensation. The saline 
water gets evaporated due to the heated tube bundle. The water vapor is then passed to the 
condenser to produce a fresh water. Figure 12a shows a schematic diagram of a mechanical 

Figure 9. MSF distillation process powered by concentrated solar energy [47].

Figure 10. MED distillation process powered by concentrated solar energy [47].
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vapor  compression distillation system coupled with MED powered by concentrated solar 
energy. Thermal vapor compression is usually coupled with multiple-effect distillation, 
which utilizes water vapor produced in each effect. Thermal vapor compression desalination 
process utilizes a steam jet compressor to compress the vapor. A steam jet is used to extract 
the low-pressure steam from the vessels by creating a vacuum and then after mixing it with 
high-pressure steam that is supplied to the system. The pressure of the resulting steam mix-
ture is then raised in the diffuser to the pressure required for heating steam in the first effect. 
Figure 12b shows a schematic diagram of thermo vapor compression distillation coupled 
with MED powered by concentrated solar energy.

Concentrating solar power generation (CSP) for large scale seawater desalination applications 
is promising as it can achieve very high capacity desalination plants, which can be a primary 
water source for large centralized communities. It is predicted that energy from CSP plants 
will become a more cost effective option for electricity generation and water desalination in 
several decades due to the development of the technology and to more implementation of solar 
renewable energy projects. Additional research is required to demonstrate long-term reliabil-
ity of solar powered thermal desalination technologies and to improve the thermal efficiency.

2.6. Solar pond distillation

Thermal desalination by salinity-gradient solar ponds is a promising desalination technology 
as it is less costly compared to other solar driven desalination options. Solar ponds provide 
the least expensive option for heat storage with solar powered desalination systems, which 
is an important economic aspect for desalination processes. Ideally, thermal energy obtained 
from a salinity-gradient solar pond can be used to power conventional thermal desalination 

Figure 11. Concentrated solar energy powered MED distillation process [47].
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technologies such as MSF, MED, and VC distillation. Although, this technology is still in the 
development stage, as demonstration plants have experienced operational difficulties. A lab-
scale experimental investigation of an integrated solar pond of 70°C with 10 flash desalination 
units operating at 0.9 bar has been confirmed to produce approximately 15 m3/d of distilled 
water [50]. Solar pond technology integrated with MSF desalination plant has potential to be 
more cost effective than any other solar powered desalination technology [51]. At present, 
additional research is required to demonstrate long-term reliability of solar pond powered 
thermal desalination technologies.

Figure 12. (a) Concentrated solar powered mechanical vapor compression unit coupled with MED, (b) concentrated 
solar powered thermo vapor compression unit coupled with MED [47].
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3. Environmental impact of desalination

Fresh water shortage and demand are expected to increase in the coming few decades. The 
development and utilization of alternative water resources such as seawater desalination are 
becoming inevitable. On the other hand, desalination is very energy intensive process and has 
negative impact on the environment. The discharge of concentrated brine, hamper the life of 
marine eco systems. Waste discharge from desalination processes is considered to be a signifi-
cant challenge that is becoming increasingly important. High energy consumption is considered 
the most influencing factor that inhibits growth of seawater desalination. Currently, most desali-
nation processes are driven by energy obtained from fossil fuel. With such dependence on fossil 
fuel based energy sources, the increase in seawater desalination results in gas emissions that pol-
lute the environment. Solar energy based desalination process is considered to be a promising 
method to alleviate the environmental impact of water desalination and also provide a sustain-
able source of potable water. This approach significantly mitigates the dependence on fossil fuel.

Large amount of concentrated brine discharge from saline water desalination plants is con-
sidered to be unpleasant waste. Marine life is strongly affected by the discharge of the con-
centrated brine. Concentrated brine is not only salt concentrated, but also contains chemicals 
such as anti-scaling agents from pre- and post-treatment. This results in high salt concen-
tration in the area near brine discharge point. Brine disposal is a problem that challenges 
all desalination technologies. Brine discharged from membrane based desalination such as 
reversed osmosis is more concentrated than the brine discharged from thermal distillation 
plants. However, brine discharged from thermal distillation plants exits at a relatively high 
temperature compared with membrane based distillation. This influences the marine life such 
that only some plants or marine animal can withstand the high temperature near the outlet of 
thermal distillation plants. Marine life is also influenced by the intake of the seawater for the 
desalination plant. When a large amount of seawater is drawn from the sea, marine organisms 
and algae are sucked into the intake which cause a disturbance to the eco-system.

Many methods are currently used for brine disposal from desalination plants. Brine can be 
discharged to sea or river, discharged to solar ponds, or injected to deep saline aquifers. 
The discharge of brine to the sea or ocean is the least expensive method compared to other 
method. When brine is discharged to the sea, it tends to sink at the bottom of the sea because it 
has higher density than the seawater. A typical standard used in brine discharge is to diluted 
the brine with seawater to reduce its salinity before being discharged to sea. Furthermore, 
operating at lower recovery rates reduces the salinity of the brine. Brine is discharged at high 
depth of seawater which typically have a strong current. This reduces the detrimental effects 
of brine on the marine life. Brine discharges to a solar pond or the injection to a deep saline 
aquifer is more expensive method than sea discharge. These solar ponds and saline aqui-
fers are typically located away from the desalination plant which require a long pipeline for 
transportation. This method has drawbacks because it may increase the salt in the soil and 
also increases the salinity of the ground water if linear is not used under the solar pond. The 
utilization of solar pond for brine disposal require a very large surface area, and it carries the 
risk of contaminating ground water.
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technologies such as MSF, MED, and VC distillation. Although, this technology is still in the 
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4. Conclusions

Potable water is considered to be a scarce commodity especially in arid and remote regions. 
While conventional desalination technologies offer an excellent solution to meet water 
demand, they are considered to be energy intensive processes. Conventional desalination 
technologies are well suited for large scale applications but they are not-efficient and not 
suited for small scale water demand. Conventional desalination processes are expensive to 
operate and require continues maintenance which prevent their utilization in remote areas.

With the ever increasing energy cost and unavailability in the future, there is a need for cost 
effective desalination system that is well suited for small scale application. Solar desalination is 
expected to be a promising method to alleviate water shortage. The interests in solar desalination 
technologies have increased significantly in the last few decades. In order to maximize the utiliza-
tion of solar desalination, the desalination efficacy needed to improved further and its cost must 
be reduced. Solar energy powered by desalination process can have a positive impact on reducing 
gas emissions and can considered to be a reliable source for potable water. Solar desalination pro-
cesses can provide fresh water for remote areas in a sustainable way. Currently, more research is 
needed for improving solar based desalination and the treatment of waste water using these units.
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Factors Affecting the Yield of Solar Distillation Systems
and Measures to Improve Productivities

Bao The Nguyen
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Abstract

This chapter presents a numerical model to estimate the performance of solar basin-type
distillation systems, both for conventional passive solar stills and active (forced circula-
tion) stills with enhanced heat recovery. It also analyzes the factors affecting the distillate
outputs of the still, including environmental factors (external factors or natural), elements
of the design and operation (subjective factors). The subjective elements as well as the
measures taken to optimize these factors are thoroughly analyzed. With these measures,
the distillate yields of solar stills are increased from 30 to 68% compared with traditional
distillation systems. This has scientific significance and practicality enabling the applica-
tion of this technology to solar water distillation using a source of clean and renewable
energy. It provides a viable way to alleviating the problem of the availability of clean
water, especially in those areas and communities in countries where water resources are
increasingly polluted and salty.

Keywords: solar basin-type still, passive solar still, active solar still

1. Introduction

The demand for clean water for domestic use has increased rapidly, especially in certain water-
scarce areas located in rural, remote and border areas, islands, arid areas or places with
polluted and saline water sources. Therefore, the development and the production of devices
to distil water from alkaline, brackish or saline water sources and thus supply fresh water to
people in affected areas are a critical issue for many countries whether clean water shortages
are periodic or permanent.
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Abstract

This chapter presents a numerical model to estimate the performance of solar basin-type
distillation systems, both for conventional passive solar stills and active (forced circula-
tion) stills with enhanced heat recovery. It also analyzes the factors affecting the distillate
outputs of the still, including environmental factors (external factors or natural), elements
of the design and operation (subjective factors). The subjective elements as well as the
measures taken to optimize these factors are thoroughly analyzed. With these measures,
the distillate yields of solar stills are increased from 30 to 68% compared with traditional
distillation systems. This has scientific significance and practicality enabling the applica-
tion of this technology to solar water distillation using a source of clean and renewable
energy. It provides a viable way to alleviating the problem of the availability of clean
water, especially in those areas and communities in countries where water resources are
increasingly polluted and salty.

Keywords: solar basin-type still, passive solar still, active solar still

1. Introduction

The demand for clean water for domestic use has increased rapidly, especially in certain water-
scarce areas located in rural, remote and border areas, islands, arid areas or places with
polluted and saline water sources. Therefore, the development and the production of devices
to distil water from alkaline, brackish or saline water sources and thus supply fresh water to
people in affected areas are a critical issue for many countries whether clean water shortages
are periodic or permanent.
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There are many research and review papers that focus on solar stills and the factors that affect
the output of solar distillation. Manchanda and Kumar [1] comprehensively reviewed and
analyzed the designs and performance parameters of passive solar stills, while Sampathkumar
et al. [2] reviewed in detail different types of active distillation systems. Velmurugan and
Srithar [3] appraised certain modifications to solar still systems and their resulting respective
performance enhancement. Focusing on the single-basin passive solar still, Murugavel et al. [4]
evaluated the progress in improving the effectiveness of this type of still. Similarly, Kabeel and
El-Agouz [5] examined single-type passive solar stills, with emphasis on performance enhanc-
ing modifications. Badran [6] studied another aspect experimentally—the performance of a
single-slope solar still using different operational parameters. Other researches by Kaushal and
Varun [7] evaluated the effect of different designs and methods on solar still output. Muftah
et al. [8] comprehensively reviewed the performance of existing active and passive basin-type
solar stills and investigated the effects of climatic, operational and design parameters on the
output of these stills. Recently, Sharshir et al. [9] reviewed in details factors affecting solar still
productivity and improvement techniques, while Kabeel et al. [10] introduced, explained and
discussed the effectiveness of different solar stills into which different condenser arrangements
were integrated.

All the above-mentioned papers, although comprehensive and thorough, have the same draw-
backs that all previous researches and papers reviewed had, namely, they were from countries
with different climatic conditions and different levels of technology and manufacturing exper-
tise. This would lead to inconsistencies and differences in improvements to the named stills’
output and performance as compared to those outputs and performances claimed or reported.
Furthermore, there has been very little information relating to factors affecting forced circula-
tion solar stills with enhanced water recovery.

Therefore this chapter will present the results of the numerical and experimental research
carried out in one location so that there is consistency in the factors affecting solar stills’
production as well as the gains of the stills’ outputs due to the measures taken to optimize
these factors. In addition, there will be a focus on the factors affecting the performance of
forced circulation solar stills with enhanced water recovery improvement techniques.

2. The numerical modeling of a conventional basin-type solar still

Dunkle [11] was the first to investigate the heat and mass transfer relationships in a solar still
under steady-state conditions. Based on the widely used relations from Dunkle, this study has
analyzed the transient performance of the solar still in which all coefficients and still parame-
ters are calculated using equations within the model. The weather data used for simulation
will be either from actual measured data or data generated from the computer program
developed by Nguyen [12].

The heat and mass transfer processes in the still are shown in Figure 1. The following assump-
tions are made in order to develop the equations for the energy balances in the still:
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1. The amount of water lost through evaporation is small compared to the amount of saline
water in the basin.

2. The heat required to heat the water from the ambient (before adding to the basin) temper-
ature to the temperature of water in the basin is negligible as compared to that required to
evaporate the same quantity of water that means Cpw Tw � Tað Þ << hw.

3. There is no vapor leakage in the still, assuming a well-designed still.

4. The areas of the cover, the water surface and the basin are considered to be equal.

5. The temperature gradients along the cover thickness and the water depth are absent.

Based on these assumptions and from Figure 1, the energy balances for the glass, for the basin
water, and for the basin are:

qcw þ qew þ qrw þ αgQT ¼ qra þ qca
� �þMg

dTg

dt
: (1a)

αwQ
0
T ¼ qcw þ qew þ qrw þ qw�b þMw

dTw

dt
: (2a)

αbQ
00
T þ qw�b ¼ qb þMb

dTb

dt
: (3a)

Figure 1. The heat and mass transfer processes in a conventional solar still.
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under steady-state conditions. Based on the widely used relations from Dunkle, this study has
analyzed the transient performance of the solar still in which all coefficients and still parame-
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The heat and mass transfer processes in the still are shown in Figure 1. The following assump-
tions are made in order to develop the equations for the energy balances in the still:
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1. The amount of water lost through evaporation is small compared to the amount of saline
water in the basin.

2. The heat required to heat the water from the ambient (before adding to the basin) temper-
ature to the temperature of water in the basin is negligible as compared to that required to
evaporate the same quantity of water that means Cpw Tw � Tað Þ << hw.

3. There is no vapor leakage in the still, assuming a well-designed still.

4. The areas of the cover, the water surface and the basin are considered to be equal.

5. The temperature gradients along the cover thickness and the water depth are absent.

Based on these assumptions and from Figure 1, the energy balances for the glass, for the basin
water, and for the basin are:

qcw þ qew þ qrw þ αgQT ¼ qra þ qca
� �þMg

dTg

dt
: (1a)

αwQ
0
T ¼ qcw þ qew þ qrw þ qw�b þMw

dTw

dt
: (2a)

αbQ
00
T þ qw�b ¼ qb þMb

dTb

dt
: (3a)

Figure 1. The heat and mass transfer processes in a conventional solar still.
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where

• qcw is the convective heat transfer rate between the basin water and the cover (in W/m2)
and can be calculated by using Dunkle’s equation:

qcw ¼ 0:884 Tw � Tg
� �þ

pw � pg
� �

Tw þ 273:15ð Þ
268:9� 103 � pw
� �

2
4

3
5
1=3

Tw � Tg
� �

: (4)

with pw and pg being the partial pressure of water vapor at the temperatures of the basin water

and the cover, respectively (in Pa).

• qew is the evaporative heat transfer rate between the basin water and the cover (in W/m2):

qew ¼ 16:276� 10�3qcw
pw � pg
� �

Tw � Tg
� � : (5)

• qrw is the radiative heat transfer rate between the basin water and the cover (in W/m2),
expressed as:

qrw ¼ εwσ Tw þ 273:15ð Þ4 � Tg þ 273:15
� �4h i

: (6)

with εw being the emissivity of water surface and σ the Stefan-Boltzmann constant, 5.67 �
10�8 W/m2.K4.

• qca is the convective heat transfer rate between the cover and the ambient surroundings (in
W/m2), computed from [13]

qca ¼ 5:7wþ 3:8ð Þ Tg � Ta
� �

: (7)

where w is the wind speed (m/s) and Ta is the ambient temperature (�C).

• qra is the radiative heat transfer rate between the cover and the ambient surroundings (in
W/m2):

qra ¼ εgσ Tg þ 273:15
� �4 � Ta þ 261:15ð Þ4
h i

: (8)

where εg is the emissivity of the cover

• qw�b is the heat transfer rate between the water and the basin (in W/m2):

qw�b ¼ hw�b Tw � Tbð Þ: (9)

where hw�b is the heat transfer coefficient between the water and the basin absorbing surface
(in W/m2.�C).
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• qb is the heat transfer rate between the basin and the ambient surroundings (in W/m2):

qb ¼ hb Tb � Tað Þ: (10a)

where hb is the heat transfer coefficient between the basin and the ambient surroundings (in
W/m2.�C):

1
hb

¼ δinsul
kinsul

þ 1
hi
: (10b)

• δinsul (m) and kinsul (W/m.�C) are the thickness and thermal conductivity of the basin
insulation, respectively.

• hi is the combined convective and radiative heat transfer coefficient between the insulation
and ambient and can be computed by the derivation of Eqs. (6) and (7).

• QT is the total solar radiation incidence on the cover, in W/m2.

• Q
0
T is the total solar radiation incidence on the water surface, after transmittance through

the cover, in W/m2.

• Q
00
T is the total solar radiation incidence on the basin, after transmittance through the basin

water, in W/m2.

• αg, αw and αb are the absorptance of the cover, of the water and of the basin for solar
radiation, respectively.

• Mg, Mw and Mb are the heat capacities per unit area of the cover, of the water and of the
basin for solar radiation, in J/m2.�C.

• Tg, Tw and Tb are, respectively, the transient temperatures of the cover, of the water and of
the basin for solar radiation, in �C.

Equations (1a), (2a) and (3a) can be rewritten as:

Mg
dTg

dt
¼ αgQT þ qcw þ qew þ qrw- qra þ qca

� �
: (1b)

Mw
dTw

dt
¼ αwQ

0
T � qcw þ qew þ qrw þ qw�b

� �
: (2b)

Mb
dTb

dt
¼ αbQ

00
T þ qw�b � qb: (3b)

It is convenient to present all solar components QT , Q
0
T and Q

00
T in the above equations by the

common total solar incidence of the sloped cover, QT , which is readily calculated [3]. If τg, τw
and τb are defined as the fractions of solar insolation incident absorbed by the cover, basin
water and basin liner, respectively, Eqs. (1b), (2b) and (3b) may be written as:
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where εg is the emissivity of the cover

• qw�b is the heat transfer rate between the water and the basin (in W/m2):

qw�b ¼ hw�b Tw � Tbð Þ: (9)

where hw�b is the heat transfer coefficient between the water and the basin absorbing surface
(in W/m2.�C).
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• qb is the heat transfer rate between the basin and the ambient surroundings (in W/m2):

qb ¼ hb Tb � Tað Þ: (10a)

where hb is the heat transfer coefficient between the basin and the ambient surroundings (in
W/m2.�C):

1
hb

¼ δinsul
kinsul

þ 1
hi
: (10b)

• δinsul (m) and kinsul (W/m.�C) are the thickness and thermal conductivity of the basin
insulation, respectively.

• hi is the combined convective and radiative heat transfer coefficient between the insulation
and ambient and can be computed by the derivation of Eqs. (6) and (7).

• QT is the total solar radiation incidence on the cover, in W/m2.

• Q
0
T is the total solar radiation incidence on the water surface, after transmittance through

the cover, in W/m2.

• Q
00
T is the total solar radiation incidence on the basin, after transmittance through the basin

water, in W/m2.

• αg, αw and αb are the absorptance of the cover, of the water and of the basin for solar
radiation, respectively.

• Mg, Mw and Mb are the heat capacities per unit area of the cover, of the water and of the
basin for solar radiation, in J/m2.�C.

• Tg, Tw and Tb are, respectively, the transient temperatures of the cover, of the water and of
the basin for solar radiation, in �C.

Equations (1a), (2a) and (3a) can be rewritten as:

Mg
dTg

dt
¼ αgQT þ qcw þ qew þ qrw- qra þ qca

� �
: (1b)

Mw
dTw

dt
¼ αwQ

0
T � qcw þ qew þ qrw þ qw�b

� �
: (2b)

Mb
dTb

dt
¼ αbQ

00
T þ qw�b � qb: (3b)

It is convenient to present all solar components QT , Q
0
T and Q

00
T in the above equations by the

common total solar incidence of the sloped cover, QT , which is readily calculated [3]. If τg, τw
and τb are defined as the fractions of solar insolation incident absorbed by the cover, basin
water and basin liner, respectively, Eqs. (1b), (2b) and (3b) may be written as:
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Mg
dTg

dt
¼ τbQT þ qcw þ qew þ qrw- qra þ qca

� �
: (1c)

Mw
dTw

dt
¼ τwQT � qcw þ qew þ qrw þ qw�b

� �
: (2c)

Mb
dTb

dt
¼ τbQT þ qw�b � qb: (3c)

3. The numerical modelling of a basin-type forced circulation solar still
with enhanced water recovery

In this study, the heat and mass transfer relationships in the forced circulation solar still with
enhanced water recovery will be developed. Then, this numerical modeling will be validated
by comparing its results with those from the experimental model.

The forced circulation solar still has been chosen in this study for several reasons. Compared
with other types of solar powered distillation systems such as the solar multistage flash
distillation, solar vapor compression, solar powered reverse osmosis, solar powered electrodi-
alysis and solar membrane distillation systems, solar stills represent simple, yet mature tech-
nology.

The low efficiencies of a conventional solar still may be overcome by changing the principle of
operation as follows:

• Using air as an intermediate medium and substituting forced convection for natural
convection to increase the heat coefficients in the still, resulting in increased evaporation
of water

• Replacing saturated air in the standard still by “drier” air to increase the potential for
mass transfer in the still, leading to higher outputs

• Circulating the air-vapor mixture from the standard still to external water-cooled con-
densers to gain efficiency from a lower condensing temperature. The cooler the cooling
water available, the more effective this condensing process will be

• Recovering some of the heat extracted in the condensing process and using it to preheat
the air-vapor mixture entering the still

• Substituting the condensing area of the flat sheet covers in the standard still by the external
condenser with much larger heat exchange areas to increase condensation efficiencies

3.1. The development of the heat and mass transfer relationships in a forced circulation
solar still

Figure 2 shows a schematic diagram of the forced circulation solar still with enhanced water
recovery. The air flow having a temperature of Tfin and moisture content win enters the still and
is heated up. It absorbs the vapor from the basin water and exits the still at a temperature of

Desalination and Water Treatment156

Tfout and moisture content wout. This air flow goes through the dehumidifying coil, which acts
a condenser. The hot air-vapor mixture from the still is passed over the coil and attached fins,
while the cooling water runs inside the coil.

The hot air-vapor mixture losses heat to the cooling water and subsequently cools down. When
the temperature of the mixture falls below its dew point temperature, the condensation process
starts. The air exits the condenser at a temperature of Tc-out and a moisture content of wc-out.
Some of the heat extracted from the air flow will be recovered in the preheater, since the air
flow goes through it before going back to the still.

The heat and mass transfer relationships in this still can be seen from Figure 3. From this
figure, the energy and mass balances for the glass, for the flow in the still, for the basin water
and for the basin are

qcfg þ qrw þ αgQT ¼ qra þ qca
� �þMg

dTg

dt
(11)

qew þ qcwf ¼ qcfg þmf hout � hinð Þ þMf
dTf

dt
(12)

mew ¼ qew
hfg

¼ mf wout � winð Þ þmew�g (13)

αwQ
0
T ¼ qcwf þ qew þ qrw þ qw�b þMw

dTw

dt
(14)

αbQ
00
T þ qw�b ¼ qb þMb

dTb

dt
(15)

Figure 2. Schematic diagram of a forced circulation solar still with enhanced water recovery.
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Mg
dTg

dt
¼ τbQT þ qcw þ qew þ qrw- qra þ qca

� �
: (1c)

Mw
dTw

dt
¼ τwQT � qcw þ qew þ qrw þ qw�b

� �
: (2c)

Mb
dTb

dt
¼ τbQT þ qw�b � qb: (3c)
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Figure 2 shows a schematic diagram of the forced circulation solar still with enhanced water
recovery. The air flow having a temperature of Tfin and moisture content win enters the still and
is heated up. It absorbs the vapor from the basin water and exits the still at a temperature of

Desalination and Water Treatment156

Tfout and moisture content wout. This air flow goes through the dehumidifying coil, which acts
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while the cooling water runs inside the coil.

The hot air-vapor mixture losses heat to the cooling water and subsequently cools down. When
the temperature of the mixture falls below its dew point temperature, the condensation process
starts. The air exits the condenser at a temperature of Tc-out and a moisture content of wc-out.
Some of the heat extracted from the air flow will be recovered in the preheater, since the air
flow goes through it before going back to the still.

The heat and mass transfer relationships in this still can be seen from Figure 3. From this
figure, the energy and mass balances for the glass, for the flow in the still, for the basin water
and for the basin are
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Figure 2. Schematic diagram of a forced circulation solar still with enhanced water recovery.
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qcwf is the convective heat transfer rate between the basin water and the flow (in W/m2). In
principle, the blower used to transport the air should have the lowest possible energy con-
sumption. The heat transfer process in the still may be natural convection or combined natural
and forced convection. In this model, the heat coefficient in the still is calculated by using the
forced and natural convection relations separately, and the larger one is chosen. The Grashof
and the Reynolds number are first calculated [13]:

Gr ¼ g0ΔTL3

v2
(16)

Re ¼ VDh

v
(17)

where:

L = average spacing between the water surface and the cover, in m.

g = gravitational constant, 9.81 m/s2.

β’ = volumetric coefficient of expansion, in K�1; for air
0
= 1/T.

ΔT = temperature difference between the water and the cover, in K.

v = kinematic viscosity, in m/s2.

Figure 3. The heat and mass transfer process in a forced circulation solar still.
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V = air flow velocity, in m/s.

Dh = the hydraulic diameter of the still, defined as Dh =
4∗ flow areað Þ

wetted perimeter:

Then, if the natural convection dominates, the convective heat transfer rate between the basin
water and the flow can be derived from

Nu ¼ hcwf L
k

¼ 0:075 Gr:Prð Þ1=3 (18)

where Pr ¼ is the Prandtl number,

to achieve a similar equation to Dunkle’s expression [2] with Tg replaced by Tf:

qcwf ¼ 0:884 Tw � Tfð Þ þ Tw � Tfð Þ Tw þ 273:15ð Þ
268 x 103 � pw

� �
" #1=3

Tw-Tfð Þ (19)

where pw and pf are partial pressures (in Pa) of water vapor at the temperatures of the basin
water and the flow, respectively.

If the forced convection dominates, the relation between Nu and Re is given by [4]

Nu ¼ hcwf Dh

k
¼ 0:664� Re1=2 � Pr1=3 (20a)

Considering Tw = 50�C and Tf = 40�C and introducing the corresponding air properties into
(20a), the convective heat transfer rate between the basin water and the flow can be computed
by

qcwf ¼ 3:908
V
Dh

� �1=2

TW � Tf
� �

(20b)

qew is the evaporative heat transfer and the radiative heat transfer rates (in W/m2) between the
basin water and the air flow and can be approximated by (5) with Tg and pg replaced by Tf and pr.

qrw is the radiative heat transfer rates (in W/m2) between the basin water and the cover and can
be calculated by (6).

qcfg is the convective heat transfer rate (W/m2) between the flow and the cover given by

qcfg ¼ 2:785
V0:8

L0:2s

 !
Tf � Tg
� �

(21)

where V is the air flow velocity (m/sec) and Ls is the still length (m).

qca and qra are the convective and radiative heat transfer rates (in W/m2) between the cover and
the ambient surroundings, computed from by using Eqs. (7) and (8), respectively.
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qw-b and qb are the heat transfer rates (in W/m2) between the water and the basin and between
the basin and the ambient surroundings and can be calculated from Eqs. (9) and (10), respec-
tively.

QT is the total horizontal solar radiation incident on the still, in W/m2.

Q0
T is the total solar radiation incident on the water surface, after transmittance through the

cover, in W/m2.

Q00
T is the total solar radiation incident on the basin, after transmittance through the basin

water, in W/m2.

mf is the mass rate of the air flow, in kg/s.

mew is the mass rate pf the evaporation from the basin water to the air flow, in kg/s.

g, w and b are the solar absorptance values of the cover, of the water and of the basin, respectively.

Mg, Mw, Mf andMb are the heat capacities of the unit area of the cover, of the water, of the air in
the still and of the basin, in J/m2 �C.

Tg, Tw, Tf and Tb are, respectively, the temperatures of the cover, water, air in the still and the
basin, in �C.

Hfg is the latent heat of vaporization of water at the temperature Tf, in J/kg.

win and wout are the moisture contents of the air-vapor mixture at the inlet and outlet of the
still, in kg/kg.

hin and hout are the enthalpies of the still inlet and outlet air, in J/kg. Assuming that the air in
the still is reasonably well mixed, the enthalpy of the still outlet hout can be calculated as a
function of the temperature Tf as follows:

hout ¼ Tf þwout� 2501þ 1:805Tfð Þð Þ � 103 J=kgð Þ (22)

The amount of the distillate water collected inside the still will depend on the temperatures of the
air and the cover.Water will condense on the cover surface onlywhen the dew point temperature
of the air flow, Tfd, is higher than the cover temperature, Tg. In this case, the amount of the
distillate water collected from the cover, mew-g (in kg/s.m2), can be calculated from

_mew�g ¼
qcon�g

hfg
kg=s:m2� �

(23)

hfg is the latent heat of vaporization of water at the temperature, Tf, in J/kg.

qcon-g = hcon-g(Tf–Tg) is the condensate heat transfer rate between the flow and the cover (in
W/m2). Using the Nusselt number in condensing:
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Nu ¼ hcon�gLc
k

¼ 0:943
g2sin hfgL3c
μ k ΔT

 !1=4

(24)

where:

Lc = the length of the cover, in m; Lc = Ls

k = thermal conductivity, in W/m K

g = gravitational constant, 9.81 m/s2

β = the slope of the cover, in degree

r = the air density, in kg/m3

ΔT = the difference between the dew point temperature of the flow and the cover temperature,
in �K

μ = absolute viscosity, in Pa.s

Using the properties of the air at Tf = 40�C, one can achieve

qcon�g ¼ 70:93
sinβ
ΔTLc

� �0:25

(25)

Therefore, using the five equations from Eqs. (11) and (12), the five unknown parameters, Tg,
Tw, Tf, wout and Tb, can be solved.

3.2. The performance of the condenser and preheater

The theory of the performance of dehumidifying and of heating coils has been developed and
is presented in [14, 15]. However, an explicit procedure for calculating the performance of
dehumidifying coils was not available in these references. Therefore, the modeling of the
performance of the condenser and the preheater in this simulation program was derived from
the handbook and the standard. The calculation procedures for the psychrometric properties
of humid air were given in [14]. A detailed description of the procedures for modeling the
performance of the preheater and dehumidifying coils in solar still is described in [15].

The procedure for modeling the performance of the preheating coil involves (i) calculating the
overall coefficient of heat transfer for the coil, (ii) calculating the effectiveness of the coil and
then (iii) computing the temperatures of the air and cooling water leaving the coil.

The procedure for modeling the performance of the dehumidifying coil involves using an
iterative process to find a consistent set of temperature and humidity values, subject to the
constraints imposed by the performance characteristics of the dehumidifying coil.
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4. Analysis of factors affecting the production of solar stills

The important factors affecting the output of a solar still can be summarized in Figure 4.

4.1. Effects of weather conditions

4.1.1. Impact of solar radiation

Solar radiation is the main and the most important factor to yield distilled water. The greater
the radiation received, the greater the volume of distilled water produced and vice versa.
However, the greater the radiation, the greater the heat loss of the still. Therefore, the insula-
tion of the still needs to be carefully considered.

4.1.2. Effect of wind speed

Wind speed values were varied from 0 to 6 m/s when inputted into SOLSTILL [12]. Hourly
solar radiation data and ambient temperature data are included in the software.

The results showed that as the wind speed increased from 0 to 3 m/s, the higher wind speeds
gave greater water output. This can be explained by noting that high wind speeds will cool the
glass cover faster, leading to an increased temperature difference between the water and the

Figure 4. Factors affecting the outputs of solar distillation systems.

Desalination and Water Treatment162

cover layer. However, when the wind speed increased from 3 to 6 m/s, the distilled water
output increased only 1.6%. As noted above, the wind speed is too high and leads to heat loss,
so that the gain in water output is almost negligible. This result is consistent with Cooper’s
survey [16]. In his research, as Cooper increased wind speeds from 0 to 2.15 m/s, the output of
the still rose by 11.5%; when wind speed was increased from 2.15 to 8.81 m/s, the output of
distilled water increased by only 1.5%.

4.1.3. Effect of ambient temperature

The influence of ambient temperature on (i) insulated distillation devices and (ii) uninsulated
distilling equipment was studied, and the results are shown in Figure 5. In case (i), the
decrease in ambient temperature leads to a higher distilled water output, while in the case of
(ii), the opposite is observed. This can be explained as follows: for the distillation equipment
with good insulation, lower temperature will help cool the glass cover faster, thereby increas-
ing the temperature difference between the water layer and cover sheet. However, when the
distillation equipment is not insulated, low ambient temperature increases heat loss of the
device, leading to a reduction in water temperature in the equipment. Low-temperature still
cools the glass cover, but the results in Figure 5 show that the impact of increased heat loss is
more important than the impact of lower glass temperature.

The change of�5�C in well-insulated distillation systems will make the average distilled water
output change�4.5%. This result is consistent with the results of the Khalifa and Hamood [17].
Their research has shown that when the ambient temperature rose from 26.7 to 37.8�C, the
outputs may rise 11% and when temperatures are reduced from 26.7 to 15.6�C, the outputs fall
14%.

The change of �5�C ambient temperature for insulated distillation devices make the distilled
water output �2.5% change, as a result of SOLSTILL [12].

Figure 5. Effect of temperature on the output of solar stills [12].
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4.1.4. Effect of the haze and dust

Solar stills, being placed outdoors to receive direct solar radiation, cannot avoid dust on the
surface of coated glass. This reduces the coefficient of radiation incidents, thus reducing the
efficiency of the distillation equipment. Additionally, if dust enters the inside surface of the
glass, it can affect the condensation flow down to the collecting gutters with the distilled water
dripping halfway down the glass. So, it is necessary to regularly check and clean the inside and
outside of the cover to achieve the highest efficiency.

The simulation results of SOLSTILL show very clearly the dependence of distilled water
output to the intensity of solar radiation that the distillation equipment receives [12].

4.2. Effects of cover properties

4.2.1. Effect of glass cover’s tilt

Distilled water output depends very much on the elements of the cover’s angle and tilt
direction. To ensure the distilled water will not drip while halfway down to the collecting
gutters, the tilt of the covers must be more than 15�. On the other hand, it is necessary to reduce
the average distance between the water surface and the tilted covers; the tilt of the covers must
be not more than 20� [17]. The SOLSTILL program also produces similar results, with the still
output dropping rapidly when the cover slope angles are greater than 30� [12].

4.2.2. The effects of single-sloped and two-sloped (roof type) covers

SOLSTILL can also be used to simulate the distillation equipment using one cover (single
sloped) and two covers (double sloped, also known as roof type); the tilt is 15� in both cases.
This assumes that the coverings the two types of devices have are the same and their axes lie
along the east-west direction. The yields of the two distillation devices are shown in Figure 6.

The results show that the distillation device with double-sloped cover works better in late
spring and summer while the distilling equipment with single-sloped cover works better in

Figure 6. The output of distilled water per month single roof and roof-type double.
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other seasons. This can be explained by the fact that in the late spring and summer, sunrise and
sunset are to the south of the east-west axis. Therefore the kind of roof-type cover will benefit
from having the second roof (that means a south heading) in the early morning and late
afternoon. At other times of the year, the still with single-sloped cover will get all the available
solar radiation and over a year; this still performs a little better. This is consistent with the
experimental results of Garg and Mann [18].

Therefore, theoretically, one sloped cover should give a little more output than those having
two slopes. In practice, however, the use of single slope introduces additional difficulties
during system construction, requiring additional materials, and has more problems in terms
of structural stability in high winds than the roof-type still. This may be the reason why the
roof-type stills are still more favored.

4.2.3. Effect of the temperatures of the covers

Cooper, Khalifa and Hamood, Garg andMann [16–18] showed that the glass covers can absorb
approximately 4.75% of solar radiation energy, leading to an increase of the cover’s tempera-
ture. On the other hand, the condensation of water below the glass surface creates a condensa-
tion water film, leading to a partially opaque glass surface and an increase in the glass’
temperature. As a result, the temperature difference between the surface of the water and
condensation glass cover will be reduced. Therefore, seeking to reduce the surface temperature
of the glass is important in order to improve the water productivity (output) of the device [17].

To reduce the temperature of the glass cover, one can speed up the wind outside as mentioned
in Section 4.1.2. However the wind is also a natural factor, and it is difficult to control this. So
Husham [19] proposed a different approach—use a water cooling membrane on a piece of
glass using tap sprays on the glass surface every 30 s with the time interval for the spray test of
10 and 20 min, respectively. Results of regular sprinkling helped increase productivity to 31.8
and 15.7%, respectively.

In the next section, the measures taken to reduce the temperature of covers and results
achieved by this will be presented.

4.2.4. Utilizing the latent heat of evaporation

To take advantage of the latent heat of water vapor in the condensation, numerous studies
have used distillation device models with two flat tanks (double basin) and three flat tanks
(triple basin) [20]. This is a useful way to increase production of distilled water. However this
device is complicated and costly. In Section 5 of this chapter, the results of experiments to take
advantage of the latent heat of evaporation will also be shown.

4.2.5. Effect of the distance between the water level and covered glass

The distance between the water surface coverings can affect the effectiveness of the solar
distillation systems. As discussed in Section 4.2.1, if the distance between the water surface
and coverings is small, the convective resistance of wet air flow inside the device is smaller, so
that efficiency will be improved. But this gap is influenced by the inclination of coated glass. If
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The distance between the water surface coverings can affect the effectiveness of the solar
distillation systems. As discussed in Section 4.2.1, if the distance between the water surface
and coverings is small, the convective resistance of wet air flow inside the device is smaller, so
that efficiency will be improved. But this gap is influenced by the inclination of coated glass. If
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the tilt of the cover is increased, then the average distance between the water surface and
coverings is widened, so the output of the still will decrease. In the latter part of this paper,
the measures on a stepped solar still to achieve the smallest distance between the water level
and the glass in order to achieve highest distilled water output will be presented.

4.3. Effects of water properties

4.3.1. The effect of water temperature in the still

The water temperatures in the equipment greatly affect the output of distilled water. As
mentioned in Section 4.2.3, water on the cover as a thin film cools down the glass before
running into the still. By using the latent heat of steam in the steam condensation under the
glass covers, water can be heated and fed into the device. This approach can be applied to both
passive and active solar stills.

In Section 5 of this chapter, the use of glass vacuum tubes to heat up the water in the basin of
the still will be presented.

4.3.2. The effects of water depth in the still

The depth of water in the device greatly affects the yield of distilled water. Due to thermal
inertia, the deep water layers will make the absorption process of solar energy take longer,
thus slowing the increase of water temperature and affecting the amount of distilled water. The
experimental results of a single-basin solar still coupled with evacuated glass tubes [21] show
that a test with a 1 cm depth of water in the basin produces 5.265 l/m2, which is 13.4% higher
than a test using a 2 cm depth of water which produces only 4.555 l/m2, as shown in Figure 7.
This agrees with the theoretical and experimental results in other researches [17, 22, 23].

Figure 7. Experimental distillate output with 1 and 2 cm water depth in the single-basin solar still coupled with
evacuated glass tubes [21].
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4.4. Effects of other factors

4.4.1. Using the external condensing device

In traditional solar basin distillation systems, the glass covers are used to condense distilledwater.
This method enables the device to have a simple structure, but it also has two disadvantages:

• Latent heat of vaporization released during condensation makes the temperature of the
coated glass increase, resulting in increasing water vapor pressure near the coverings. This
reduces the pressure difference between the water evaporative layer and the condensation
surface.

• The condensation of distilled water under the glass surface creates a film or droplet layer,
reducing the ability of solar radiation penetrating the glass cover and reaching the bottom
of the absorbing surface.

The use of an external condenser and a recovery heat exchanger to take advantage of moist air
stream with high temperature and humidity returned to the distillation system was also
proposed and tested [12]. The results showed that the use of an external condenser could
increase output by 25% (average daily output of 3.87 l/m2 compared to 3.10 l/m2) and the use
of a recovery heat exchanger to circulate the moist air can increase by nearly 54% the output of
distilled water (average daily output of 4.76 l/m2 compared to 3.10 l/m2).

In Section 5 of this chapter, the results of theoretical and empirical research on the use of an
external condenser for a solar passive (or natural convective) still will be presented.

4.4.2. The effect of the generation of forced convection inside the still

The process of heat and mass transfer inside a conventional solar still is a natural convective
process. The low efficiencies of a conventional solar still may be overcome by changing the
operation principles as follows:

• Using air as an intermediate medium and substituting forced convection for natural
convection to increase the heat coefficients in the still, resulting in increased evaporation
of water

• Replacing saturated air in the standard still by “drier” air to increase the potential for
mass transfer in the still, leading to higher outputs

• Circulating the air-vapor mixture from the standard still to external water-cooled con-
densers to gain efficiency from a lower condensing temperature. The cooler the cooling
water available, the more effective this condensing process will be

• Recovering some of the heat extracted in the condensing process and using it to preheat
the air-vapor mixture entering the still

• Substituting the condensing area of the flat sheet covers in the standard still by the external
condenser with much larger heat exchange areas to increase condensation efficiencies

In Section 5 of the chapter, this issue will be presented in greater detail.
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5. Measures to improve the productivity of solar stills

As analyzed above, the elements of the environment are the objective factors and cannot
change. In this section we focus on the main measures taken in the design of the still.

5.1. Reducing the cover’s temperature

In the experiments on a stepped solar still [22], a cooling water flow is sprayed with 5 l/min for
30 s on the cover with the time between two injections being 10 and 20 min. The schematic
diagram of the experimental stepped solar still is shown in Figure 8. Experimental results
show that, for a day with average solar radiation of 600 W/m2, the distilled water obtained is
4.45 and 4.35 l/m2 corresponding to a period of 10 and 20 min between two injections,
compared with 4.08 l/m2 in the case with no cooling water spray to the coverings, which rises
to 9 and 6.6%, respectively, as can be seen in Figure 9.

Similarly, in the active (forced circulated) solar still [12], the forced convection also helps to
cool the covering surface, increasing the production of distilled water. When the speed of air
flow in the distillation system reached 0.005 m/s, the output of distilled water was 3.53
compared to 3.05 l/m2 in the case of traditional devices, with an increase of 15.7%. This result
is consistent with results of Husham [19], as stated in Section 4.2.3.

5.2. Taking advantage of the latent heat of evaporation

In this study, a double-basin solar still (DBSS) combined with evacuated glass tubes has been
fabricated and tested to compare it with a single-basin solar still (SBSS) with evacuated glass
tubes. Figures 10 and 11, respectively, show the schematic diagrams of these two types of stills.
Experimental results are shown in Figure 12. The outputs of distilled water of the two types

Figure 8. The schematic diagram of the experimented stepped solar still [19].
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are 6.49 and 4.99 l/m2, respectively, on a day with 529 W/m2 of radiation. Thus by utilizing the
latent heat of evaporation, the yield of the solar double basin still was increased by 30%.

In a study on improvement of the Carocell solar distillation equipment [23], a heat exchanger
with a coil size of 760 � 220 � 13 (mm) and a total length of pipe Φ8 of 6.5 m was fabricated
and mounted just below the distillation equipment to utilize the heat of evaporation. On a
good sunny day (700 W/m2), the amount of water collected using this heat exchanger was 6.8
compared to 5 l/m2 in the case of the original Carocell still where an increase of 36% can be
seen in Figure 13.

In the solar active still [12], taking advantage of latent heat of steam is achieved by circulating
air flow through the recovery heat exchanger back to the distillation system. When the speed

Figure 9. Distillate outputs in the case of no cooling water on the still cover (VS) with cooling water sprayed on the cover.

Figure 10. Single-basin solar still coupled with evacuated glass tubes.
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of air flow in the distillation equipment reached 0.005 m/s, the output of distilled water
obtained was 5.94 compared to 3.53 l/m2 in the case of no circulation, which rose to 68%.

5.3. Reducing the gap between the glass cover and the water level

In order to reduce the gap between the glass and the water level in the still, a stepped solar
distillation equipment was designed, fabricated and tested, as shown in Figure 8 [22]. Some
advantages of this device:

• Over a full year, the total energy radiation projected onto the tilted surface was larger than
the horizontal surface.

Figure 11. Double-basin solar still coupled with evacuated glass tubes.

Figure 12. Experimental distillate outputs of the single-basin solar still versus the double-basin solar still.
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• The stepped still maintains the distance between the water and the cover at only 1 cm,
reducing natural convective obstacles.

• Creating good conditions for condensation to flow into the gutters as well as reducing
thermal condensation resistance of the water condensing on coverings.

The experimental results for distilled water output reached 4.9 l/m2 with average radiation
635 W/m2 compared to 3.05 l/m2 in the case of traditional equipment, which rose about 60%, as
shown in Figure 14.

Figure 13. Distillate outputs of 2 m2 Carocell solar still, with versus without a heat exchanger.

Figure 14. Distillate outputs of a stepped solar still versus a conventional solar still.
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5.4. Separating the processes of evaporation and condensation in the device

Section 4.4.1 presented the use of an external condenser and a heat recovery to take advantage
of moist air stream at high temperature and humidity returning to the still (forced convection).

For a traditional (natural convective) still, the research group manufactured and tested a still
with additional external condenser [21]. The schematic diagram of the experiment is shown in
Figure 15, and the experimental results of the solar still with external condenser in comparison
with the still without the external condenser are shown in Figure 16. The use of the external

Figure 15. Single-basin solar still coupled with evacuated glass tubes and external condenser.

Figure 16. Experimental distillate output of single-basin solar still without external condenser versus with external
condenser.
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condenser resulted in the distilled water output reaching 6 l/day, almost 15% higher than the
output of a still without external condenser, which achieved 5.23 l/day on a day with an
average radiation intensity of 517.54 W/m2.

5.5. Creating forced convection in the device

Theoretical and empirical research was conducted to assess the impact of forced convection on
the solar distillation equipment [12]. The schematic diagram of the experiment is shown in
Figure 2. A conventional solar still with a collecting area of 2,67m2 (2,44 m � 1095 m), with an
inside fan to change the speed of air flow, was made to measure parameters and process
experimental data. Results for a typical day is shown in Figure 17 where the water output
increased 30–100% compared to a conventional solar still.

The simulation results of SOLSTILL for the production of distilled water for a whole year and
the device performance in three cases—(i) forced convection with external condenser and no
moist air circulated back to the still, (ii) forced convection with external condenser and moist
air circulated back to the still, and (iii) traditional distillation equipment (natural convection)—
show that the outputs and still efficiencies in the three cases are, respectively, 3.87, 4.76 and
3.10 l/m2 and 42.9, 53.9 and 34.1% [12].

5.6. Increasing the working temperature of water in the still

To increase the working temperature of the water in the equipment in order to increase the
production of distilled water, the research group used vacuum tubes to heat the water in the
basin [21]. Experimental results corresponding to the day with solar radiation of 514 W/m2 for

Figure 17. The effect of forced convection in the device to produce distilled water. (1) Data empirical forced convection.
(2) The data forced convection theory. (3) Data empirical natural convection. (4) Data natural convection theory.
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the production and performance of the device were, respectively, 5.86 l/m2 and 50.3%, com-
pared with production of 3.10 l/m2 and efficiency of 34.1% of a conventional solar still.

6. Conclusion

This chapter presented a numerical model to estimate the performance of solar basin-type
distillation systems, both for conventional passive solar stills and active (forced circulation) stills
with enhanced heat recovery. It also analyzed the factors affecting the distillate outputs of the
still, including environmental factors (external factors or natural) and elements of the design and
operation (subjective factors). The subjective elements as well as the measures taken to optimize
these factors were thoroughly analyzed. With these measures, the distillate yield of solar stills
was increased from 30 to 68% compared with traditional distillation systems. This has scientific
significance and practicality enabling the application of this technology to solar water distillation
using a source of clean and renewable energy. It provides a viable way to alleviating the problem
of the availability of clean water, especially in those areas and communities in countries where
water resources are increasingly polluted and salty.
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1. Introduction

Renewable energy is currently considered by many to only have viability for a small portion 
of energy delivery within a larger system due to intermittency.

This intermittency potentially undermines the environmental and energy security advantages 
on offer from renewable energy and decentralisation of supply.

This chapter:

• Sets out the investigation of the use of renewable energy sources in such a way that they 
could be justified for use without reliance on conventional energy sources and to stand 
alone as an independent and viable power source in their own right; and

• Is a continuation of research initially conducted in 2011 and subsequently published in 
2014 [1], to reflect the impact of changes to diesel fuel and solar photovoltaic prices since 
2011.

The scenario used to investigate the technical and financial viability of renewable energy was 
its use to power reverse osmosis (RO) desalination plants to provide water for the personal 
use of 50,000 people.

1.1. The location

Eritrea was selected due to its susceptibility to droughts, and consequential loss of life. The 
hypothetical pretext for the need for municipal desalination is that Eritrea has a substantial 
coastline, and the sea level rise expected due to climate change has the potential to hasten the 
intrusion of saline water into the fresh groundwater aquifers in the coastal zone. The focus of 
this research will be the island of Massawa, shown below, which is in a particularly dry part 
of Eritrea with, typically, less than 200 mm of annual rainfall as shown in Figure 1. This is in 
comparison to the UK, where according to the Metrological Office [2], the minimum rainfall 
between 1981 and 2010 is around 600 mm.

Figure 1. Rainfall map of Eritrea.
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2. The modelling exercise

The modelling exercise was conducted in 3 main stages as shown in Figure 2.

2.1. Stage 1

Stage 1 employed Solar PV with the No Brine Stream Recovery (BSR) RO plant only as shown 
in Figure 3.

The methodology used to identify the minimum number of membranes that the RO plant 
would require is shown in Figure 4.

Figure 2. Three stages of modelling exercise.

Figure 3. Single source of renewable energy to power RO plant.

Figure 4. Methodology to identify minimum number of membranes that the no BSR RO plant requires.
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2.1.1. Results

The initial results (shown in Figure 5) gave the minimum number of membranes required to 
produce 7000 m3/day, if the plant were run for 24 h continuously at each recovery ratio.

It was decided that the RO plant would operate where the minimum number of membranes 
required was consistent between 15 and 24% recovery ratios, as shown in Figure 5.

A schematic diagram of the No BSR plant employed for the modelling within this research is 
shown in Figure 6.

The resulting No BSR RO plant operating profile, including impacts on efficiency as load 
changes as expected due to intermittent power as indicated in the US DOE Tip sheet 2 [3], is 
shown in Figure 7.

This surface was mapped mathematically using polynomial equations and the method used 
to calculate the amount of water produced, was a ‘for’ loop in Matlab, as shown below:

  
for i = 1 : rwr

    newwater1 (i)  = polyval (ppolycoef (index (i) , :) , Pg1 (i, :) )  ;      
end

    (1)

Figure 5. Minimum number of pairs of membranes at each site for maximum temperature at various recovery ratios.

Figure 6. No BSR RO plant.

Desalination and Water Treatment180

where Pg 1 = the power available to operate the RO plant at each hour during the year; index(i) 
identifies the location of the prevailing seawater temperature for each hour of the year; ppolyco-
eff is a file that contains all the polynomial equations relating to each 0.01°C step from 3 to 42 °C;  
i=1:rwr defines the number of times that the calculation should be conducted before stopping; 
i=the number of the calculation being conducted, in this case, conducted in sequence from  
1 – (rwr) the max number of which is 8760 (the number of hours in a year); Polyval is the mat-
lab function that then evaluates the polynomial equation identified by (index(i)) making the 
corresponding Pg at (i) the subject.

2.2. Solar power

Massawa is one of the hottest inhabited places in the world, so solar PV was adopted.

HOMER (energy modelling software for renewable energy systems) was employed to derive 
the solar irradiance on an hour-by-hour basis based on the monthly averages from [4], as 
shown in Table 1.

2.2.1. Renewable energy system employed within model

The solar array for this process assumes that 10% of the available radiation, at any time when 
the sun is shining, is captured and converted to usable DC electrical power. This DC power 
is then be converted, by an inverter, to AC power, suitable for use by the RO plant. The effi-
ciency of this power conversion was taken as between 90 and 95%.

Sufficient solar photovoltaic power was installed so that the maximum power output during 
the year from the solar PV would achieve the maximum flowrate of the RO plant. Additional 
power was then added in discrete levels, up to (and including), the power required to achieve 
five times maximum flowrate of the RO plant.

2.3. Stage 2

Stage 2 employed the same methodology as Stage 1 (application of solar PV only), but for the 
BSR RO plants (Pelton wheel and Pressure exchanger).

Figure 7. No BSR RO plant water production profile at varying power and feedwater temperature.
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2.3.1. Pelton wheel

The Pelton wheel RO plant system modelled is shown in Figure 8.

As shown in Figure 8, the Pelton wheel BSR RO plant design utilises the brine/concentrate 
stream to power a Pelton wheel turbine, which is mechanically linked to a high pressure 
pump arrangement and partially pressurises the incoming feedwater. This reduces the exter-
nal power required to raise the feedwater pressure. The resulting Pelton wheel BSR RO plant 
water production profile, at varying input power and feedwater temperatures, is shown in 
Figure 9.

2.3.2. Pressure exchanger

The pressure exchanger RO plant system modelled is shown in Figure 10.

As shown in Figure 10, the pressure exchanger BSR RO plant uses the brine/concentrate 
stream to pressurise a hydraulic chamber. This hydraulic chamber acts on a piston arrange-
ment, which in turn is used to partially pressurise the incoming feedwater. A booster pump 
then raises the now partially pressurised feedwater to the correct pressure to combine with 
the feedwater pressurised by the high pressure pump for desalination by the RO plant 
membranes.

Month Original monthly average (W/m2/day during 
that day)

Conversion to kW/h Clearness index* applied by 
HOMER

Jan 303 7.272 0.895

Feb 357 8.568 0.954

Mar 366 8.784 0.884

Apr 376 9.024 0.855

May 337 8.088 0.754

Jun 306 7.344 0.686

Jul 300 7.2 0.674

Aug 301 7.224 0.684

Sep 330 7.92 0.784

Oct 319 7.656 0.830

Nov 308 7.392 0.891

Dec 295 7.08 0.905

*The ‘clearness index’ is a dimensionless number between 0 and 1 indicating the fraction of the solar radiation at the top 
of the atmosphere that is able to pass through the atmosphere to the Earth’s surface.

Table 1. Average monthly irradiance.
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Figure 8. Pelton wheel BSR RO plant.

Figure 9. Pelton wheel BSR RO plant water production profile at varying power and feedwater temperatures.

Figure 10. Pressure exchanger BSR RO plant.
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Figure 12. Wind speeds at Massawa over 1 year.

The resulting pressure exchanger BSR RO plant water production profile, at varying input 
power and feedwater temperatures, is shown in Figure 11.

As was the case in Stage 1, additional solar PV power was added in discrete levels up to (and 
including) the power required to achieve five times maximum flowrate of each of the RO plants.

2.4. Stage 3

Stage 3 modelled the addition of wind power in an attempt to make the renewable powered 
scenario competent to produce the correct amount of potable water for the Massawa residents.

2.4.1. Wind resource available Massawa

The monthly average wind speed data at Massawa was taken from monthly average data over 
4 years based on local weather reports [5] and applied to HOMER to derive the wind speed 
for each hour of the year, shown in Figure 12.

Figure 11. Pressure exchanger BSR RO plant water production profile at varying power and feedwater temperatures.
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As was the case in the previous Stages, additional wind power was added in discrete levels 
up to (and including) the power required to achieve five times maximum flowrate of each of 
the RO plants.

2.5. Scenarios modelled and scaling of renewable energy scenarios

Sixty scenarios were modelled with BSR and No BSR RO plants limited to 7000 m3/day output 
capacity with varying installed solar PV and wind capacity.

There was limited success in identifying scenarios that were able to meet the water demands of the 
local population without increasing the capacity of the RO plant to compensate for intermittency.

So, each of the RO and Power plant scenarios were scaled up by the ratio of water shortfall, 
i.e. if the combined RO plant and Power scenario made 50% of required water, both the RO 
plant and installed power are doubled in size to fully meet the water demand requirements.

3. Costs

Prices are based on exchange rate of $1–£0.636 as was the case in 2011, when much of the 
original research was conducted.

3.1. RO plant and reservoir costs

Table 2 shows the CAPEX and OPEX costs associated with the unscaled RO plants employed 
based on [6–10].

Reservoir costing was taken as £82,115,200 based on extrapolation of various reservoir costs 
from [11] to meet the required holding capacity.

3.1.1. Impacts of intermittency

Intermittent operation of desalination plants is possible and has already been realised in 
smaller systems as shown in [12, 13]. According to Rizzuti [14], however, it is understood that 
for large-scale seawater desalination plants, the plant’s lifetime could be reduced by increased 
scaling, fouling and corrosion.

This said, there is potential for the mechanical wear aspects on the plant to be reduced due to 
the increased size of the scaled up renewable RO plant, as the components will not experience 

(£x106) No BSR Pelton wheel Pressure exchanger

Capital costs 9.27 10.38 11.12

Total costs over 25 years 48.8 79.1 56.0

Table 2. Capital, O&M and total costs over 25 years for RO plants.
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the stress of operating at full load for as much of the time. It was considered reasonable to 
conclude that the impact on RO plant operation and costs will vary based on the power sup-
ply intermittency. The degree of this impact is not well understood and is worthy of further 
investigation, but based on the research conducted, it is considered appropriate to increase 
O&M costs to acknowledge the impact of intermittency. Therefore, in the light of the lack 
of information to support accurate estimates, a pessimistic assumption was employed for 
intermittent operation that annual O&M costs increase by 100% over those of a continuously 
operated plant on a per m3 of water produced basis increasing the costs as shown in Table 3.

3.2. Renewables

Table 4 shows the CAPEX and OPEX costs associated with the renewable energy sources 
employed including the reduction in the price of solar PV between 2010 and 2016.

3.2.1. Reduction in solar PV price in 2016

Figure 13, taken from the National Renewable Energy Laboratory (NREL) report on solar 
costs [17], shows how costs for solar PV has reduced significantly since 2009.

The costs employed for 2017 were based on the ‘utility scale PV, fixed tilt (100 MW) as shown 
on the right hand side of Figure 13. $1.42/W = £903/kW.

This was considered to be an optimistic price due to Massawa’s relatively remote location 
and limited market potential and so the supply chain cannot be relied upon to be developed 
to a stage where it provides competitive pricing. The NREL webpage [18] shows deviation of 
+/− $694/kW about a mean cost of $2025/kW, which would make the worst case cost $2719/
kW (£1729/kW).

So for the purpose of this report the CAPEX for the plant was taken as £1700/kW, which 
assumes that the PV costs are at the higher end of the range.

Solar (2010) [15] Solar (2016) Wind [16]

Capital costs (£/kW installed) 3000 1700 1200

O&M costs (£/kW/annum) 15 16 37

Table 4. Capital and O&M costs of renewable energy sources.

Operating cost for No BSR (£) Pelton wheel BSR 
(£)

Pressure exchanger BSR (£)

Continuous operation (£/m3) 0.62 1.08 0.70

Intermittent operation (£/m3) 1.24 2.16 1.40

Intermittent operation/ year (£x106) 3.16 5.52 3.58

Intermittent operation over project life (£x106) 79 138 90

Table 3. Continuous and Intermittent O&M costs for the BSR and no BSR RO plants.
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3.2.2. Operations and maintenance costs

The NREL webpage [18] indicates the O&M costs for a PV system between 1 and 10 MW are 
$16 +/−$9/kW, which equates to a high end cost of $25/kW (£15.90/kW).

The Operation and Maintenance (O&M) costs for the plant were taken as £16/kW, which 
assumes that these costs are, once again, at the higher end of the range, due to the expected 
lack of a competitive local market.

3.3. Conventional power costs

Table 5 shows the CAPEX and OPEX costs associated with the diesel generator power plant 
modelled at Massawa, which is based on various sources.

3.3.1. Increase in diesel fuel prices in Massawa

The history of the diesel fuel price is shown in Table 6 based the following internet sources 
[21–23].

Figure 13. Residential, commercial and utility scale PV system cost reduction since 2009 [17].

Diesel generator costs for 25 years based on 2010 fuel price Diesel generator costs for 25 years 
based on 2016 fuel price

Installed 
power costs 
(£) [19]

Fixed 
O&M costs 
(£) [19]

2010 fuel 
costs (£×106) 
based on 
£0.71/l [20]

Total scenario 
costs (including 
RO plant and 
reservoir) (£×106)

2016 fuel 
costs (£×106) 
based on 
£1.75/l

Total scenario 
costs (including 
RO plant and 
reservoir) (£×106)

No BSR 380,000 40,000 100.2 232 260.1 392

Pelton wheel 160,000 27,500 43.4 205 114.8 276

Pressure 
exchanger

125,000 22,500 32.8 171 87.5 226

Table 5. Capital and O&M conventional power plant scenario costs.
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As can be seen from Table 6 the price of diesel fuel in Eritrea has increased 10 fold between 
1992 and 2014, the latest date that price information is available from the sources used. 2014 
was a relatively high price point when in the UK diesel fuel was around £1.29/l, but by June 
2017 the price of diesel fuel in the UK had fallen to £1.18/l, a reduction of 8.5% due, in part, to 
the fall in crude oil prices. Although the influences in the price of retail diesel fuel are affected 
by different variables in the UK and Eritrean economies, for the purposes of this research a 
reduction of 8.5% of the 2014 price has been adopted for the price of diesel in Eritrea to account 
of the fall in crude oil price. This results in an estimated price for 2017 of $2.75/l (1.75/l) as 
shown in Table 6.

4. Results

Shown in Table 7 are the results for the costs of the most financially attractive scenarios for 
each stage of modelling power source and RO plant type in comparison with the diesel gen-
erator powered plant.

Scenarios that have become financially viable (are cheaper than the diesel generator powered 
equivalent), due to the application of latest diesel fuel and solar PV prices are highlighted in 
yellow and the most financially attractive is in ‘bold’ font.

The changes in solar PV and diesel fuel prices have made the renewable powered scenario 
much more financially attractive than in 2010, but only the renewable powered No-BSR 
RO plant scenarios have actually become financially attractive in comparison to the diesel 
generator powered scenario (Table 7). The most financially attractive scenario is estimated 
to cost 77% (around ¾) of the cost of the conventionally powered plant over the project’s 
25-year life.

Date Price ($) Price (£)

2017 (estimated) 2.75 1.749

2014 3.00 1.908

2012 1.71 1.08756

2010 1.07 0.68052

2008 1.07 0.68052

2006 0.81 0.51516

2004 0.40 0.2544

2002 0.25 0.159

2000 0.33 0.20988

1998 0.23 0.14628

1995 0.19 0.12084

1992 0.29 0.18444

Table 6. Historic and estimated diesel fuel cost in Eritrea.
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5. NPV

The net present value (NPV) is a central tool in discounted cash flow (DCF) analysis, where 
each cash inflow/outflow is discounted back to its present value (PV). Then they are added 
together. So, NPV is the sum of all the terms:

  Rt /   (1 + i)    t   (2)

where t - the time of the cash flow; i – the discount rate (the return that could be earned on 
an investment in the financial markets with similar risk.); the opportunity cost of capital; Rt - 
the net cash flow (the amount of cash, inflow (value of water sold) minus outflow (the cost to 
maintain the power source and RO plant) at time t.

The next two sections will derive the following to allow the NPV to be calculated.

• Price of water

• Discount rate

5.1. Price of water

As part of an informal telephone conversation, Tesfai [24] stated that municipal water in 
Eritrea costs less than 5p/l, and bottled drinking water costs less than 10p/l.

Table 7. Technically competent and most financially viable scenarios at Massawa when latest diesel and solar PV prices 
are applied.

The Use of Renewable Energy for the Provision of Power to Operate Reverse Osmosis…
http://dx.doi.org/10.5772/intechopen.76837

189



As can be seen from Table 6 the price of diesel fuel in Eritrea has increased 10 fold between 
1992 and 2014, the latest date that price information is available from the sources used. 2014 
was a relatively high price point when in the UK diesel fuel was around £1.29/l, but by June 
2017 the price of diesel fuel in the UK had fallen to £1.18/l, a reduction of 8.5% due, in part, to 
the fall in crude oil prices. Although the influences in the price of retail diesel fuel are affected 
by different variables in the UK and Eritrean economies, for the purposes of this research a 
reduction of 8.5% of the 2014 price has been adopted for the price of diesel in Eritrea to account 
of the fall in crude oil price. This results in an estimated price for 2017 of $2.75/l (1.75/l) as 
shown in Table 6.

4. Results

Shown in Table 7 are the results for the costs of the most financially attractive scenarios for 
each stage of modelling power source and RO plant type in comparison with the diesel gen-
erator powered plant.

Scenarios that have become financially viable (are cheaper than the diesel generator powered 
equivalent), due to the application of latest diesel fuel and solar PV prices are highlighted in 
yellow and the most financially attractive is in ‘bold’ font.

The changes in solar PV and diesel fuel prices have made the renewable powered scenario 
much more financially attractive than in 2010, but only the renewable powered No-BSR 
RO plant scenarios have actually become financially attractive in comparison to the diesel 
generator powered scenario (Table 7). The most financially attractive scenario is estimated 
to cost 77% (around ¾) of the cost of the conventionally powered plant over the project’s 
25-year life.

Date Price ($) Price (£)

2017 (estimated) 2.75 1.749

2014 3.00 1.908

2012 1.71 1.08756

2010 1.07 0.68052

2008 1.07 0.68052

2006 0.81 0.51516

2004 0.40 0.2544

2002 0.25 0.159

2000 0.33 0.20988

1998 0.23 0.14628

1995 0.19 0.12084

1992 0.29 0.18444

Table 6. Historic and estimated diesel fuel cost in Eritrea.

Desalination and Water Treatment188

5. NPV

The net present value (NPV) is a central tool in discounted cash flow (DCF) analysis, where 
each cash inflow/outflow is discounted back to its present value (PV). Then they are added 
together. So, NPV is the sum of all the terms:

  Rt /   (1 + i)    t   (2)

where t - the time of the cash flow; i – the discount rate (the return that could be earned on 
an investment in the financial markets with similar risk.); the opportunity cost of capital; Rt - 
the net cash flow (the amount of cash, inflow (value of water sold) minus outflow (the cost to 
maintain the power source and RO plant) at time t.

The next two sections will derive the following to allow the NPV to be calculated.

• Price of water

• Discount rate

5.1. Price of water

As part of an informal telephone conversation, Tesfai [24] stated that municipal water in 
Eritrea costs less than 5p/l, and bottled drinking water costs less than 10p/l.

Table 7. Technically competent and most financially viable scenarios at Massawa when latest diesel and solar PV prices 
are applied.

The Use of Renewable Energy for the Provision of Power to Operate Reverse Osmosis…
http://dx.doi.org/10.5772/intechopen.76837

189



The Munich Re Foundation [25] also states that:

‘Water from tank trucks costs 15 Nakfa or about €0.90 per 20-litre canister’.

This equates to 3.8p/l or £38/m3, which is in keeping with Tesfai’s estimate of less than 5p/l or 
£50/m3.

The situation described above is borne out by Awate [26], which reports rationed water being 
delivered by bowser in Asmara, the capital of Eritrea in 2017, and the quality of the water 
provided being saline/brackish and requiring disinfection before consumption, which in turn, 
due to incorrect disinfection dosing, could have longer term health effects.

For the purposes of this research, the cost of water to the end user at Massawa will be taken as 
£38/m3 based on the estimate from the Munich Re Foundation [25], but as the RO plant will, in 
effect, only be a different water supply point for the tankers to collect their water from, cannot 
be given credit for the full £38/m3 that the end user pays.

The overall cost for the most financially viable renewable powered scenario in 2010 based on 
comparison to the equivalent diesel powered scenario is around £325 million over 25 years, 
and to break even each cubic metre of water delivered by the RO plant would need to be 
priced at £5.05, which incidentally is more than 3 times the cost of water in the UK [27].

For the purposes of this research, the cost of the water delivered at Massawa will be £5.05/m3.

5.2. Discount rate

The normal method for calculating the discount rate for UK government financed infrastruc-
ture projects, according to the UK Treasury [28], is 3.5% above the inflation rate.

The inflation rate has varied considerably in the UK over the last 10 years as indicated by the 
graph on the ‘Inflation EU’ Website [29] which shows an average high of 4.8% in 2011 and a 
low of 0.05% in 2015. This gives an average of 2.375% average inflation over the last 10 years. 
The inflation rate adopted for this calculation is 3.5% to include a margin for the inflation 
risk over the 25-year term of this project. This figure is in keeping with the long-term rate 
described in the UK Treasury’s ‘Green Book’ [28] on p. 26.

For the purposes of this research, the discount rate was taken as the sum of these two parts (7%).

5.3. NPV results

Shown in Figure 14 are the accumulated costs for the most financially attractive renewable 
powered scenario at Massawa (Solar plus Wind power), and the equivalent No BSR RO plant 
Diesel Generator-powered scenario.

Having set the price of the water revenue at the cost for the break even of the renewable pow-
ered scenario, it is shown to break even at the 25 year point, and the diesel generator powered 
scenario makes a profit of over £50 million over the life of the project.

When the scenario is updated to reflect diesel fuel and solar PV prices in 2016/7 the scenario 
changes significantly as shown in Figure 15.
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As can be seen from Figure 15, the updating of diesel and solar PV prices alters every aspect 
of the financial viability of the most financially attractive renewable powered scenario, in that:

• It now breaks into profitability;

• It is significantly more financially viable than the diesel generator scenario; and

Figure 14. Comparison of cumulative cost for most financially viable renewable and diesel generator-powered scenario 
in 2010.

Figure 15. Comparison of cumulative cost of the solar and wind scenario with diesel generator with 2016 prices for diesel 
fuel and solar PV applied.

Figure 16. Comparison of the NPV cumulative cost using discount rate of 7% of the solar and wind scenario with diesel 
generator with 2016 prices for diesel fuel and solar PV applied.
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• The end of life profit for the diesel generator scenario of more than £53 million has now 
turned into a loss of almost £70 million.

Figure 16 shows the difference that applying the 7% discount rate makes to the financial 
attractiveness of the scenarios.

As can be seen from Figure 16, the application of the 7% discount rate means that neither sce-
nario is now profitable, and further that the renewable powered scenario (PV + Wind) is now 
more than £28 million less financially attractive than the diesel generator powered scenario.

In selecting the appropriate discount rate for long-term public policy decisions, economic 
theory tends to distinguish between two components.

• The rate of pure time preference is the discount rate that would apply if all present and 
future generations had equal resources and opportunities.

• In addition, there is a wealth-based component of the discount rate, reflecting the assump-
tion that if future generations will be richer than we are, then there is less need for us to 
invest today in order to minimise the financial burden on those that follow.

In the notation of ‘The Stern Review’ [29], the discount rate, r, is the sum of these two parts:

  r = δ + ηg  (3)

where δ (delta) is the rate of pure time preference; g is the growth rate of per capita consump-
tion. If per capita consumption is constant, implying that g = 0, then the discount rate r = δ; η 
(eta), determines how strongly economic growth affects the discount rate. A larger value of η 
implies a larger discount rate, and hence less need to provide today for future generations (as 
long as per capita consumption is growing).

Stern takes the position that all future generations should be treated equally, except that there is 
a small probability that future generations will not exist – for example, if a natural or man-made 
disaster destroys most of, or the entire human race. The probability of destruction of humanity 
is taken by Stern as 0.1% per year; pure time preference (δ) is therefore set equal to 0.1%. That 
is, we are only 99.9% sure that humanity will still be here next year, so we should consider the 
well-being of people next year to be, on average, 99.9% as important as people today. Stated 
simply, the only reason that the current generation should not consider the needs of those in 
the future is due to the small possibility that the future generation will not exist, not because 
the future generation will be rich enough to manage the previous generation’s impact on the 
environment.

To calculate the discount rate, Stern estimates that the growth of per capita income will aver-
age 1.3% per year, and sets η = 1 to indicate that future generations are not richer than the 
current generation. Therefore, the Stern Report discount rate is:

  r = δ + ηg = 0.1 % + (1 × 1.3%)  = 1.4%  (4)
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This makes a marked difference to the viability of the renewable powered scenario, as shown 
in Figure 17.

As can be seen from Figure 17, the reduction of the discount rate means that, although neither 
scenario is financially viable, the renewable powered scenario is now more than £45 million 
more financially attractive than the diesel generator powered scenario.

5.4. An alternative point of view

Taking the Stern position that this generation can only apply 0.1% to the discount rate, it does 
not seem entirely unreasonable to suggest a discount rate of 3.6% based on:

Long-term view of inflation (3.5% as derived previously) + 0.1% based on probability that 
next generation will not be here

This would give appropriate recognition to the fact that this project represents a significant 
CAPEX investment to:

Figure 17. Comparison of the solar and wind with diesel generator no BSR scenario with discount rate of 1.4%.

Figure 18. Comparison of the solar and wind with diesel generator powered no BSR RO plant scenario with discount 
rate of 3.6%.
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next generation will not be here

This would give appropriate recognition to the fact that this project represents a significant 
CAPEX investment to:

Figure 17. Comparison of the solar and wind with diesel generator no BSR scenario with discount rate of 1.4%.

Figure 18. Comparison of the solar and wind with diesel generator powered no BSR RO plant scenario with discount 
rate of 3.6%.

The Use of Renewable Energy for the Provision of Power to Operate Reverse Osmosis…
http://dx.doi.org/10.5772/intechopen.76837

193



• Improve the quality of the lives of users, and in so doing;

• Minimises the impacts of climate change and the associated potential costs for future gen-
erations, whilst;

• Acknowledging a realistic view of inflation over the longer term of project’s of this type for 
the current generation.

Figure 18 shows the comparison of the renewable and diesel generator powered scenarios.

As can be seen from Figure 18, the 3.6% discount rate does not make either option financially 
viable, but does make the renewable powered scenario around £9.2Million more financially 
attractive than the diesel powered scenario.

6. Conclusion

Overall conclusions are that:

• It is technically possible to desalinate water for human consumption at Massawa using 
renewable energy.

• This is financially viable in comparison to the use of diesel generators, but only recently 
due to the changes in solar PV and diesel fuel prices; but

• The NPV methodology for evaluation of renewable energy projects has a significant impact 
on the financial viability of such projects; and

• The operational impacts of using intermittent power sources on municipal RO plants needs 
to be better understood.
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Abstract

Since the beginning of water shortage by disasters such as global warming, environmen-
tal pollution, and drought, development of original technology and studies have been 
undertaken to increase the availability of water resources. Among the technologies, 
water treatment technology using membranes has a better water quality improvement 
than existing physicochemical and biological processes. Moreover, it is environmental-
friendly technology that does not use chemicals. Water treatment membranes are applied 
to various fields such as wastewater treatment, water purification, seawater desalination, 
ion exchange process, ultra-pure water production, and separation of organic solvents. 
Furthermore, water treatment technologies using membranes will increasingly expand. 
The core technology of the water treatment membrane is to control the size of pores for 
membrane performance and is being researched to improve performance. In this chapter, 
the frequencies of presentation are filed by country, institution, and company through 
technology competitiveness and evaluation of patents and papers. In addition, evalu-
ation of technologies for wastewater treatment, water purification, seawater desalina-
tion, and ion exchange process was carried out in the same way as before. Finally, future 
research directions were suggested by using evaluation results.

Keywords: patents, water treatment, desalination, ion exchange, membrane

1. Introduction

The world is now expected to become water scarce as a result of global warming, and by 2025, 
it is estimated that water-scarce countries will increase by more than 30% compared to 1995 
[1]. The twentieth century was the era of black gold, represented by oil, but the age of water, 
or blue gold, is expected to emerge in the twenty-first century. Due to the global problems 
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faced by the world, such as population growth, industrialization, and climate change, a steady 
increase in water demand and a disparity in regional water supply are urgently needed to be 
resolved. Population Action International (PAI) currently has 550 million people living in 
water-pressure or water-starved countries, and from 2.4 billion to 3.4 billion people will live 
in water-starved or water-deprived countries by 2025. According to the World Meteorological 
Organization (WMO) report, 653 million people in 2025 and 2.43 billion in 2050 will suffer 
direct water shortages.

Various water treatment techniques have been studied to secure water resources in order to 
solve the water shortage phenomenon. In the water treatment field, there are water treatment 
processes such as wastewater and wastewater treatment to remove pollutants, water treat-
ment for drinking water, and seawater desalination for seawater reuse (Figure 1).

There are also a number of related technologies, among which water treatment technologies 
using membranes have shown very high growth rates of 10–20% per year [2, 3]. Frost and 
Sullivan estimate that the world’s membrane-based water treatment market will grow from 
$ 5.54 billion in 2012 to $ 1.27 billion by 2020 (CAGR of 10.2%). Major growth factors include 
increased demand for drinking water, reuse of sewage, increased desalination facilities based 
on membranes, and strengthening of environmental standards. In particular, it is expected 
that there will be a significant increase in the market in the Asia-Pacific region based on rapid 
industrialization, population growth, and demand for advanced technologies [4].

Figure 1. Various applications of water treatment membranes. (a) MBR process (Toray Industries, Inc.), (b) water 
treatment process (Yeongdeungpo water purification center), (c) desalination process (Doosan heavy industries & 
construction), (d) ion exchange membrane (Tokuyama America, Inc.).

Desalination and Water Treatment202

The separation membrane has a selective filtration function that selectively passes a specific 
component, as well as selective permeability capable of separating dissolved substances or 
mixed gases dissolved in a liquid [5–7]. Membrane separation technology comprehensively 
means various separation processes using such selective permeability of the membrane. As 
shown in Figure 2, the separation membrane used for water treatment produces clean water 
by allowing the water (B) to pass but not allowing the suspended material (A) to pass through. 
Membranes can be divided into microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), 
and reverse osmosis (RO) depending on the pore size [8–10]. Figure 3 shows the separation 
performance according to the pore size of the membrane, and Table 1 shows the membrane 
characteristics of various process parameters [11].

Figure 2. Schematic of membrane filtration process.

Figure 3. A scheme of the membrane for water purification processes.
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Figure 1. Various applications of water treatment membranes. (a) MBR process (Toray Industries, Inc.), (b) water 
treatment process (Yeongdeungpo water purification center), (c) desalination process (Doosan heavy industries & 
construction), (d) ion exchange membrane (Tokuyama America, Inc.).
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The separation membrane has a selective filtration function that selectively passes a specific 
component, as well as selective permeability capable of separating dissolved substances or 
mixed gases dissolved in a liquid [5–7]. Membrane separation technology comprehensively 
means various separation processes using such selective permeability of the membrane. As 
shown in Figure 2, the separation membrane used for water treatment produces clean water 
by allowing the water (B) to pass but not allowing the suspended material (A) to pass through. 
Membranes can be divided into microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), 
and reverse osmosis (RO) depending on the pore size [8–10]. Figure 3 shows the separation 
performance according to the pore size of the membrane, and Table 1 shows the membrane 
characteristics of various process parameters [11].

Figure 2. Schematic of membrane filtration process.

Figure 3. A scheme of the membrane for water purification processes.
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Microfiltration is a membrane separation process for separating a solute having a solute size 
of about 0.1–10 μm. It is preferable that the membrane used at this time is about 0.01–10 
μm in pore size and the pore accounts for about 80% Do. As for the material of the mem-
brane, cellulose-type, nylon, PVC, polytetrafluoroethylene (PTFE), and various other polymer 
materials are suitable. In a microfiltration process, propulsion is represented by a pressure 
difference, where the pressure difference is typically 1–30 psig. The separation effect of this 
membrane is fundamentally dependent on the pore size of the membrane and the size of 
the substance to be separated. If the size of the substance to be separated is smaller than the 
pore size, it does not pass through the entire membrane but the substance to be separated 
is adsorbed on the membrane or is not transmitted by steric hindrance near the pore. The 
biggest problem of the microfiltration process is the deposition of colloidal material on the 
membrane surface, which reduces the flow rate by blocking the pores, which can be replaced 
or regenerated to restore the original state [12–15].

Ultrafiltration is a membrane separation process that separates macromolecules or colloidal 
particles with molecular sizes ranging from 10 to 1000 Å. The pore size ranges from 20 to 
500 Å. This method uses a differential pressure as a thrust for the separation operation similar 
to the reverse osmosis method. The pressure differential used in ultrafiltration is usually in 
the range of 10–100 psig because particles with a high molecular weight have relatively low 

Microfiltration Ultrafiltration Nanofiltration Reverse osmosis

Mechanism 
or separation

Sieving Sieving Sieving + solution/diffusion + 
exclusion

Solution/diffusion + exclusion

Materials CA, CE, PAN, 
PC, PE, POF, 
PP, PS, PTFE, 
PVDF

CA, CE, PA, PAN, 
TFC, PS, PVDF

CA, PA, TFC CA, PA, PS, TFC

MWCO (Da) >100,000 >2000–100,000 300–1000 100–200

Structure Porous 
isotropic

Porous asymmetric Finely porous asymmetric/
composite

Nonporous asymmetric/
composite

Law 
governing 
transfer

Darcy’s law Darcy’s law Fick’s law Fick’s law

Pore size 
range (μm)

0.1–10 0.01–0.1 0.001–0.01 <0.001

Rejects Particulates, 
clay, bacteria

Macromolecules, 
proteins, 
polysaccharides, 
viruses

HMWC, mono-, di-, and 
oligosaccharides, polyvalent 
anions

HMWC, LMWC, sodium 
chloride, glucose, amino acids, 
proteins

Operating 
pressure 
(psi)

1–30 3–80 70–220 800–1200

Fluxes  
(L/m2 h)

500–10,000 100–2000 20–200 10–100

Table 1. Correlation of membrane features with ranges of separation [6].
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osmotic pressure and thus do not require high pressure to apply pressure above osmotic pres-
sure. Ultrafiltration is the same as reverse osmosis in mathematical modeling but fundamen-
tally different from reverse osmosis. The reverse osmosis is largely governed by the correlation 
between the membrane and the dissolved salt, whereas ultrafiltration is dominated by the sol-
ute and pore size. In other words, ultrafiltration has a separation effect by the steric hindrance 
at the micropore inlet and the frictional resistance between the solute and the pore wall in 
the pore. The molecular weight cut off (MWCO) in the ultrafiltration method is an important 
item. The closer the slope is to infinity, the narrower the fractional molecular weight distribu-
tion which can be regarded as an excellent filter membrane. Ultrafiltration has a wide range 
of industrial applications in the middle of reverse osmosis and microfiltration in terms of the 
size of the separation object. The membrane material is the same as the material of the reverse 
osmosis membrane and has only a large pore size in terms of being hydrophilic [16–18].

Nanofiltration is the process of treating hundreds to thousands of molecules with medium 
molecular weight, the range of treatment of reverse osmosis membranes and ultrafiltration 
membranes. Nanofiltration is used for separation of small solvent molecules due to deforma-
tion of reverse osmosis membrane, but even large molecules of polysaccharides such as sugar 
can be separated. Nanofiltration membranes usually have a fractional molecular weight of 
20–70% NaCl and organic solvents of 200–500. This fractional range corresponds to a diameter 
of about 10 Å, or 1 nm, of the molecule. This membrane is used for seawater treatment in the 
pressure range of 0.4–0.7 MPa which is 1/4–1/2 of the reverse osmosis pressure. The exclusion 
mechanism is similar to reverse osmosis and is widely applied to the separation of salt and 
organic matter of appropriate molecular weight. The nanofiltration membranes can be used 
at a rate of 50–97.5% at the same time and are used to replace the ion exchange method in the 
water softening process [19–21].

Reverse osmosis is a membrane separation process that separates solutes smaller than 10 Å 
in size of ions and molecules and was industrialized in seawater desalination and wastewa-
ter treatment in the 1970s. The membranes are composed of asymmetric cellulose acetate 
or aromatic polyamide which is formed as an active layer for a separating effect on the 
supporting layer. Recently, a composite membrane capable of removing up to 99% of dis-
solved salts has been developed. The composite membrane is formed of a polymer thin film 
having a high salt removal effect on the support layer. The support membrane is mainly 
composed of polysulfone having high mechanical strength and chemical resistance, and 
cellulose triacetate and cross-linked polyether are mainly used as the separation layer. Since 
the reverse osmosis membrane has almost no pores, it can be regarded as a nonporous mem-
brane, which is permeated through the gap between micelles forming organic polymers or 
micelles. In the reverse osmosis method, since the dielectric constant of the organic polymer 
is low, the dissolved salt is not adsorbed to the membrane. In addition, in high pressure 
(800–1500 psig), water, which is a solvent, permeates in proportion to the osmotic pres-
sure difference. The separation effect is increased. Since the reverse osmosis is not a sepa-
ration operation according to the molecular size, deposition of organic substances such as 
microfiltration and ultrafiltration is less and consequently, the lifetime of the membrane is 
increased. Reverse osmosis membranes are being used not only for separation and removal 
of dissolved salts but also for separation of organic and aromatic hydrocarbons with low 
molecular weight [22–24].
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biggest problem of the microfiltration process is the deposition of colloidal material on the 
membrane surface, which reduces the flow rate by blocking the pores, which can be replaced 
or regenerated to restore the original state [12–15].
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particles with molecular sizes ranging from 10 to 1000 Å. The pore size ranges from 20 to 
500 Å. This method uses a differential pressure as a thrust for the separation operation similar 
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osmotic pressure and thus do not require high pressure to apply pressure above osmotic pres-
sure. Ultrafiltration is the same as reverse osmosis in mathematical modeling but fundamen-
tally different from reverse osmosis. The reverse osmosis is largely governed by the correlation 
between the membrane and the dissolved salt, whereas ultrafiltration is dominated by the sol-
ute and pore size. In other words, ultrafiltration has a separation effect by the steric hindrance 
at the micropore inlet and the frictional resistance between the solute and the pore wall in 
the pore. The molecular weight cut off (MWCO) in the ultrafiltration method is an important 
item. The closer the slope is to infinity, the narrower the fractional molecular weight distribu-
tion which can be regarded as an excellent filter membrane. Ultrafiltration has a wide range 
of industrial applications in the middle of reverse osmosis and microfiltration in terms of the 
size of the separation object. The membrane material is the same as the material of the reverse 
osmosis membrane and has only a large pore size in terms of being hydrophilic [16–18].

Nanofiltration is the process of treating hundreds to thousands of molecules with medium 
molecular weight, the range of treatment of reverse osmosis membranes and ultrafiltration 
membranes. Nanofiltration is used for separation of small solvent molecules due to deforma-
tion of reverse osmosis membrane, but even large molecules of polysaccharides such as sugar 
can be separated. Nanofiltration membranes usually have a fractional molecular weight of 
20–70% NaCl and organic solvents of 200–500. This fractional range corresponds to a diameter 
of about 10 Å, or 1 nm, of the molecule. This membrane is used for seawater treatment in the 
pressure range of 0.4–0.7 MPa which is 1/4–1/2 of the reverse osmosis pressure. The exclusion 
mechanism is similar to reverse osmosis and is widely applied to the separation of salt and 
organic matter of appropriate molecular weight. The nanofiltration membranes can be used 
at a rate of 50–97.5% at the same time and are used to replace the ion exchange method in the 
water softening process [19–21].

Reverse osmosis is a membrane separation process that separates solutes smaller than 10 Å 
in size of ions and molecules and was industrialized in seawater desalination and wastewa-
ter treatment in the 1970s. The membranes are composed of asymmetric cellulose acetate 
or aromatic polyamide which is formed as an active layer for a separating effect on the 
supporting layer. Recently, a composite membrane capable of removing up to 99% of dis-
solved salts has been developed. The composite membrane is formed of a polymer thin film 
having a high salt removal effect on the support layer. The support membrane is mainly 
composed of polysulfone having high mechanical strength and chemical resistance, and 
cellulose triacetate and cross-linked polyether are mainly used as the separation layer. Since 
the reverse osmosis membrane has almost no pores, it can be regarded as a nonporous mem-
brane, which is permeated through the gap between micelles forming organic polymers or 
micelles. In the reverse osmosis method, since the dielectric constant of the organic polymer 
is low, the dissolved salt is not adsorbed to the membrane. In addition, in high pressure 
(800–1500 psig), water, which is a solvent, permeates in proportion to the osmotic pres-
sure difference. The separation effect is increased. Since the reverse osmosis is not a sepa-
ration operation according to the molecular size, deposition of organic substances such as 
microfiltration and ultrafiltration is less and consequently, the lifetime of the membrane is 
increased. Reverse osmosis membranes are being used not only for separation and removal 
of dissolved salts but also for separation of organic and aromatic hydrocarbons with low 
molecular weight [22–24].
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Treatment and the reusing of wastewater are mainly based on the activated sludge process. In the 
activated sludge process, the amount of generated sludge is large, the treatment cost is high, and 
it is vulnerable to impacts such as biological oxygen demand (BOD) overload and toxicity, and 
problems such as sludge bulking occur. However, the membrane bioreactor (MBR) does not need 
to regulate the amount of microorganisms in the reactor and does not cause the sludge expan-
sion phenomenon. In addition, it has excellent durability against load generated in the operation 
such as impact, toxicity, and organic load. It is expected that the technology of the MBR process 
will increase gradually because of the advantages of this separation membrane process [25, 26].

In most of the domestic large and medium-sized water purification facilities, using river water 
or lake water as a water source, problems occur periodically. However, the conventional water 
treatment methods such as coagulation, sedimentation, filtration, and disinfection processes 
are inferior in taste and odor. There is a limit in effectively controlling harmful organic sub-
stances and the like. In order to overcome the limitations of this conventional treatment method, 
microfiltration or ultrafiltration using a membrane has been shown to be a breakthrough tech-
nology that can replace the existing rapid sand filtration system because it completely removes 
turbidity and pathogenic microorganisms. In addition, it can easily combine with the existing 
unit-altitude water treatment process such as ozone-activated carbon to optimize the process 
configuration suitable for the characteristics of raw water and water quality, and it is more 
compact and easier to maintain than the existing water treatment method [27, 28].

Techniques for converting seawater to fresh water include conventional coagulation, coagula-
tion, sedimentation, single- or two-phase granular filtration, dissolved air flotation, and low-
pressure membrane filtration techniques using microfiltration or ultrafiltration membranes. 
Conventional pretreatment processes are generally used in seawater desalination, but it is 
difficult to completely remove float or colloidal particles, which makes it difficult to supply 
water in a stable manner. However, when the membrane is pretreated, it has the advantage of 
reducing the cost required in the desalination process, such as increasing the permeation flow 
rate, reducing the washing cycle, reducing the use of washing chemicals, reducing energy 
consumption, and reducing maintenance costs [29, 30].

A membrane electrode assembly (MEA), which is one of the most important components 
among the separation membranes used in the ion exchange process, includes a proton 
exchange membrane fuel cell (PEMFC). The membrane consists of two electrodes, cathode and 
anode, which determine the performance of the fuel cell [31–33]. Currently, the most widely 
used hydrogen ion exchange membranes are produced by DuPont’s nafion® as well as Dow 
Chemical, 3 M, and others. The perfluorinated proton exchange membrane has been applied 
to most commercial fuel cell devices due to its high chemical/mechanical stability and excellent 
hydrogen ion transfer ability. However, since the production process requires high tempera-
ture/high pressure conditions, the production cost has increased. The limitation is that it has 
a pollution problem, and there is a problem that performance is reduced at high temperature 
due to low glass transition temperature [34, 35]. Therefore, research on the production of a 
hydrocarbon-based proton exchange membrane having a relatively high manufacturing cost 
and high thermal stability has been actively pursued as an alternative thereto [36–39].

In this review, the water treatment membranes are divided into wastewater treatment mem-
branes, water treatment membranes, seawater desalination membranes, and ion exchange 
membrane separators. Through analysis of domestic and foreign patent information and 
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publication of papers, technical trends and recent technology trends, And to analyze the trend 
of technology development of water treatment membranes by summarized graphs.

2. Analysis of patents and articles on water treatment membranes

In this chapter, we show all patents and papers for water treatment membranes. In the past 
20 years (1995–2014), we have divided membranes for wastewater treatment, separation 
membranes for water treatment, and seawater desalination membrane trends. In evaluating 
the competitiveness of patent technology, patents filed after 2015 are analyzed only as valid 
patents before 2015 except for the fact that they were undisclosed. The patent database of 
WIPS was used for the analysis of the patent. The patent data were searched through the 
keyword search and the secondary classification was performed using the library method 
for noise and pattern removal. Finally, a final classification was carried out by experts in each 
field. The patent activity index (PAI), the patent intensity index (PII), the patent market-power 
index (PII), the patent market power index (PMI), and patent citation index (PCI) were the 
categories. These terms can be defined as follows. Patent activity is defined as the absolute 
number of patent applications based on the number of public/patent publications issued by 
the Patent Office. Patent concentration refers to providing information about the technologi-
cal innovation activities that a country concentrates on relative to other countries. The patent 
market power refers to the use of patents as an indicator of the patentability of patents when 
the number of family patents is large, because patents are applied only when they are in com-
mercial profit or for technology competition in the relevant country. Finally, patent impact 
is the measure of the impact of the patent on future patents, and the US patent with patent 
information for the patents is targeted [40–43].

The number of patent applications has been evaluated in the 10 countries, including Korea, 
the USA, Japan, China, and Europe, which are the major developing countries, for patent 
technology competitiveness. A total of 4629 patent applications were searched. 1144 patents 
were related to separation membranes for wastewater treatment, 734 patents related to water 
treatment membranes, 668 patents related to seawater desalination membranes, and 2083 pat-
ents related to membranes for ion exchange processes. Figure 4 shows the patent application 
trends by technology in the last 20 years.

The thesis has been published in the past 20 years (1997–2016), and it has been evaluated for 
technical competitiveness. 13,506 papers are related to the separation membrane for wastewa-
ter treatment, 7958 papers are related to the separation membrane for water treatment, 9524 
papers related to separation membrane for desalination, and 16,254 papers related to separa-
tion membrane for an ion exchange process. Figure 5 shows the trend of publications by tech-
nology in the past 20 years. The database used to analyze the technological competitiveness 
of the paper is the Scopus paper retrieval system, which collects information by category and 
country and uses the Bibliometric Activity Index (BAI), Bibliometric Citation Index (BCI), and 
Bibliometric Intensity Index (BII). These terms can be defined as follows. The thesis activity is 
the number of absolute dissertations, which shows the corresponding country for the technol-
ogy divided by the total number of countries. The impact of a paper is defined as an index that 
provides information that can be compared with other countries in terms of the quality of the 
paper. Finally, the thesis density can be defined as an index that provides information on the 
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ents related to membranes for ion exchange processes. Figure 4 shows the patent application 
trends by technology in the last 20 years.
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relative concentration of a technological innovation activity in a given technology sector rela-
tive to other countries in terms of the number of relative papers published. Major countries 
participating in the analysis of information are the top 13 countries such as Korea, the USA, 
Japan, China, and Europe (Figure 6).

Figure 4. Patent applications 1996–2016 in membrane related technology.

Figure 5. Papers publications 1996–2016 in membrane related technology.
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2.1. Evaluation of patent technology competitiveness of water treatment membranes

As a result of analyzing the number of applications for separation membrane-related pat-
ents, the following results were obtained: Japan (2093 cases), Korea (1134 cases), the USA 
(585 cases), Canada (135 cases), Germany (97 cases), France (49 cases), Italy (35 cases), the 
Netherlands (33 cases), and China (31 cases). As for the patent activities, Japan was over-
whelmingly ranked high (0.49), followed by Korea (0.27), the USA (0.14), Canada (0.03), and 
Germany (0.02). Table 2 and Figure 7 show the patents’ utilization rate, patent concentration, 
patent market power, and patent influence by country.

In terms of the degree of patent concentration in each country, Japan tends to concentrate most 
on water treatment membranes (1.20), Korea on wastewater treatment membranes (1.72), and 
the USA on ion exchange membranes (1.13)—1.37, 1.39, 1.32, and 1.86 for Canada, Germany, 
the United Kingdom, and Italy, respectively, for the ion exchange membrane, 1.25 for the waste-
water treatment membrane for France and 1.77 and 1.25 for the water treatment membranes.

As a result of analyzing the number of family patents of separation membrane-related patents, 
the following results were obtained: Japan (5651 cases), the USA (3328 cases), Korea (1743 cases), 

Figure 6. Top countries with the highest number of patent application.

Index of evaluation KR* JP US CA DE FR GB IT NL CN

PAI** 0.27 0.49 0.14 0.03 0.02 0.01 0.01 0.01 0.01 0.01

PII 4.46 3.92 3.76 3.42 3.13 3.59 3.91 2.76 3.85 3.98

PMI 0.46 0.81 1.71 2.02 2.64 2.66 3.12 3.49 2.06 1.23

PCI 0.51 0.50 1.18 1.87 0.67 0.51 1.02 2.40 0.66 0.14

*ISO code: KR, Korea; JP, Japan; US, United States of America; CA, Canada; DE, Germany; FR, France; GB, United 
Kingdom; IT, Italy; NL, Netherlands; CN, China.
**PAI: Patent Activity Index, PII: Patent Intensity Index, PMI: Patent Market-power Index, PCI: Patent Citation Index.

Table 2. An analysis table about PAI, PII, PMI, and PCI by each country.
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participating in the analysis of information are the top 13 countries such as Korea, the USA, 
Japan, China, and Europe (Figure 6).

Figure 4. Patent applications 1996–2016 in membrane related technology.

Figure 5. Papers publications 1996–2016 in membrane related technology.
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2.1. Evaluation of patent technology competitiveness of water treatment membranes

As a result of analyzing the number of applications for separation membrane-related pat-
ents, the following results were obtained: Japan (2093 cases), Korea (1134 cases), the USA 
(585 cases), Canada (135 cases), Germany (97 cases), France (49 cases), Italy (35 cases), the 
Netherlands (33 cases), and China (31 cases). As for the patent activities, Japan was over-
whelmingly ranked high (0.49), followed by Korea (0.27), the USA (0.14), Canada (0.03), and 
Germany (0.02). Table 2 and Figure 7 show the patents’ utilization rate, patent concentration, 
patent market power, and patent influence by country.

In terms of the degree of patent concentration in each country, Japan tends to concentrate most 
on water treatment membranes (1.20), Korea on wastewater treatment membranes (1.72), and 
the USA on ion exchange membranes (1.13)—1.37, 1.39, 1.32, and 1.86 for Canada, Germany, 
the United Kingdom, and Italy, respectively, for the ion exchange membrane, 1.25 for the waste-
water treatment membrane for France and 1.77 and 1.25 for the water treatment membranes.

As a result of analyzing the number of family patents of separation membrane-related patents, 
the following results were obtained: Japan (5651 cases), the USA (3328 cases), Korea (1743 cases), 

Figure 6. Top countries with the highest number of patent application.

Index of evaluation KR* JP US CA DE FR GB IT NL CN

PAI** 0.27 0.49 0.14 0.03 0.02 0.01 0.01 0.01 0.01 0.01

PII 4.46 3.92 3.76 3.42 3.13 3.59 3.91 2.76 3.85 3.98

PMI 0.46 0.81 1.71 2.02 2.64 2.66 3.12 3.49 2.06 1.23

PCI 0.51 0.50 1.18 1.87 0.67 0.51 1.02 2.40 0.66 0.14

*ISO code: KR, Korea; JP, Japan; US, United States of America; CA, Canada; DE, Germany; FR, France; GB, United 
Kingdom; IT, Italy; NL, Netherlands; CN, China.
**PAI: Patent Activity Index, PII: Patent Intensity Index, PMI: Patent Market-power Index, PCI: Patent Citation Index.

Table 2. An analysis table about PAI, PII, PMI, and PCI by each country.
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Figure 7. An analysis graph about PAI, PII, PMI, and PCI by each country.

Canada (910 cases), Germany (852 cases), France (426 cases), Italy (407 cases), the Netherlands (226 
cases), and China (127 cases). (11.63), Britain (10.39), France (8.86), Germany (8.78), Netherlands 
(6.85), Canada (6.74), the United States (5.69) and China (4.10), Japan (2.70), and Korea (1.54). The 
results of this study are as follows: Italy (3.49), Britain (3.12), France (2.66), Germany (2.64), the 
Netherlands (2.06), Canada (2.02), the USA (1.71) (0.81), followed by Korea (0.46).

As a result, the total number of patents for separator-related patents was derived from the 
USA (4238 cases), Canada (1537 cases), Japan (979 cases), Germany (267 cases), Italy (163 
cases), France (101 cases), the Netherlands (96 cases), and China (11 cases). The number of 
registered patents related to membranes was 271 in the USA, 147 in Japan, 62 in Canada, 30 in 
Germany, 26 in Korea, 15 in France, 12 in the UK, (31.86), Canada (24.79), the United States 
(15.64), and the United States (15.64), followed by the United States), Britain (13.58), Germany 
(8.90), Netherlands (8.73), Korea and France (6.73), Japan (6.66) and China (1.83). The results 
of this study are as follows: Italy (2.40), Canada (1.87), the USA (1.18), the UK (1.02), Germany 
(0.67), the Netherlands (0.66), Korea and France (0.51), and China (0.14). Among them, Korea 
ranked 2nd place in patent activity, 10th place in patent market power, and 7th place in patent  
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efficacy, and patent concentration tended to be concentrated on wastewater treatment 
membrane (1.72) (Figure 8).

2.2. Evaluation of technology competitiveness of water treatment membranes

As a result of analyzing the number of published papers related to membranes, the results 
obtained were as follows: the USA (11,435), China (9235), Japan (3183), Korea (3013), Germany 
(3005), Canada (2370), the United Kingdom (2312), Spain (2296), Australia (2260), Italy (1710), 
and the Netherlands (1422). Therefore, in the activity of the thesis, the USA (0.24) was the high-
est, followed by China (0.20), Japan (0.07), Korea (0.06), and Germany (0.06). Table 3 and Figure 9 
show the activities of each country, the influence of the thesis, and the concentration of the thesis.

As a result, the total number of citations for the membrane-related papers was found to be 
351,996 in the US, 125,276 in China, 84,777 in Japan, 69,354 in Japan, 66,727 in the UK, 66,492 in 
Canada, (66,239), Australia (61,057), Korea (60,156), Netherlands (43,128), Spain (41,663), Italy 
(41,281) and India (40,121), Followed by the United States (0.31), China (0.11), Germany (0.08), 
Japan / France / Canada / Britain (0.6).

According to the concentration of each country, the USA tends to concentrate the most in the 
ion exchange process membrane (1.15), China in the wastewater treatment membrane (1.36), 
and Korea in the seawater desalination membrane (1.19). China, Spain, and Italy are the most 

Figure 8. Top countries with the highest number of paper publications.

Index of 
evaluation

KR* JP US CA DE FR GB IT NL CN IN CA ES

BAI** 0.06 0.07 0.24 0.05 0.06 0.05 0.05 0.04 0.03 0.2 0.05 0.05 0.05

BCI 4.03 3.8 4.02 3.91 4.04 3.99 3.98 3.95 4.21 3.94 4.02 3.91 4.06

BII 0.05 0.06 0.31 0.06 0.08 0.06 0.06 0.04 0.04 0.11 0.04 0.06 0.04

*ISO code: KR, Korea; JP, Japan; US, United States of America; CA, Canada; DE, Germany; FR, France; GB, United 
Kingdom; IT, Italy; NL, Netherlands; CN, China; IN, India; CA, Canada; ES, Spain.
**BAI: Bibliometric Activity Index, BCI: Bibliometric Citation Index, BII: Bibliometric Intensity Index.

Table 3. An analysis table about BAI, BII, and BCI by each country.
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Figure 9. An analysis graph about BAI, BII, and BCI by each country.

important for separating membranes for wastewater treatment, Germany for water treatment 
membranes, Korea, India, the UK, Australia, and the Netherlands for seawater desalination 
membranes, USA, Japan, And the researcher.

3. Analysis of patent applicants and papers published by technology

In this chapter, we analyzed the top applicants and papers published by each technology and each 
classification (separation membranes for wastewater treatment, purification membranes for water 
treatment, separators for seawater desalination, and separation membranes for ion exchange pro-
cesses). In the case of patents, applicants from all countries are categorized as applicants according 
to the section. The applicants are divided into three sections (1995–1999), two sections (2000–2004), 
three sections (2005–2009) (1997 ~ 2001), two sections (2002 ~ 2006), three sections (2007 ~ 2001), 
and three sections (2011 ~ 2016), and the changes in the top 13 countries were confirmed.

Looking at the top applicants by overall technology, although the overall strength of Japan 
can be seen, the number of Korean applicants for technology is gradually increasing (Korea 
Institute of Energy Research, Woongjin Chemical, LG Chem).

Toray Industries, Japan, ranked second place (31), second place (43), second place (43), and 
third place (48) (53 cases).

In the case of the thesis, if we look at the top publishing countries by overall technology, the 
overall strength of the USA is strong, but China and Korea are showing a sharp rise, and Japan is 
steadily declining. In Korea, it is ranked 13th place (130 cases) in one section, 7th place (538 cases) 
in two sections, 5th place (890 cases) in three sections, and 3rd place (1455 cases) in four sections.

Figures 10 and 11 and Tables 4 and 5 show the top patent applicants and top papers pub-
lished by technology in the last 10 years.
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3.1. Top applicant and posting office of separation membranes for wastewater 
treatment

Japan is the main applicant of the separation membranes for wastewater treatment. In Korea, the 
rankings are gradually increasing over time. (Korea Institute of Science and Technology, Korea 
Advanced Institute of Science and Technology, Woongjin Chemical), 4 (Korea Institute of Science 
and Technology), 2 (Korea Institute of Science and Technology, Phylos, Sinopec, and Samsung 
C & T). Among them, Korea Institute of Science and Technology (KIST) ranked eighth place 
(4 cases) in two sections, third place (7 cases) in three sections, and first place (9 cases) in four 
sections.

Figure 10. Comparison of total number of patent applications of global company in field of different membrane 
technology between the periods 2006 and 2016.

Figure 11. Comparison of total number of papers publications of global company in field of different membrane 
technology between the periods 2006 and 2016.
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C & T). Among them, Korea Institute of Science and Technology (KIST) ranked eighth place 
(4 cases) in two sections, third place (7 cases) in three sections, and first place (9 cases) in four 
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Figure 11. Comparison of total number of papers publications of global company in field of different membrane 
technology between the periods 2006 and 2016.
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In the case of the top publishing countries, the USA is strong overall, but China has steadily 
climbed to the top of the four sections, and Japan is steadily declining. In Korea, Korea ranked 
eighth place (46 cases) in the first section, fourth place (179 cases) in the second section, sixth 
place (236 cases) in the third section, and sixth place (350 cases) in the fourth section.

3.2. Top applicants and posting authorities for separation membrane for water 
treatment

The top applicants of water treatment membranes are generally Japan, but in Canada and the 
UK in the second section, in Korea in the third section and in Korea and the United States and 
Denmark in the fourth section, It can be seen that patent applications are increasingly being 
made in various countries. Toray Industries in Japan has filed more than 10 patents in all seg-
ments and continues to apply for patents related to separation membranes for water treatment. 
The Korean applicant has applied for Woongjin Coway (fourth place, 6 cases) in three sections, 
Woongjin Coway (fourth place, 5 cases) and Woongjin Chemical (sixth place, 4 cases) Can be.

In the case of the top publishing countries, the overall strength of the USA is strong, but China 
and Korea have shown a sharp rise, and Japan is showing a steady decline. In Korea, there are 
12 (17 cases), 1 (5 cases), 3 (7 cases), and 3 (223 cases).

3.3. Top applicant and posting office of seawater desalination membrane

The top applicant for seawater desalination membranes is Toray Industries, Japan, which 
has filed more than 10 applications in all segments, showing continuous applications for 
membrane-related desalination membranes. There are four applicants from Korea (Saehan), 
two from two sections (Saehan and KEPCO), four from three sections (Gwangju Institute of 
Science and Technology, Woongjin Chemical, Siontech and Hyosung) (LG Chem, Woongjin 
Chemical, Korea Research Institute of Chemical Technology, Korea Institute of Energy 
Research, Korea University, Korea Institute of Science and Technology).

In the case of the top publishing countries, the overall strength of the USA is strong but China 
and Korea have shown a sharp rise and Japan is showing a steady decline. Korea ranked 13th 
place (14 cases) in the first section, 13th place (53 cases) in the second section, 3rd place (203 
cases) in the third section, and 3rd place (453 cases) in the fourth section.

3.4. Top applicant and posting office for separation membranes for ion exchange 
processes

Asahi Glass is ranked first place in the first section (28 cases), first place in the second section 
(41 cases), first place in the third section (76 cases) (22 cases), showing a slight decline. In addi-
tion, Chlorine Engineers ranked sixth (8 cases) in one section, fourth place (19 cases) in two 
sections, fifth place (19 cases) in three sections, and fourth place (21 cases) in four sections. 
The application rose steadily. 1 in the three sections (Samsung SDI) and one in four sections 
(Korea Institute of Energy Research) in the ion exchange process.

In the case of top publishing countries, the USA has shown a decline but China and Korea 
have shown a sharp rise. Korea ranked 13th place (53 cases) in the first section, 7th place (207 
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In the case of the top publishing countries, the USA is strong overall, but China has steadily 
climbed to the top of the four sections, and Japan is steadily declining. In Korea, Korea ranked 
eighth place (46 cases) in the first section, fourth place (179 cases) in the second section, sixth 
place (236 cases) in the third section, and sixth place (350 cases) in the fourth section.

3.2. Top applicants and posting authorities for separation membrane for water 
treatment

The top applicants of water treatment membranes are generally Japan, but in Canada and the 
UK in the second section, in Korea in the third section and in Korea and the United States and 
Denmark in the fourth section, It can be seen that patent applications are increasingly being 
made in various countries. Toray Industries in Japan has filed more than 10 patents in all seg-
ments and continues to apply for patents related to separation membranes for water treatment. 
The Korean applicant has applied for Woongjin Coway (fourth place, 6 cases) in three sections, 
Woongjin Coway (fourth place, 5 cases) and Woongjin Chemical (sixth place, 4 cases) Can be.

In the case of the top publishing countries, the overall strength of the USA is strong, but China 
and Korea have shown a sharp rise, and Japan is showing a steady decline. In Korea, there are 
12 (17 cases), 1 (5 cases), 3 (7 cases), and 3 (223 cases).

3.3. Top applicant and posting office of seawater desalination membrane

The top applicant for seawater desalination membranes is Toray Industries, Japan, which 
has filed more than 10 applications in all segments, showing continuous applications for 
membrane-related desalination membranes. There are four applicants from Korea (Saehan), 
two from two sections (Saehan and KEPCO), four from three sections (Gwangju Institute of 
Science and Technology, Woongjin Chemical, Siontech and Hyosung) (LG Chem, Woongjin 
Chemical, Korea Research Institute of Chemical Technology, Korea Institute of Energy 
Research, Korea University, Korea Institute of Science and Technology).

In the case of the top publishing countries, the overall strength of the USA is strong but China 
and Korea have shown a sharp rise and Japan is showing a steady decline. Korea ranked 13th 
place (14 cases) in the first section, 13th place (53 cases) in the second section, 3rd place (203 
cases) in the third section, and 3rd place (453 cases) in the fourth section.

3.4. Top applicant and posting office for separation membranes for ion exchange 
processes

Asahi Glass is ranked first place in the first section (28 cases), first place in the second section 
(41 cases), first place in the third section (76 cases) (22 cases), showing a slight decline. In addi-
tion, Chlorine Engineers ranked sixth (8 cases) in one section, fourth place (19 cases) in two 
sections, fifth place (19 cases) in three sections, and fourth place (21 cases) in four sections. 
The application rose steadily. 1 in the three sections (Samsung SDI) and one in four sections 
(Korea Institute of Energy Research) in the ion exchange process.

In the case of top publishing countries, the USA has shown a decline but China and Korea 
have shown a sharp rise. Korea ranked 13th place (53 cases) in the first section, 7th place (207 

Desalination and Water Treatment214

R
an

ki
ng

M
B

R
W

at
er

 tr
ea

tm
en

t
D

es
al

in
at

io
n

Io
n 

ex
ch

an
ge

C
om

pa
ny

C
ou

nt
ry

N
um

be
r

C
om

pa
ny

C
ou

nt
ry

N
um

be
r

C
om

pa
ny

C
ou

nt
ry

N
um

be
r

C
om

pa
ny

C
ou

nt
ry

N
um

be
r

1
K

IS
T

K
R

9
To

ra
y 

In
du

st
ri

es
JP

15
To

ra
y 

In
du

st
ri

es
JP

29
K

ur
ar

ay
JP

24

2
Su

m
ito

m
o 

El
ec

tr
ic

JP
9

M
its

ub
is

hi
 

R
ay

on
JP

8
To

ra
y 

ch
em

ic
al

JP
21

K
IE

R
K

R
22

3
G

en
er

al
 

El
ec

tr
ic

U
S

9
To

sh
ib

a
JP

8
LG

 C
he

m
ic

al
K

R
12

A
sa

hi
 G

la
ss

JP
22

4
To

ra
y 

In
du

st
ri

es
JP

9
W

oo
ng

jin
 

C
ow

ay
K

R
5

Su
m

ito
m

o 
El

ec
tr

ic
JP

12
C

hl
or

in
e 

En
gi

ne
er

s
JP

21

5
Ph

ilo
s

K
R

7
To

ra
y 

C
he

m
ic

al
JP

4
W

oo
ng

jin
 

C
he

m
ic

al
K

R
12

A
sa

hi
 K

as
ei

 
C

he
m

ic
al

s
JP

17

6
Sy

no
pe

x
K

R
7

W
oo

ng
jin

 
C

he
m

ic
al

K
R

4
K

R
IC

T
K

R
8

A
sa

hi
 K

as
ei

 
E-

M
at

er
ia

ls
JP

17

7
K

ur
ita

 W
at

er
JP

6
A

qu
ap

or
in

D
K

3
K

IE
R

K
R

8
Fu

ji 
Fi

lm
JP

14

8
Pa

lo
 A

lto
 

R
es

ea
rc

h
U

S
6

K
ob

el
co

 
Ec

o-
So

lu
tio

n
JP

3
K

or
ea

 
U

ni
ve

rs
ity

K
R

8
N

itt
o 

D
en

ko
JP

11

9
Sa

m
su

ng
 

C
&

T
K

R
5

C
el

ga
rd

U
S

3
M

its
ub

is
hi

 
H

ea
vy

 In
d

JP
7

Fu
ji 

Fi
lm

 
M

an
uf

ac
tu

ri
ng

N
L

11

10
A

qu
a 

Ec
os

JP
5

G
en

er
al

 E
le

ct
ri

c
U

S
3

K
IS

T
K

R
6

G
en

er
al

 E
le

ct
ri

c
U

S
11

IS
O

 c
od

e:
 K

R
, K

or
ea

; J
P,

 Ja
pa

n;
 U

S,
 U

ni
te

d 
St

at
es

 o
f A

m
er

ic
a;

 D
K

, D
en

m
ar

k;
 N

L,
 N

et
he

rl
an

ds
.

Ta
bl

e 
4.

 P
at

en
t a

pp
lic

at
io

n 
co

m
pa

ny
 b

y 
ea

ch
 te

ch
no

lo
gy

 (p
as

t 1
0 

ye
ar

s)
.

Research Trend of Membranes for Water Treatment by Analysis of Patents and Papers’…
http://dx.doi.org/10.5772/intechopen.76694

215



cases) in the second section, 4th place (325 cases) in the third section, and 4th place (429 cases) 
in the fourth section.

4. Conclusion

The purpose of this review is to examine the progress of research on the water treatment 
membranes of each country by evaluating the technical competitiveness of the patent and 
thesis of the water treatment membranes. In order to evaluate the competitiveness of pat-
ent technology, we analyzed the technology using four evaluation items: patent activity, 
patent concentration, patent market power, and patent influence. Of the 4433 valid patents 
searched for in relation to water treatment membrane technology, Korea, which belongs 
to the top 10 countries, ranked second place in patent activity, 10th place in patent market 
power, and 7th place in patent efficacy, indicating a concentration tendency. As a result of 
analyzing the top applicants by technology and section, it is found that Japan is much stron-
ger overall, among which Toray Industries, Nitto Denko, and Asahi Glass are among the top 
applicants. In recent years, however, applications have been actively being made in Korea, 
such as Korea Institute of Energy Research, Korea Institute of Science and Technology, and 
Saehan. In addition, some applications related to the technology have appeared in other 

Ranking MBR Water treatment Desalination Ion exchange

Country Number Country Number Country Number Country Number

1 China 1998 China 812 China 1015 United States 1032

2 United States 921 United States 751 United States 970 China 1255

3 Spain 481 South Korea 223 South Korea 453 South Korea 429

4 Australia 405 India 219 Australia 358 India 360

5 India 364 Australia 205 India 266 Japan 294

6 South Korea 350 Spain 166 Spain 263 Germany 249

7 Italy 288 Canada 149 United 
Kingdom

199 Canada 236

8 Canada 273 Germany 136 Germany 191 France 225

9 United 
Kingdom

217 Japan 134 Japan 184 United 
Kingdom

208

10 Germany 210 United 
Kingdom

130 Netherlands 157 Spain 180

11 Japan 203 France 120 France 151 Italy 141

12 France 185 Netherlands 112 Canada 143 Australia 121

13 Netherlands 154 Italy 107 Italy 140 Netherlands 109

Table 5. Papers application country by each technology (past 10 years).
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countries such as the USA and Canada. The competitiveness of patent technology in Korea 
can be relatively low compared to Japan in relation to technology, but if the trend is steadily 
rising in the recent years, the competitiveness of patent technology in Korea will sufficiently 
increase in future.

In case of publishing the thesis, we analyzed the technical competitiveness of the thesis on the 
related technology by using three evaluation items, thesis activity, thesis influence, and the-
sis concentration. Among the 47,242 validated papers related to water treatment membrane 
technologies, Korea ranked among the top 13 countries in terms of thesis activities and ninth 
in terms of thesis influence, and the concentration of thesis was mostly on seawater desalina-
tion membranes (1.19). As a result of analyzing the top ranking countries by technology and 
sector, overall, the USA has shown stronger strength; China and Korea are rising sharply, and 
Japan has shown a declining trend. The technology competitiveness in Korea can be relatively 
low compared to the developed countries in the related technology, but if the trend is steadily 
rising in the recent years, the competitiveness of paper technology in Korea will sufficiently 
increase in future.

When the patent application and the publication of the papers are comprehensively judged, 
the activities of patents and theses are actively carried out, but the qualitative level (mar-
ket power, influence, concentration) is lower than those of the competitors. Among the 
four water treatment membrane technologies, Ion Exchange Membrane has the highest 
concentration of patents, of 0.57, the lowest among the top 10 countries, and its market 
power and influence remain low. The results of the papers showed a similar tendency as 
the patent applications. Though the activities of the thesis were recorded in the top 13 of 
the top applications, the influence of the quality of the thesis was recorded at the lowest 
level (ninth place). Particularly, in the case of the Republic of Korea, the separation mem-
brane for ion exchange process among the four water treatment membrane technologies 
has the highest activity rate but the least influence. This is considered to be a result of 
the high price formation, low durability, commercialization technology, and the forma-
tion of a supply system in the ion exchange membrane for the ion exchange process in the 
domestic market. In order to solve this problem (solar, wind, geothermal, etc.), technologi-
cal internalization through technological advancement, as well as a system that can secure 
economic efficiency, is important. In addition, it is necessary to develop pro-market-type 
products suitable for demand sites such as urban areas and industrial complexes that can 
respond to the increase in social demand for greenhouse gas reduction and stability of 
the metropolitan area system. It is necessary to utilize it as a strategy to cope with climate 
change and power plants and to utilize renewable energy in the medium and long term. 
Will gradually increase..
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Abstract

In recent years, there has been a growing interest in utilizing inorganic membranes, 
particularly alumina (Al2O3) ceramic membranes (CMs), and to address a variety of sepa-
ration problems in miscellaneous industry. Al2O3 membranes are commercially predomi-
nant in CMs market. Al2O3 material is generally used either as membrane support and/or 
as membrane layer due to advantages provided by this material and its derivatives such 
as availability in tonnage quantities, chemical inertness, good hardness, and thermal sta-
bility of the porous texture during elaboration steps. In this chapter, we comprehensibly 
look at the recent studies related to desalination and water treatment by ultrafiltration 
(UF), nanofiltration (NF) Al2O3 membrane, and highlight the separation properties of 
the membrane in specific environmental pollution. The influences of membrane operat-
ing conditions and water quality on the rejection of pollutant by Al2O3 membrane are 
reported through a series of bench-level experiments.

Keywords: Al2O3, ceramic membrane, nanofiltration, ultrafiltration, desalination, 
wastewater treatment

1. Introduction

The rapid increase in urbanization and industrialization has led to the global economic devel-
opment, which has significantly contributed to the human welfare, but leaded at the same 
time to severe environmental degradation that automatically affects sustainable development. 
Indeed, the uncontrollable rise of waste and wastewater discharges create a series of environ-
mental issues, making difficulty to access to water of adequate quality for human consumption 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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Abstract

In recent years, there has been a growing interest in utilizing inorganic membranes, 
particularly alumina (Al2O3) ceramic membranes (CMs), and to address a variety of sepa-
ration problems in miscellaneous industry. Al2O3 membranes are commercially predomi-
nant in CMs market. Al2O3 material is generally used either as membrane support and/or 
as membrane layer due to advantages provided by this material and its derivatives such 
as availability in tonnage quantities, chemical inertness, good hardness, and thermal sta-
bility of the porous texture during elaboration steps. In this chapter, we comprehensibly 
look at the recent studies related to desalination and water treatment by ultrafiltration 
(UF), nanofiltration (NF) Al2O3 membrane, and highlight the separation properties of 
the membrane in specific environmental pollution. The influences of membrane operat-
ing conditions and water quality on the rejection of pollutant by Al2O3 membrane are 
reported through a series of bench-level experiments.

Keywords: Al2O3, ceramic membrane, nanofiltration, ultrafiltration, desalination, 
wastewater treatment

1. Introduction

The rapid increase in urbanization and industrialization has led to the global economic devel-
opment, which has significantly contributed to the human welfare, but leaded at the same 
time to severe environmental degradation that automatically affects sustainable development. 
Indeed, the uncontrollable rise of waste and wastewater discharges create a series of environ-
mental issues, making difficulty to access to water of adequate quality for human consumption 
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and for industrial-scale production [1]. This strong dependence of pollution and water dete-
rioration on industrial activities is well witnessed in developing countries, where 90% of raw 
sewage and 70% of untreated industrial wastewater are released into water sources (surface 
and groundwater) [2]. Furthermore, the influence of industrial activities along with the vari-
ability of effluents quality and the leak of information of the exact amount of the untreated 
effluents exacerbates the situation [3]. The physicochemical analysis of wastewater demon-
strated a wild quantities of pollutants such as, nitrates, nitrites, dyes, organic components, 
and toxic heavy metals has been reported [4]. In addition, the presence of different pollutants 
in water has a direct impact in increasing chemical oxygen demand (COD), biological oxygen 
demand (BOD), total dissolved solids (TDS), and salinity. Furthermore, regulations related to 
the quality of drinking water and wastewater has increasingly become severe. Therefore, the 
aim of finding balanced solution between environmental protection and industrial progress 
is an overarching objective for all policy-makers and scientific researchers. As a result, indus-
tries gained awareness of the importance of treating wastewater (recycle/reuse), and some 
treatment technologies have already been brought into practice [5]. However, the use of one 
technology over another depends on several factors. The efficiency of many current treatment 
technologies still needs significant improvements, from the energy point of view. Membrane 
technology has become a promising industrial alternative compared with traditional treat-
ment techniques, such as distillation, absorption, adsorption, extraction, activated sludge, 
trickling filters, stabilization ponds, and constructed wetlands. In fact, membrane processes 
for water treatment such as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and 
reverse osmosis (RO) have been used in industrial-scale for years now [6, 7]. These membranes 
are divided (based on material nature) into two categories, organic membranes (or polymeric 
membrane) and inorganic membranes (also referred to as ceramic or mineral membranes).

Polymeric membranes (PMs) are considered to be the first membrane generation, and they 
are on the frontline of wastewater treatment [8], recognized as an integral part of treatment 
processes. However, PMs suffer from diver’s limitations such as low-mechanical strength, 
low fluxes, restricted chemical and thermal stability, and the trade-off relationship between 
permeability (P) and selectivity as well as membrane fouling [9]. In contrast, the application 
of ceramic membranes (CMs) offers the advantage to work in harsh operating conditions due 
to their superior mechanical, thermal, chemical stability, and prolonged lifetime [10–12]. In 
addition, CMs are less exposed to the phenomenon of biofouling, caused by the membrane 
deterioration by bacteria [13]. Depending on the material nature, CMs can be elaborated in 
many configurations and with different pore size, which facilitates their use. Among the 
various minerals materials (titania (TiO2), silica (SiO2), and zirconia (ZrO2)…) used in CMs 
elaboration. Alumina (Al2O3) is the most applied material due to economical consideration 
along with its ability to resist in high transmembrane pressures (TMP) [14]. Usually, Al2O3 
CMs (Al2O3-CM) are fabricated in a multi-layer structure, in other words, each layer is differ-
ent than another in pore size and thickness. Furthermore, Al2O3 is known by two impressive 
characteristics, namely by its hydrophilic and covalent bonding characteristics [11, 15].

Al2O3-CMs for UF and NF have shown an interesting efficiency in desalination and water 
treatment. As known in membrane technology, the efficient membrane should combine 
high permeability with high rejection. These membranes have found several industrial 
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applications, which cover sea water desalination, food production, gas and vapor separa-
tion, and domestic and oily wastewater treatment. Indeed, UF membranes demonstrate good 
performance in removing turbidity and pathogens, and they are very effective and reliable 
in removing microbiological parasites, dyes, and some ions in specific conditions. Mostly, 
Al2O3-UF has been efficiently applied for the separation of components with a size ranging 
from 2 to 100 nm (like proteins and colloidal particles). The Al2O3-NF membranes have been 
operated for separation of components with low-molecular weight (MWCO 200–1000) and 
electrolyte by optimization of operating conditions.

2. Development of ceramic membranes (CMs)

The word membrane in association with the separation phenomenon, purification or concen-
tration processes is defined as a thin semi-permeable layer, which separates two phases. This 
semi-permeable layer is able to selectively restrict the transport of one or many components. 
In other words, a membrane is a thin layer that allows a component to pass more readily 
than others (Figure 1). The components that pass through the membrane are called permeate, 
whereas the components that are retained are defined as retentate [16]. Also, it should be noted 
that the first recorded research on membrane phenomenon appears to be done by French Abbe 
Nollet in 1748, and Fick is the first to synthesize membrane from nitrocellulose (organic). The 
first membrane filters were commercialized in 1927 by the Sartorius Company [17].

However, the elaboration of inorganic membranes only started around the 1940s, by the 
development of Vycor glass membranes [18]. The first application of the CM is related to the 
uranium isotopes separation by gaseous diffusion processes. In 1973, two companies Ceraver 
and Euroceral started to produce ceramic oxide support for nuclear fission industries, which 
still are operating in Eurodif plant (France) [19]. The intensive research and the continuous 
development of CMs have resulted in the elaboration of MF and UF membranes. The concept 
of liquid filtration was developed by Carre in 1960, and the filtration was done on dynamic 
zirconium hydroxide. In addition, SFEC is the first company to manufacture cross-flow filtra-
tion system equipped with the inorganic membrane (1978s) [18]. Recently, CMs have under-
gone notable development due to its different advantages and have been widely adopted.

Figure 1. Principe filtration by membranes.
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Membrane processes are categorized based on the types of driving force and pore size solu-
tion as well as the phases of permeate and feed. The driving force can take different forms; this 
force can be a concentration gradient, pressure, or voltage difference across the membrane. 
Depending on the driving force as well as the pore size, membrane processes are classified, 
therefore, to MF, UF, NF, RO, dialysis, electrodialysis (ED), and gas separation (GS) as in 
Table 1. However, it should be noted that even though dialysis, ED, and GS process are con-
ducted in liquid phase, but CMs have not been yet applied to this kind of separation processes 
[20]. To overcome the problem of complexity of water pollution, as well as the limitations of 
individual systems, a combination of membrane techniques can be used.

2.1. Membrane materials

Inorganic membranes are generally classified into porous and amorphous membranes, 
porous and crystalline membranes, and dense membranes. The materials used in the elabora-
tion of dense CMs are usually metals, such as palladium, nickel, silver, and zirconium, while 
porous CMs are produced from metallic oxides (Al2O3, ZrO2, TiO2, and SiO2), carbon, and 
zeolites. The use of a martial than another depends on the preparation technique and the 
desired membrane structure. CMs with a large game of pores size can be obtained with differ-
ent preparation techniques, as an example the slip-casting tape-casting technique, pressing, 
extrusion, the sol–gel, and dip-coating processes (Table 2).

Tighter UF and NF membranes are generally prepared by the sol–gel technique. In addition, 
alpha alumina (α-Al2O3) and gamma alumina (γ-Al2O3) are the most common CMs materials. 
The attractive use of Al2O3 in membrane elaboration is mainly due to its properties, such as 
high resistance to organic solvent, narrow particle size distribution, high-surface area as well as 
a high-density. Table 3 demonstrates the thermal and mechanical properties of Al2O3 as CMs 
material. In addition, the great abundance of this material, as well as its chemical stability and a 
small amount of shrinkage makes Al2O3 the most encouraging option in CMs elaboration [21–23].

Al2O3 powder (as a raw material) is principally produced by the Bayer process using the baux-
ite mineral. While Al2O3 porous membrane have been prepared by the holds method in which 

Process Nominal pore size Driving force Average permeability

L/m2 h bar

Microfiltration 0.05–10 μm 1–3 bar 500

Ultrafiltration 0.001–0.05 μm 2–5 bar 150

Nanofiltration <2.0 nm 5–15 bar 10–20

Reserve osmosis <1 nm 15–75 bar 5–10

Gas separation <0.5–1 nm

Membrane distillation 0.5–2 nm

Electrodialysis MW < 200 Da Electrical potential, 1–2 V/cell

Table 1. Classification of membrane processes [8, 20].
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boehmite sol is made by the hydrolysis of aluminum butoxide or aluminum propoxide in hot 
water (above 80°C) and peptized by acid (nitric acid) afterward [20]. Al2O3 is classified into two 
major groups depending on the purity of Al2O3, the first of high-grade with 99%, and the second 
grade between 80 and 99% of Al2O3. The color of Al2O3 changes along with the addition of addi-
tives or the presences of impurities, the sintering atmosphere, and by the interaction with ion-
izing radiation. In general, Al2O3 is characterized by a white color. However, in some cases, it can 
change the coloration to pink (when the purity of Al2O3 is equal to 88%) or brown (96% alumina).

Generally, the oxide of stoichiometry Al2O3 is well known by a large diversity of phases. The 
structural diversity of Al2O3 is emphasized in a series of transitions (α, γ, χ, κ, δ, θ, and η). 
Transition means that the crystal structure of Al2O3 depends on temperature. It is thermody-
namically varied from unstable to stable, and it should be noted that α-Al2O3 (Corundum) is 
the most thermodynamically stable form of alumina (Al2O3) (Figure 2).

An increase in firing temperature above 1000°C leads to the phase transition of γ-Al2O3 to α-Al2O3. 
As a result, a conversion of UF membranes to MF membranes is obtained. Further, Figure 3 

Preparation techniques Metallic oxides

Sol–gel γ-Al2O3, SiO2, TiO2, ZrO2

Chemical vapor deposition SiO2

Pyrolysis SiC, Si3N4

Hydrothermal treatment Silicalite

Anodic oxidation Al2O3 (Amorphous)

Phase separation/ leaching SiO2

Dynamic membranes ZrO2 (Amorphous)

Table 2. Preparation techniques of CMs [8].

Mechanical properties

Tensile Strength (MPa) 117–173

Bending Strength (MPa) 307–413

Modulus of Elasticity (E) x108 (MPa) 21.27–26.8

Compressive Strength (MPa) 1600–3733

Modulus of Rigidity (G) × 108 (MPa) 8.67–11.3

Hardness on the Mohs scale 9

Thermal properties

Melting point (°C) 2051 ± 9.7

Thermal coefficient at 200–1000°C 8.80 × 10−6

Boiling point (°C) 3530 ± 200

Table 3. Mechanical and thermal properties of alumina [21, 22].
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Figure 2. Transitions of alumina (Al2O3) [24].

Figure 3. Material and pore sizes for use in liquid separation [20, 25].

shows a schematic diagram of pore sizes obtained with Al2O3 materials that have been used for 
liquid separation. α-Alumina has excellent stability in both acidic and basic pH; however, it has a 
limitation in pore size, which is in a range of MF (larger than 100 nm). On the other side, γ- Al2O3 
is not stable as in the case of α-Al2O3, however, it has a pore size as in UF range (4 nm).

When Al2O3 surface is hydrated, there is a finite solubility of Al2O3 into the water. The limit 
of solubility as well as the type of species in the solution depends upon the solution pH 
and temperature. Indeed, the hydrated surface of Al2O3 is known by amphoteric behavior, 
which means that the sign and the charge density of membrane surface can be controlled 
by controlling pH solution. The point of zero charge (pzc) is the value for which the electric 
charges of the fixed cations globally neutralize anions, which was found to be around 8 
and 9. At pH above the pHpzc, the surface of membrane is negative, which is explained 
by the acidic dissociation of the surface hydroxyl groups Eq. (1). While the positive charge 
when the pH is below pHpzc is explained by proton addition to the neutral aquo com-
plex due to the existence of AlOH2

+ groups Eq. (2), depending on the following reactions  
(Eqs. (1) and (2)):
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  Al—OH +  H  2   O ↔ Al—   OH  2     +  +  OH   −   (1)

  Al—OH +  H  2   O ↔ Al—  O   −  +  H  3    O   +   (2)

Application of Al2O3 membrane widely use a porous structure specially in solid–liquid and 
solid-GS, which is due to Al2O3 high structural durability, low-energy, easy cleaning, and 
mostly controllable microstructure [26]. In general, the elaboration of porous Al2O3 membrane 
implicates several techniques like green compact shaping and sintering, suspension prepara-
tion (by slurry or sol–gel processes). The preparation of Al2O3-CMs by extrusion method is 
commonly applied for membrane with tubular or multi-channel membrane, whereas tape-
casting technique is more suitable for Al2O3-CMs with flat sheet structure. Furthermore, 
pressing and slip-casting methods are usually used for the production of symmetric structure 
of Al2O3-CMs. The preparation of porous Al2O3-CM of an asymmetric structure is achieved 
by tape-casting using phase-inversion techniques [27]. Furthermore, multi-layer composite 
membranes with an asymmetric structure can be processed using coating techniques [28]. It 
is worth to mention that Al2O3 membranes (MF, UF, and NF) have naturally hydrophilic char-
acter due to the presence of an oxide material in the hydroxyl group. The hydrophilic char-
acter presents extremely polar properties, which causes the absorption of water molecules 
by forming a hydrogen bond [29]. However, a strong adhesion between Al2O3-CMs surface 
and foulants can mainly cause membrane fouling. Therefore, a superhydrophilic character of 
alumina’s membrane surface is more preferable [30].

2.2. Filtration modes

Membrane separation can be mainly operated in two modes (Figure 4), dead-end (frontal filtration) 
and cross-flow (tangential filtration). In dead-end filtration, feed solution flows perpendicularly 

Figure 4. Schematic of dead-end and cross-flow filtrations [8].
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Figure 2. Transitions of alumina (Al2O3) [24].

Figure 3. Material and pore sizes for use in liquid separation [20, 25].
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(Eqs. (1) and (2)):
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  Al—OH +  H  2   O ↔ Al—   OH  2     +  +  OH   −   (1)

  Al—OH +  H  2   O ↔ Al—  O   −  +  H  3    O   +   (2)
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tion (by slurry or sol–gel processes). The preparation of Al2O3-CMs by extrusion method is 
commonly applied for membrane with tubular or multi-channel membrane, whereas tape-
casting technique is more suitable for Al2O3-CMs with flat sheet structure. Furthermore, 
pressing and slip-casting methods are usually used for the production of symmetric structure 
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by forming a hydrogen bond [29]. However, a strong adhesion between Al2O3-CMs surface 
and foulants can mainly cause membrane fouling. Therefore, a superhydrophilic character of 
alumina’s membrane surface is more preferable [30].

2.2. Filtration modes

Membrane separation can be mainly operated in two modes (Figure 4), dead-end (frontal filtration) 
and cross-flow (tangential filtration). In dead-end filtration, feed solution flows perpendicularly 
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Figure 5. Membrane configurations [8, 32].

on the membrane surface, which leads to the accumulation and disposition of the retained sub-
stance on membrane surface. In most filtration applications, the accumulation of particles on 
the membrane surface causes the formation of cake over the operating time. Consequently, the 
membrane performance is severely reduced and required a periodic backwash to control the 
cake formation and fouling phenomenon. Therefore, the dead-end mode is impractical for efflu-
ent highly charged with solid particles and it recommended for conventional filtration processes 
with dilute feed, such as filtration of surface water or secondary industrial effluents [10].

In another hand, in the cross-flow filtration, the feed solution flows tangentially (in a perpen-
dicular direction) across the membrane. The cross-flow mode can result in higher permeation 
flux compare with the dead-end mode due that the stream continuously removes particles 
and simultaneously reduces the formation of cake layer as well as polarization layer [31]. 
Furthermore, the cross-flow filtration is extensively applied in most industrial large scales.

2.3. Membrane configuration

Large range of membrane devices is available for both cross-flow and dead-end modes. The 
expression “membrane configuration” makes reference to the membrane geometry and shape 
that depends on the flux of both permeate and feed solution pressure and fouling phenom-
enon. Generally, for CMs membrane, tree configurations are used in the water purification, 
namely tubular, flat disk and hollow fiber (as illustrated in Figure 5). These configurations are 
the commonly used the most in cross-flow mode [33].

In principle, the three types can be applied in dead-end configuration, however, there are sus-
ceptible to high fouling. For this reason, specific devices have been developed for dead-end 
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applications [34] such as syringe-end filters, centrifugal membrane, and vacuum filtration 
devices as illustrated in Figure 5. The most important properties for perfect membrane mod-
ules are high packing density, low-cost (operating and maintenance), good hydrodynamic 
propriety as well as cost-efficient production [35].

2.4. Membrane performance

For liquid separation, membrane performance is evaluated by simultaneous parameters, 
which are the permeate flux through the membrane and the rejection of soluble species, sus-
pended or dispersed species. In order to characterize the rejection of membrane R generally, 
size exclusion technique is used, where R depends on the pore size and the membrane char-
acter (hydrophilic/hydrophobic), and the operation conditions (pH, pressure…).

Furthermore, dissimilar types of solute/solvent solutions can be applied. Usually, macrosolute 
solutions (as PEGs) or dextrans are employed for UF membranes, while for characterization of 
NF membranes, a mixture of mono- and multivalent salt solutions are used. The apparent rejec-
tion (Ra) and the intrinsic rejection (Ri) are defined, respectively, as follows (Eqs. (3) and (4)):

   R  a   = 1 −   
 C  P  

 ___  C  f  
    (3)

    R  i   = 1 −   
 C  P  

 ___  C  W      (4)

where Cp, Cf, and Cw are, respectively, the species concentration in the permeate (Cp), feed, 
and at the membrane wall. The Ra is measured by sampling the feed and permeate phase, 
Ri takes into consideration the solute concentration at the membrane interface. It should be 
noted that a difference between Ri and Ra is due to the hydrodynamic resistance. To reduce 
this difference control of concentration and velocity of the feed solution is needed. R = 0 
indicates no separation acquired, whereas R = 1 reveals that solute is retained, and the only 
solvent passes through the membrane.

In the case of a pressure-driven process, the membrane hydraulic permeability (Lp) (m/s Pa) 
is an important indicator of the membrane functionality. Darcy’s law of flow through porous 
materials and r laminar flow conditions allows the determination the value of Lp accord-
ing to Eq. (5). It should be noted that the volumetric permeate flux (Jv) (m.s−1) is related  
to the TMP.

  Lp = J / ΔTMP  (5)

In addition, membranes know by fouling phenomenon. The membrane fouling is defined as 
the progressive accumulation of particles at the surface or in the pores of the membrane, which 
cause a decrease of permeates flux. The decrease in membrane capacity is mainly caused by 
the formation of a boundary layer during the process of filtration (Figure 6). Membranes 
fouling come in two forms: external fouling, which is the accumulation of rejected particles 
(foulants) on the external surface of the membrane, and an internal membrane fouling that 
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Figure 5. Membrane configurations [8, 32].

on the membrane surface, which leads to the accumulation and disposition of the retained sub-
stance on membrane surface. In most filtration applications, the accumulation of particles on 
the membrane surface causes the formation of cake over the operating time. Consequently, the 
membrane performance is severely reduced and required a periodic backwash to control the 
cake formation and fouling phenomenon. Therefore, the dead-end mode is impractical for efflu-
ent highly charged with solid particles and it recommended for conventional filtration processes 
with dilute feed, such as filtration of surface water or secondary industrial effluents [10].

In another hand, in the cross-flow filtration, the feed solution flows tangentially (in a perpen-
dicular direction) across the membrane. The cross-flow mode can result in higher permeation 
flux compare with the dead-end mode due that the stream continuously removes particles 
and simultaneously reduces the formation of cake layer as well as polarization layer [31]. 
Furthermore, the cross-flow filtration is extensively applied in most industrial large scales.

2.3. Membrane configuration

Large range of membrane devices is available for both cross-flow and dead-end modes. The 
expression “membrane configuration” makes reference to the membrane geometry and shape 
that depends on the flux of both permeate and feed solution pressure and fouling phenom-
enon. Generally, for CMs membrane, tree configurations are used in the water purification, 
namely tubular, flat disk and hollow fiber (as illustrated in Figure 5). These configurations are 
the commonly used the most in cross-flow mode [33].

In principle, the three types can be applied in dead-end configuration, however, there are sus-
ceptible to high fouling. For this reason, specific devices have been developed for dead-end 
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applications [34] such as syringe-end filters, centrifugal membrane, and vacuum filtration 
devices as illustrated in Figure 5. The most important properties for perfect membrane mod-
ules are high packing density, low-cost (operating and maintenance), good hydrodynamic 
propriety as well as cost-efficient production [35].

2.4. Membrane performance

For liquid separation, membrane performance is evaluated by simultaneous parameters, 
which are the permeate flux through the membrane and the rejection of soluble species, sus-
pended or dispersed species. In order to characterize the rejection of membrane R generally, 
size exclusion technique is used, where R depends on the pore size and the membrane char-
acter (hydrophilic/hydrophobic), and the operation conditions (pH, pressure…).

Furthermore, dissimilar types of solute/solvent solutions can be applied. Usually, macrosolute 
solutions (as PEGs) or dextrans are employed for UF membranes, while for characterization of 
NF membranes, a mixture of mono- and multivalent salt solutions are used. The apparent rejec-
tion (Ra) and the intrinsic rejection (Ri) are defined, respectively, as follows (Eqs. (3) and (4)):

   R  a   = 1 −   
 C  P  

 ___  C  f  
    (3)

    R  i   = 1 −   
 C  P  

 ___  C  W      (4)

where Cp, Cf, and Cw are, respectively, the species concentration in the permeate (Cp), feed, 
and at the membrane wall. The Ra is measured by sampling the feed and permeate phase, 
Ri takes into consideration the solute concentration at the membrane interface. It should be 
noted that a difference between Ri and Ra is due to the hydrodynamic resistance. To reduce 
this difference control of concentration and velocity of the feed solution is needed. R = 0 
indicates no separation acquired, whereas R = 1 reveals that solute is retained, and the only 
solvent passes through the membrane.

In the case of a pressure-driven process, the membrane hydraulic permeability (Lp) (m/s Pa) 
is an important indicator of the membrane functionality. Darcy’s law of flow through porous 
materials and r laminar flow conditions allows the determination the value of Lp accord-
ing to Eq. (5). It should be noted that the volumetric permeate flux (Jv) (m.s−1) is related  
to the TMP.

  Lp = J / ΔTMP  (5)

In addition, membranes know by fouling phenomenon. The membrane fouling is defined as 
the progressive accumulation of particles at the surface or in the pores of the membrane, which 
cause a decrease of permeates flux. The decrease in membrane capacity is mainly caused by 
the formation of a boundary layer during the process of filtration (Figure 6). Membranes 
fouling come in two forms: external fouling, which is the accumulation of rejected particles 
(foulants) on the external surface of the membrane, and an internal membrane fouling that 
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represents the deposition or adsorption of microminiature particles or macromolecules within 
the internal pore structure of the membrane. The concentration polarization, during the initial 
period of filtering operation time, is one of the primary reasons for flux decline.

3. Different applications of Al2O3 UF, and NF ceramic membranes 
(CMs)

3.1. Desalination

Nowadays, desalination has become a very affordable solution to cope with the growing 
global water gap. However, even though water covers 70% of the earth surface but 97% of 
it has too high-salt content. The applications of separation techniques for desalination only 
cover 1% of the world’s potable water supply. Desalination by membrane technology is com-
monly performed by RO membranes. The use of polymeric as material for membrane desali-
nation has demonstrated some limitations such as membrane deterioration. For these reasons, 
research and development of new membrane materials could allow more opportunities for 
water desalination. Since the last decade, ceramic materials have known significant progress 
in desalination, especially using NF and UF membranes. The use of CMs especially γ-Al2O3 
membranes in water desalination and water softening showed potential application [37, 38].

γ-Al2O3 NF membranes were primarily investigated in salt rejection by different authors. 
Baticle et al. [39] compared the filtering performance of two tubular γ-Al2O3 NF membranes, 
fired at 450–650°C, in terms of ion rejection and flux. The two NF membranes were prepared 
by a sol–gel process [40] having a pore size near to 1.3 nm for the membrane fired at 450°C 
(M1), and near to 2 nm for the membrane fired at 650°C (M2). The filtration tests were car-
ried out in a tangential filtration setup. The tests were performed with different salts at a 

Figure 6. Schematic figure of membrane fouling and polarization phenomena [36].

Desalination and Water Treatment230

concentration of 0.01 mol/1 for M1 and 0.005 mol/l for M2 at applied pressure of 10 bar and 
pH (5, 0–5.6). For each salt, volume flux and rejection were measured at the steady state. In 
addition, an earlier work by Alami Younssi et al. [41] highlighted the rejection of mineral 
salts by a monotubular γ- Al2O3 NF membrane (M3) with a pore size of 0.7 nm obtained by 
sol–gel [40] and fired at 450°C. The filtration experiments of different salts at concentration 
of 0.01 mol/l were performed on tangential pilot and fixed pressure of 10 bar. The filtration 
results of the three membranes (M1, M2, and M3) are grouped in Table 4.

From Table 4, it can be concluded that the charge and size of different ionic species dra-
matically influence on the slat rejection. The ion valency has a dramatic effect, which can be 
manifested by an increase in salt rejection when the valency of the associated cation increase, 
M2+ (divalent cation) > M+ (monovalent cation). However, salt rejection decreases when the 
valency of the anion increases in the following order: NO3

− > C1− > SO4
2−. Furthermore, the dif-

ference in rejection obtained for ions having the same charge (rejection of Na+ > K+) is mainly 
due to hydration effect. It was also found that the low permeation rates lead to negligence of 
the concentration polarization phenomenon. The effect of sintering temperature was marked 
by a small decrease of salt rejection, when the temperature is changed from 450 to 650°C. This 
decline is in agreement with weak electric interactions caused by larger pores. However, a 
variation in the density of the charges on the surface of the two membranes cannot be excluded.

In addition, the sintering temperature of the membrane has a profound effect on water per-
meability rather than salt permeability, which is not radically affected. The main responsible 
phenomenon for the electrolyte rejection in the different experiments is the electric repulsion 
or attraction happening between the dissolved ions and the membrane surface charge.

Anions Cations pH R% of M1 R% of M2 R% of M3

NO3
−

NO3
−

NO3
−

NO3
−

NO3
−

NO3
−

Cl−

Cl−

Cl−

SO4
2−

SO4
2−

SO4
2−

SO4
2−

SO4
2−

SO4
2−

K+

Na+

Ca 2 +

Cu 2+

Cd 2+

Ni 2+

K+

Na+

Ni 2+

K+

Na+

Ca 2 +

Cu 2+

Cd 2+

Ni 2+

5.6

5.5

5.6

5.5

5.6

5.6

5.5

5.6

5.5

5.6

5.6

5.5

5

5.6

5.9

55

70

95

97

97

97

36

50

97

1

20

40

45

40

40

41

95

20

55

70

95

97

97

97

36

50

90

1

20

40

45

40

40

Table 4. Rejection rate of different salts on γ-alumina NF membrane.
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represents the deposition or adsorption of microminiature particles or macromolecules within 
the internal pore structure of the membrane. The concentration polarization, during the initial 
period of filtering operation time, is one of the primary reasons for flux decline.

3. Different applications of Al2O3 UF, and NF ceramic membranes 
(CMs)

3.1. Desalination

Nowadays, desalination has become a very affordable solution to cope with the growing 
global water gap. However, even though water covers 70% of the earth surface but 97% of 
it has too high-salt content. The applications of separation techniques for desalination only 
cover 1% of the world’s potable water supply. Desalination by membrane technology is com-
monly performed by RO membranes. The use of polymeric as material for membrane desali-
nation has demonstrated some limitations such as membrane deterioration. For these reasons, 
research and development of new membrane materials could allow more opportunities for 
water desalination. Since the last decade, ceramic materials have known significant progress 
in desalination, especially using NF and UF membranes. The use of CMs especially γ-Al2O3 
membranes in water desalination and water softening showed potential application [37, 38].

γ-Al2O3 NF membranes were primarily investigated in salt rejection by different authors. 
Baticle et al. [39] compared the filtering performance of two tubular γ-Al2O3 NF membranes, 
fired at 450–650°C, in terms of ion rejection and flux. The two NF membranes were prepared 
by a sol–gel process [40] having a pore size near to 1.3 nm for the membrane fired at 450°C 
(M1), and near to 2 nm for the membrane fired at 650°C (M2). The filtration tests were car-
ried out in a tangential filtration setup. The tests were performed with different salts at a 

Figure 6. Schematic figure of membrane fouling and polarization phenomena [36].
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concentration of 0.01 mol/1 for M1 and 0.005 mol/l for M2 at applied pressure of 10 bar and 
pH (5, 0–5.6). For each salt, volume flux and rejection were measured at the steady state. In 
addition, an earlier work by Alami Younssi et al. [41] highlighted the rejection of mineral 
salts by a monotubular γ- Al2O3 NF membrane (M3) with a pore size of 0.7 nm obtained by 
sol–gel [40] and fired at 450°C. The filtration experiments of different salts at concentration 
of 0.01 mol/l were performed on tangential pilot and fixed pressure of 10 bar. The filtration 
results of the three membranes (M1, M2, and M3) are grouped in Table 4.

From Table 4, it can be concluded that the charge and size of different ionic species dra-
matically influence on the slat rejection. The ion valency has a dramatic effect, which can be 
manifested by an increase in salt rejection when the valency of the associated cation increase, 
M2+ (divalent cation) > M+ (monovalent cation). However, salt rejection decreases when the 
valency of the anion increases in the following order: NO3

− > C1− > SO4
2−. Furthermore, the dif-

ference in rejection obtained for ions having the same charge (rejection of Na+ > K+) is mainly 
due to hydration effect. It was also found that the low permeation rates lead to negligence of 
the concentration polarization phenomenon. The effect of sintering temperature was marked 
by a small decrease of salt rejection, when the temperature is changed from 450 to 650°C. This 
decline is in agreement with weak electric interactions caused by larger pores. However, a 
variation in the density of the charges on the surface of the two membranes cannot be excluded.

In addition, the sintering temperature of the membrane has a profound effect on water per-
meability rather than salt permeability, which is not radically affected. The main responsible 
phenomenon for the electrolyte rejection in the different experiments is the electric repulsion 
or attraction happening between the dissolved ions and the membrane surface charge.
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The typical behavior of Al2O3 NF membranes was also found during the filtration of different 
salt solutions, such as AlCl3, FeCl3, CaCl2, MgCl2, NaCl, NH4Cl, MgSO4, and Na2SO4, by a 
γ-Al2O3/α-Al2O3 hollow fiber NF composite membranes (HFNF) prepared and characterized 
by Wang et al. [42]. The elaborated inorganic composite membranes were prepared by dip-
coating γ-AlOOH sol on α-Al2O3 hollow fiber and sintered at 750°C. The optimal hollow fiber 
NF membrane has a mean pore size of 1.61 nm and permeability P equal to 17.4 L/m2 h bar; this 
permeance was found to be much higher than reported in the literature (Table 5) due to the rela-
tively high-porosity (45%). Also, the membrane exhibited great chemical resistance in different 
solvents and harsh pH. Separation performance of the studied membrane, at applied pressure 
of 5.0 bar and fixed salt concentration of 2000 ppm, exhibited higher retentions of multivalent 
ions than monovalent ions, such as Fe3+ (97.1%) > Al3+ (90.9%) > Mg2+(85.0%) > Ca2+(84.1%)  
as in Figure 7. It could be explained by the dominance of Donnan exclusion mechanism and 
size exclusion mechanism [43].

Di Yu et al. [37] elaborated a thin homogeneous supported mesoporous γ-Al2O3 membrane 
on top of hybrid α-Al2O3 support with a pore size of 4 nm. The preparation of the γ-Al2O3 
membranes was obtained by dipping supports in a nanoparticle precursor dispersion and 
applied for water permeation and purification of salt solutions. The experiments were con-
ducted on a dead-end mode (300 kPa), and the water flux was measured to calculate the 
permeability of the membrane (7.7 L/m2 h bar). Aqueous solutions prepared from CaCl2 and 
NaCl salts with a concentration of 10−3 mol/l along with an artificial sea water sample were 
used to demonstrate the perselectivity of the NF membrane. The pH of the synthesized salt 
solutions (except the pH of sea water is natural pH) was adjusted to be 4.6 to the surface of 
the γ-Al2O3 is properly charged with adsorbed positive ions, and not chemically attacked. 
The results showed a high-rate rejection for Ca2+ and Na+ ions (98.7% for Ca2+, > 79.0% for Na+) 
and matched the typical behavior of NF membrane in the manner that retained hydrated ions 
(~0.5 nm) are much smaller than the NF membrane pore size (~4 nm). However, the rejection 
of sea water is weak and found to be 6.3%. These results were explained either by a surface 
adsorption chemistry and/or electrokinetic interaction between the ions in the solution and 
the adsorbed ions.

From the different parameters influencing the selectivity and permeability of NF and UF CMs 
filled with electrolytes, we found pressure and potential gradients the consequences of these 
parameters are the results of phenomena like streaming potential, electro-osmosis, and elec-
troviscous retardation, which influences the flow of electrolyte solutions [48]. This was in coin-
cidence with the results as Wang et al. [42] observed. The salts transport mechanism through 
this membrane, relied on diffusion and convection [49]. The diffusion which resulted from a 
concentration difference governed at lower pressure. Contrary, the convection which is due to 
a pressure gradient across the membrane dominates the filtration process at elevated applied 
pressures [50]. That is the drag forces are less important than the surface forces, when the pres-
sure is low. In contrast, as the pressure increases the surface forces stays constant while increas-
ing velocity in membrane pores leads to an increase of the drag forces toward the permeate.

For a fixed concentration it has demonstrated that the reflection coefficient (σ) and solute per-
meability (P), which are the phenomenological coefficients, depend on the nature of the cation 
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The typical behavior of Al2O3 NF membranes was also found during the filtration of different 
salt solutions, such as AlCl3, FeCl3, CaCl2, MgCl2, NaCl, NH4Cl, MgSO4, and Na2SO4, by a 
γ-Al2O3/α-Al2O3 hollow fiber NF composite membranes (HFNF) prepared and characterized 
by Wang et al. [42]. The elaborated inorganic composite membranes were prepared by dip-
coating γ-AlOOH sol on α-Al2O3 hollow fiber and sintered at 750°C. The optimal hollow fiber 
NF membrane has a mean pore size of 1.61 nm and permeability P equal to 17.4 L/m2 h bar; this 
permeance was found to be much higher than reported in the literature (Table 5) due to the rela-
tively high-porosity (45%). Also, the membrane exhibited great chemical resistance in different 
solvents and harsh pH. Separation performance of the studied membrane, at applied pressure 
of 5.0 bar and fixed salt concentration of 2000 ppm, exhibited higher retentions of multivalent 
ions than monovalent ions, such as Fe3+ (97.1%) > Al3+ (90.9%) > Mg2+(85.0%) > Ca2+(84.1%)  
as in Figure 7. It could be explained by the dominance of Donnan exclusion mechanism and 
size exclusion mechanism [43].

Di Yu et al. [37] elaborated a thin homogeneous supported mesoporous γ-Al2O3 membrane 
on top of hybrid α-Al2O3 support with a pore size of 4 nm. The preparation of the γ-Al2O3 
membranes was obtained by dipping supports in a nanoparticle precursor dispersion and 
applied for water permeation and purification of salt solutions. The experiments were con-
ducted on a dead-end mode (300 kPa), and the water flux was measured to calculate the 
permeability of the membrane (7.7 L/m2 h bar). Aqueous solutions prepared from CaCl2 and 
NaCl salts with a concentration of 10−3 mol/l along with an artificial sea water sample were 
used to demonstrate the perselectivity of the NF membrane. The pH of the synthesized salt 
solutions (except the pH of sea water is natural pH) was adjusted to be 4.6 to the surface of 
the γ-Al2O3 is properly charged with adsorbed positive ions, and not chemically attacked. 
The results showed a high-rate rejection for Ca2+ and Na+ ions (98.7% for Ca2+, > 79.0% for Na+) 
and matched the typical behavior of NF membrane in the manner that retained hydrated ions 
(~0.5 nm) are much smaller than the NF membrane pore size (~4 nm). However, the rejection 
of sea water is weak and found to be 6.3%. These results were explained either by a surface 
adsorption chemistry and/or electrokinetic interaction between the ions in the solution and 
the adsorbed ions.

From the different parameters influencing the selectivity and permeability of NF and UF CMs 
filled with electrolytes, we found pressure and potential gradients the consequences of these 
parameters are the results of phenomena like streaming potential, electro-osmosis, and elec-
troviscous retardation, which influences the flow of electrolyte solutions [48]. This was in coin-
cidence with the results as Wang et al. [42] observed. The salts transport mechanism through 
this membrane, relied on diffusion and convection [49]. The diffusion which resulted from a 
concentration difference governed at lower pressure. Contrary, the convection which is due to 
a pressure gradient across the membrane dominates the filtration process at elevated applied 
pressures [50]. That is the drag forces are less important than the surface forces, when the pres-
sure is low. In contrast, as the pressure increases the surface forces stays constant while increas-
ing velocity in membrane pores leads to an increase of the drag forces toward the permeate.

For a fixed concentration it has demonstrated that the reflection coefficient (σ) and solute per-
meability (P), which are the phenomenological coefficients, depend on the nature of the cation 
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Figure 7. Retentions of various salts for HFNF membrane (at ΔP 5.0 bar and fixed salt concentration of 2000 ppm) [42].

and the anion of the solution [39]. In general, the highest σ along with the weakest perme-
abilities has been achieved with divalent cation associated to a monovalent anion. Contrary, 
salt with monovalent cation and divalent anion lead to an increase in salt permeability and 
a decrease of σ. Similar behavior was observed by Bejaoui et al. [51] with an Osmonics spiral 
module equipped with a thin film composite HL membrane, characterized by a molecular 
weight cut-off (MWCO) for the organic compounds of about 150–300 Da. The results of the 
studies are grouped in Table 6. The same founding was also reported for γ-Al2O3 UF mem-
brane [52].

One of widespread behavior is the dependence of both flux and salt rejection on salt concen-
tration. The osmotic effect governs the permeate, whereas increasing the feed concentration 
led to a decrease of the rejection rate caused by shielding of the effective charge of the mem-
brane in the presence of a high electrolyte.

Among the first results appear to be promising in using γ-AL2O3 NF in water denitrification, 
is the study done by Alami Younssi et al. [41]. The removal of nitrate (NO3

−) ions in soft drink-
ing water doped with NO3

− was investigated using a NF tangential filtration pilot equipped 
with a membrane with 0.7 nm pore size and a fixed pressure of 10 bars. The preliminary 
results demonstrated that it is possible to reduce the concentration of NO3

− from 50 to 31 mg/l, 
by a single filtration step.

A recent study by Breida et al. [1] was carried out to highlight and understand the transport 
mechanism that governs the tangential filtration of NO3

− solutions through an UF γ-Al2O3 
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membrane with a nominal pore size of 5 nm and water permeability of 5 L/m2 h bar. The 
experimental filtration results were done on a series of various sources of NO3

− solutions 
and operating conditions (as pH, applied pressure, the initial concentration of NO3

−, and 
cation valency). The effect of applied pressure on NO3

− removal (the concentration of the 
different solution was equal to 50 mg/l, at natural pH) indicated that the rejection increased 
with pressure due to twofold force, the convection and friction forces. Furthermore, the 
rejection varies according to the associated cations and increases in the order of the follow-
ing sequence Mg2+ > Ca2+ > Na+ > K+, with highest NO3

− rejection above 80%, and at 6 bar 
for Mg (NO3)2 salts. Thereby, the hydrated radius and valency of associated cation had a 
dramatic effect on NO3ˉ rejection. Further, the results demonstrated that the rejection and 
permeate fluxes gradually decreased when the initial NO3ˉ concentration increased. The 
primary phenomenon that can justify the decrease in flux with concentration is the osmotic 
pressure difference and the partial plugging at higher concentration. In addition, the best 
ions rejections was obtained at low concentration (25 mg/l) with rate rejections equal to 87%, 
80%, 60%, and 52%, respectively, for Mg(NO3)2, Ca(NO3)2,NaNO3, and KNO3. An increase 
of the water complexity, especially the presence of divalent anions such as SO4

2−, decreased 
the rejection of NO3

−.

The selectivity of the γ-AL2O3 UF membrane in NO3
− removal strictly depended upon the pH 

[53–55]. Strong repulsion happened between the positive charged membrane and the multi-
valent cations, which lead to a high rejection of ions (Mg2+, Ca2+…). The rejection of NO3

− was 
found to grow with an increase of feed pH (range of pH from 3 to 9), due to electro-neutrality 
consideration. The high rejection of NO3

− was obtained around pHpzc by a rejection rate, 
which exceeded 80% for divalent cation Mg (NO3)2 and 50% for monovalent cation NaNO3. 
The charge density and hence the Donnan exclusion changed depending on the pH and gov-
erned the NO3

− separation (Figure 8. Electroneutrality).

The same UF membrane (γ-Al2O3 UF with a nominal pore size of 5 nm and water permeability 
of 7 L/m2 h bar) showed similar behavior in the removal of heavy metals such as Cd(NO3)2, 
CdSO4, and CdCl2 [52]. The result obtained during the study of the variation of salt’s retention 

Salts Membrane γ-Al2O3 NF

(at 5 × 10−3 mol/l)

HL membrane

(at 1 × 10−3 mol/l)

pH σ P (cm/s) pH σ P (cm/s)

NaC1 5.5 0.65 1.86 × 10−4 6 0.803 26.02

NaNO3 5.5 0.8 0 1.52 × 10−4

NaF 6 6 0.923 15.18

Na2SO4 5.5 0.17 2.2 × l0−4 6 0.947 1.29

NiCI2 5.6 0.86 0.13 × 10−4

NiSO4 5.6 0.37 3.1 × 10−4

Table 6. σ and P parameters in the presence of different salts for NF membranes.

Alumina Membranes for Desalination and Water Treatment
http://dx.doi.org/10.5772/intechopen.76782

235



Figure 7. Retentions of various salts for HFNF membrane (at ΔP 5.0 bar and fixed salt concentration of 2000 ppm) [42].

and the anion of the solution [39]. In general, the highest σ along with the weakest perme-
abilities has been achieved with divalent cation associated to a monovalent anion. Contrary, 
salt with monovalent cation and divalent anion lead to an increase in salt permeability and 
a decrease of σ. Similar behavior was observed by Bejaoui et al. [51] with an Osmonics spiral 
module equipped with a thin film composite HL membrane, characterized by a molecular 
weight cut-off (MWCO) for the organic compounds of about 150–300 Da. The results of the 
studies are grouped in Table 6. The same founding was also reported for γ-Al2O3 UF mem-
brane [52].

One of widespread behavior is the dependence of both flux and salt rejection on salt concen-
tration. The osmotic effect governs the permeate, whereas increasing the feed concentration 
led to a decrease of the rejection rate caused by shielding of the effective charge of the mem-
brane in the presence of a high electrolyte.

Among the first results appear to be promising in using γ-AL2O3 NF in water denitrification, 
is the study done by Alami Younssi et al. [41]. The removal of nitrate (NO3

−) ions in soft drink-
ing water doped with NO3

− was investigated using a NF tangential filtration pilot equipped 
with a membrane with 0.7 nm pore size and a fixed pressure of 10 bars. The preliminary 
results demonstrated that it is possible to reduce the concentration of NO3

− from 50 to 31 mg/l, 
by a single filtration step.

A recent study by Breida et al. [1] was carried out to highlight and understand the transport 
mechanism that governs the tangential filtration of NO3

− solutions through an UF γ-Al2O3 
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membrane with a nominal pore size of 5 nm and water permeability of 5 L/m2 h bar. The 
experimental filtration results were done on a series of various sources of NO3

− solutions 
and operating conditions (as pH, applied pressure, the initial concentration of NO3

−, and 
cation valency). The effect of applied pressure on NO3

− removal (the concentration of the 
different solution was equal to 50 mg/l, at natural pH) indicated that the rejection increased 
with pressure due to twofold force, the convection and friction forces. Furthermore, the 
rejection varies according to the associated cations and increases in the order of the follow-
ing sequence Mg2+ > Ca2+ > Na+ > K+, with highest NO3

− rejection above 80%, and at 6 bar 
for Mg (NO3)2 salts. Thereby, the hydrated radius and valency of associated cation had a 
dramatic effect on NO3ˉ rejection. Further, the results demonstrated that the rejection and 
permeate fluxes gradually decreased when the initial NO3ˉ concentration increased. The 
primary phenomenon that can justify the decrease in flux with concentration is the osmotic 
pressure difference and the partial plugging at higher concentration. In addition, the best 
ions rejections was obtained at low concentration (25 mg/l) with rate rejections equal to 87%, 
80%, 60%, and 52%, respectively, for Mg(NO3)2, Ca(NO3)2,NaNO3, and KNO3. An increase 
of the water complexity, especially the presence of divalent anions such as SO4

2−, decreased 
the rejection of NO3

−.

The selectivity of the γ-AL2O3 UF membrane in NO3
− removal strictly depended upon the pH 

[53–55]. Strong repulsion happened between the positive charged membrane and the multi-
valent cations, which lead to a high rejection of ions (Mg2+, Ca2+…). The rejection of NO3

− was 
found to grow with an increase of feed pH (range of pH from 3 to 9), due to electro-neutrality 
consideration. The high rejection of NO3

− was obtained around pHpzc by a rejection rate, 
which exceeded 80% for divalent cation Mg (NO3)2 and 50% for monovalent cation NaNO3. 
The charge density and hence the Donnan exclusion changed depending on the pH and gov-
erned the NO3

− separation (Figure 8. Electroneutrality).

The same UF membrane (γ-Al2O3 UF with a nominal pore size of 5 nm and water permeability 
of 7 L/m2 h bar) showed similar behavior in the removal of heavy metals such as Cd(NO3)2, 
CdSO4, and CdCl2 [52]. The result obtained during the study of the variation of salt’s retention 

Salts Membrane γ-Al2O3 NF

(at 5 × 10−3 mol/l)

HL membrane

(at 1 × 10−3 mol/l)

pH σ P (cm/s) pH σ P (cm/s)

NaC1 5.5 0.65 1.86 × 10−4 6 0.803 26.02

NaNO3 5.5 0.8 0 1.52 × 10−4

NaF 6 6 0.923 15.18

Na2SO4 5.5 0.17 2.2 × l0−4 6 0.947 1.29

NiCI2 5.6 0.86 0.13 × 10−4

NiSO4 5.6 0.37 3.1 × 10−4

Table 6. σ and P parameters in the presence of different salts for NF membranes.
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Figure 8. Electroneutrality phenomenon.

when the pH varies between 4 and 7 (concentration of 0.001 mo1/l and pressure of 10 bar) 
demonstrate a greater dependency on pH irrespective of the heavy metals. However, no 
marked effect was observed with respect to flow variation as a function of pH.

To summarize, Al2O3 NF, and UF membranes can be successfully employed in ions separa-
tion, this separation is governed by size and charge effect.

In order to enhance the performance of organic membranes, nano Al2O3 could be introduced 
in polymeric membrane to form new generation of membranes (composite membranes) 
with new performances that combine organic and CM proprieties. García-Fernández et al. 
[56] introduced γ-Al2O3 nanoparticles to polyethersulfone (PES) membrane and evaluate 
the effect of nanoparticles in improving the membrane performance for copper ion removal 
from aqueous solutions. The obtained results showed that γ-Al2O3 nano-composite mem-
branes prepared with 1.0 wt% of γ-Al2O3 nanoparticles possesses higher swelling and poros-
ity compared to intact PES. In addition, the membrane could remove around 60% of copper.

3.2. Dyes removal

Textile industries are reported to be one of the most polluting industries out of the different 
industrial sectors, considering both volume and composition of the discharged effluents [57, 
58]. The textile wastewater is composed of an elevated variability and complexity of pollut-
ants, caused by the use of dyes, and several reactive agents. They are characterized by high 
COD, salts concentration, pH, and strong coloration [59]. In addition, recent survey conducted 
by FICCI [60] reported that the water demand for the textile sector is likely to witness an 
increase due to the forthcoming industrial growth beside the significant rise in population. In 
order to overcome the problems generated by these effluents and to reuse it in the processes 
for industrial production, different chemical, physical, and biological techniques have been 
devoted to eliminate dyes from wastewaters. However, these methods are reviewed as good 
solution to meet legislative requirements but not enough to allow water reuse.

The process of separation by membrane techniques are currently viewed as economically, and 
technologically lucrative options for industrial wastewater treatment and the textile industry 
is one of the principal beneficiaries of membrane process [26, 59]. UF had been efficiently used 
for recycling insoluble dyes (such as indigo) and high-molecular weight, auxiliary chemicals, 

Desalination and Water Treatment236

and water [61, 62]. Al2O3 UF, and NF membranes result in reducing the various contaminants 
present in textile effluents, especially dyes, below permissible levels.

DeFriend et al. [63] investigated the use of Carboxylate-aluminoxane nanoparticles as an 
alternative to the traditional sol–gel method, for forming UF Al2O3 membranes. Al2O3 mem-
branes derived from A-alumoxane, prepared by the reaction of boehmite in acetic acid, and 
disposed on a α-Al2O3, were calcinated at 600°C. The average pore size was found to be 11 nm. 
The performance and rejection characteristic of the new A-alumoxane membranes along with 
the used support is described in the following Table 7.

The results presented in Table 7, demonstrate that the deposition of Al2O3, which was obtained 
from A-alumoxane, α-Al2O3 support results in a decrease in the permeability. Furthermore, 
the performance of the elaborated membrane was envisaged in the separation and discrimi-
nation of various synthetic dyes (Direct Red 81 (DR 81), Direct Red 75 (DR 75), Direct Blue 
71 (DB 71), Direct Yellow 62 (DY 62), and Direct Yellow 50 (DY 50)), the studied dyes have 
different molecular weights, sizes, and formal charge. The dye solutions were passed through 
a dead-end filtration system (pressure of 5.5x104 Pa (8 psi)), and the pH of these solutions was 
between 5.7 and 7.1 for all the dyes. The rate retentions obtained by the support, 40% for DB 
71, 39% for DR 75, 38% DY 50, 20% for DY 62, and 0% DR 81, were much weaker than the 
retentions achieved by the membrane (88% for DB 71, 90% for DR 75, 73% DY 50, 20% for DY 
62, and 90% DR 81), and this is for all dyes. The A-alumoxane membrane (7 nm) improves 
dye’s retention of about 40–90% over the support, without a significant increase in the total 
surface area. The used dyes are poly-sulfate salts characterized by a charge dependence on 
pH. Furthermore, the Al2O3 is well known for its dependency on the pH. On the basis of the 
amphoteric character of both dyes and membrane material, the authors study the effect of pH 
(an acidic pH = 1, 5, neutral pH = 6.5, and basic pH = 12, 5) on dyes removal. The results of this 
study are presented in Table 8.

Variations of pH value has no marked effect on the retention of dye by the support, but the 
alteration of pH has resulted either in increasing or decreasing the retention characteristics 
of the membranes. Under acidic conditions, there is a meaningful absorption of dyes on the 

Performance measurements α-Al2O3 support New A-alumoxane membranes

Particle size (nm) 100–500 7–25

Surface area (m2/g) 3.85 111

Average pore size (nm) 50 7

Surface roughness (nm) 67 9

Permeate flux (10−6 m/s) 1.42 0.85

Permeability (nm2) 36.7 22

MWCO (g/ mol) >500,000 >1000

MWCO pore size (nm) 31 >4

Table 7. Characteristics of Al2O3 and aluminate UF membranes derived from Al2O3 nanoparticles [63].
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Figure 8. Electroneutrality phenomenon.

when the pH varies between 4 and 7 (concentration of 0.001 mo1/l and pressure of 10 bar) 
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Textile industries are reported to be one of the most polluting industries out of the different 
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and water [61, 62]. Al2O3 UF, and NF membranes result in reducing the various contaminants 
present in textile effluents, especially dyes, below permissible levels.
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alternative to the traditional sol–gel method, for forming UF Al2O3 membranes. Al2O3 mem-
branes derived from A-alumoxane, prepared by the reaction of boehmite in acetic acid, and 
disposed on a α-Al2O3, were calcinated at 600°C. The average pore size was found to be 11 nm. 
The performance and rejection characteristic of the new A-alumoxane membranes along with 
the used support is described in the following Table 7.

The results presented in Table 7, demonstrate that the deposition of Al2O3, which was obtained 
from A-alumoxane, α-Al2O3 support results in a decrease in the permeability. Furthermore, 
the performance of the elaborated membrane was envisaged in the separation and discrimi-
nation of various synthetic dyes (Direct Red 81 (DR 81), Direct Red 75 (DR 75), Direct Blue 
71 (DB 71), Direct Yellow 62 (DY 62), and Direct Yellow 50 (DY 50)), the studied dyes have 
different molecular weights, sizes, and formal charge. The dye solutions were passed through 
a dead-end filtration system (pressure of 5.5x104 Pa (8 psi)), and the pH of these solutions was 
between 5.7 and 7.1 for all the dyes. The rate retentions obtained by the support, 40% for DB 
71, 39% for DR 75, 38% DY 50, 20% for DY 62, and 0% DR 81, were much weaker than the 
retentions achieved by the membrane (88% for DB 71, 90% for DR 75, 73% DY 50, 20% for DY 
62, and 90% DR 81), and this is for all dyes. The A-alumoxane membrane (7 nm) improves 
dye’s retention of about 40–90% over the support, without a significant increase in the total 
surface area. The used dyes are poly-sulfate salts characterized by a charge dependence on 
pH. Furthermore, the Al2O3 is well known for its dependency on the pH. On the basis of the 
amphoteric character of both dyes and membrane material, the authors study the effect of pH 
(an acidic pH = 1, 5, neutral pH = 6.5, and basic pH = 12, 5) on dyes removal. The results of this 
study are presented in Table 8.

Variations of pH value has no marked effect on the retention of dye by the support, but the 
alteration of pH has resulted either in increasing or decreasing the retention characteristics 
of the membranes. Under acidic conditions, there is a meaningful absorption of dyes on the 
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Al2O3 surface leading to a high rejection. However, in the basic pH range, the retention is 
mainly due to the charge repulsion between membrane pore surfaces and the dyes.

In the past few years, several major reports highlighted the effect of changing the charge of 
Al2O3 surface on permeate flux [42, 49]. At the pzc, the membrane has a lower net charge, which 
assumed that the permeate flux is higher as the electroviscous effects should be reduced. In 
another study (using a single tubular α-Al2O3 CMs) an increase in permeate flux with decreas-
ing pH was either below or above the pzc [64]. Further, the study indicated that during the 
filtration of solutions containing SiO2 on Al2O3 membrane, the highest permeation occurred at 
pH values of 2, and pH above 10. However, the lowest flux was obtained near a pH equal to 9.

Most recently, Oun et al. [65] prepared an UF membrane (mean pore diameter of about 50 nm) 
by simple deposition of TiO2 nano-powder on the internal surface of the tubular porous clay-
Al2O3 membrane support. The membrane is the result of a combination of extrusion, sintering, 
and slip-casting methods. Cross-filtration membrane tests were conducted to estimate the per-
meability and rate rejection of alizarin red dye. The decolorization efficiency of the membrane 
was studied as a function of the initial dye concentration, pH of the dye solutions, and the 
TMP. UF membrane demonstrated a water permeability of 117 L/m2 h bars. The highest reten-
tion of about 99% was observed at TMP of 5 bars, which is due to the dual functionality of the 
TiO2 layer, namely adsorption and filtration. Giving that the efficiency of the UF process of dyes 
removal dramatically depends on the pH of the feed solution, the alizarin dye showed a signifi-
cant dependence on pH. Indeed, the best rejection (above 98%) was obtained in alkaline solution 
at pH = 9. However, in acidic feed solution pH = 2 the rejection decreased to a value of 40%.

Synthetic dyes Dye MW (g/mol) Dye 
charge

pH Retention by membrane 
(%)

Retention by support (%)

DR 81 675 −2 1.87

6.05

12.52

100

90

94

0

0

0

DR 75 991 −4 1.63

6.45

12.56

97

20

66

20

20

20

DB 71 1030 −4 1.76

6.95

12.41

100

90

95

38

38

38

DY 62 771 −2 1.82

7.07

12.44

99

73

44

39

39

39

DY 50 957 −4 1.62

5.73

12.57

100

88

93

40

40

40

Table 8. Retentions of selected dyes by A-alumoxane-derived Al2O3 membranes at a specific pH [63].
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3.3. Application of Al2O3 NF and UF membranes in food applications

The demand for products with higher nutritional value and of processing procedures less 
harmful to the environment and to human health has recently known a tremendous growth. 
Furthermore, transferring of membrane processing to food industries has been the objective 
of many studies [18, 66]. The choice of working with CMs technologies in the food industry is 
mainly based on the different advantages obtained by these techniques such as ease of clean-
ing, food safety [67, 68], and the acquisition of newly food fractions that can be used for other 
food process. CMs allow simplifying the different production stages, by avoiding complex, 
and chemically stressful steps. This section investigates the application of Al2O3 NF and UF 
CMs in the field of food processing.

3.3.1. Filtration of dietary fats

Authors such as, Alicieo et al. [69] investigated the purification of crude soybean oil from 
several components (like pigments, sterols, phospholipids, free fatty acids, carbohydrates, 
proteins…), by use of UF membranes. The applied ceramic UF is a tubular membrane made 
of α-Al2O3/TiO2, with nominal pore size of 10 nm. The filtration tests were performed in cross-
flow configuration at 6 bar pressure. The UF membranes provide a high rejection for most of 
components. The rate rejection for phospholipids is 99.14%, 97.91% for soaps, along with a 
medium rejection for both free fatty acids, and color (54 and 42%, respectively).

In another work [70], Al2O3 multi-channel CMs with an average pore size of 50 nm was used to 
UF vegetable oil miscella (specifically removal of phospholipids from a mixture of extracted 
corn oil and solvent). The influence of TMP (0.5 and 1.5 bar) and the composition of miscella 
(between 25 and 35% w/w of corn oil) on phospholipids and permeates flux were studied. The 
increase of crude oil percentage into the miscella negatively influenced the flux of permeate. 
However, it favored the retention of phosphorus (P). In addition, it has been demonstrated 
that high TMP results in high retentions, however, when it comes to permeate flux, the tan-
gential velocity had a greater influence on flux than TMP. UF of 35% w/w of crude corn oil at 
1.5 bar resulted in 93.5% w/w rejection of the phospholipid.

3.3.2. Filtration of proteins

The purpose of protein separation and purification by membrane technologies is to ame-
liorate the stability and purity by removing pollutants. Furthermore, the membrane allows 
increasing the range of products that can be offered and reduced waste treatment costs. Some 
works have been carried out to upgrade liquids effluents by recovering proteins using UF and 
NF membranes [71].

Fist work on fish proteins recovering from the use of CMs was reported in 2003 [72]. The 
wastewaters were pretreated by a Al3O2 MF and filtered with NF membrane made of TiO2 and 
deposited on a Al3O2-TiO2 support. The applied pressures in the MF tests were ranging from 
3 to 5 bars with a cross-flow velocity (CFV) ranging from 2 to 4 m/s. Permeate and concentrate 
were recycled to the feed tank, in order to maintain the feed at an approximately constant 
concentration. The optimal conditions used during the effluent filtration by NF membrane 
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Al2O3 surface leading to a high rejection. However, in the basic pH range, the retention is 
mainly due to the charge repulsion between membrane pore surfaces and the dyes.

In the past few years, several major reports highlighted the effect of changing the charge of 
Al2O3 surface on permeate flux [42, 49]. At the pzc, the membrane has a lower net charge, which 
assumed that the permeate flux is higher as the electroviscous effects should be reduced. In 
another study (using a single tubular α-Al2O3 CMs) an increase in permeate flux with decreas-
ing pH was either below or above the pzc [64]. Further, the study indicated that during the 
filtration of solutions containing SiO2 on Al2O3 membrane, the highest permeation occurred at 
pH values of 2, and pH above 10. However, the lowest flux was obtained near a pH equal to 9.

Most recently, Oun et al. [65] prepared an UF membrane (mean pore diameter of about 50 nm) 
by simple deposition of TiO2 nano-powder on the internal surface of the tubular porous clay-
Al2O3 membrane support. The membrane is the result of a combination of extrusion, sintering, 
and slip-casting methods. Cross-filtration membrane tests were conducted to estimate the per-
meability and rate rejection of alizarin red dye. The decolorization efficiency of the membrane 
was studied as a function of the initial dye concentration, pH of the dye solutions, and the 
TMP. UF membrane demonstrated a water permeability of 117 L/m2 h bars. The highest reten-
tion of about 99% was observed at TMP of 5 bars, which is due to the dual functionality of the 
TiO2 layer, namely adsorption and filtration. Giving that the efficiency of the UF process of dyes 
removal dramatically depends on the pH of the feed solution, the alizarin dye showed a signifi-
cant dependence on pH. Indeed, the best rejection (above 98%) was obtained in alkaline solution 
at pH = 9. However, in acidic feed solution pH = 2 the rejection decreased to a value of 40%.

Synthetic dyes Dye MW (g/mol) Dye 
charge

pH Retention by membrane 
(%)

Retention by support (%)
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100

90
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0

0

0
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Table 8. Retentions of selected dyes by A-alumoxane-derived Al2O3 membranes at a specific pH [63].
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3.3. Application of Al2O3 NF and UF membranes in food applications

The demand for products with higher nutritional value and of processing procedures less 
harmful to the environment and to human health has recently known a tremendous growth. 
Furthermore, transferring of membrane processing to food industries has been the objective 
of many studies [18, 66]. The choice of working with CMs technologies in the food industry is 
mainly based on the different advantages obtained by these techniques such as ease of clean-
ing, food safety [67, 68], and the acquisition of newly food fractions that can be used for other 
food process. CMs allow simplifying the different production stages, by avoiding complex, 
and chemically stressful steps. This section investigates the application of Al2O3 NF and UF 
CMs in the field of food processing.

3.3.1. Filtration of dietary fats

Authors such as, Alicieo et al. [69] investigated the purification of crude soybean oil from 
several components (like pigments, sterols, phospholipids, free fatty acids, carbohydrates, 
proteins…), by use of UF membranes. The applied ceramic UF is a tubular membrane made 
of α-Al2O3/TiO2, with nominal pore size of 10 nm. The filtration tests were performed in cross-
flow configuration at 6 bar pressure. The UF membranes provide a high rejection for most of 
components. The rate rejection for phospholipids is 99.14%, 97.91% for soaps, along with a 
medium rejection for both free fatty acids, and color (54 and 42%, respectively).

In another work [70], Al2O3 multi-channel CMs with an average pore size of 50 nm was used to 
UF vegetable oil miscella (specifically removal of phospholipids from a mixture of extracted 
corn oil and solvent). The influence of TMP (0.5 and 1.5 bar) and the composition of miscella 
(between 25 and 35% w/w of corn oil) on phospholipids and permeates flux were studied. The 
increase of crude oil percentage into the miscella negatively influenced the flux of permeate. 
However, it favored the retention of phosphorus (P). In addition, it has been demonstrated 
that high TMP results in high retentions, however, when it comes to permeate flux, the tan-
gential velocity had a greater influence on flux than TMP. UF of 35% w/w of crude corn oil at 
1.5 bar resulted in 93.5% w/w rejection of the phospholipid.

3.3.2. Filtration of proteins

The purpose of protein separation and purification by membrane technologies is to ame-
liorate the stability and purity by removing pollutants. Furthermore, the membrane allows 
increasing the range of products that can be offered and reduced waste treatment costs. Some 
works have been carried out to upgrade liquids effluents by recovering proteins using UF and 
NF membranes [71].

Fist work on fish proteins recovering from the use of CMs was reported in 2003 [72]. The 
wastewaters were pretreated by a Al3O2 MF and filtered with NF membrane made of TiO2 and 
deposited on a Al3O2-TiO2 support. The applied pressures in the MF tests were ranging from 
3 to 5 bars with a cross-flow velocity (CFV) ranging from 2 to 4 m/s. Permeate and concentrate 
were recycled to the feed tank, in order to maintain the feed at an approximately constant 
concentration. The optimal conditions used during the effluent filtration by NF membrane 
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were obtained from previous microfiltrated fish meal effluent, and the subsequent concentra-
tion experiment was carried out at 4 bar, 4 m/s, ambient temperature, and pH = 6.3. Due to the 
deposition and adsorption of proteins on the surface and pore walls of Al3O2 membranes, the 
flux was found to decrease to 21% of the pure water values.

Recent research highlighted the potential use of ceramic modified nanofiber membrane for pro-
tein recovery [73]. The elaboration of the membrane was done through steps. Firstly, the boehm-
ite nanofibres were prepared by a hydrothermal reaction from Al2O3 colloidal gels [74, 75] and 
calcined at 500°C for 5 h to form γ-Al2O3. The prepared boehmite nanofibers were coated on 
the surface of α-alumina supports, calcinated at 500°C. Furthermore, silane groups were intro-
duced to change the surface proprieties of the prepared γ-Al2O3 nanofiber membranes. The 
pore size distribution indicated that the addition of nanofiber had improved remarkably the 
pore size of the support, from 700 to 11 nm and through reduced the permeability. However, 
the silane-grafted fiber membrane had no marked effect on pore size, but it changed the mem-
brane surface from hydrophilic to hydrophobic. Both γ-AL2O3 fiber membranes and silane-
grafted fiber membrane demonstrated good separation efficiency with the MWCO of 70 kDa 
(90%). The performance of the support and the resultant fiber membranes was investigated 
by tangential flow filtrations of proteins such as bovine serum albumin (BSA), cellulose, and 
trypsin. The rejection ability has been improved by 30% when Al2O3 nanofibres were coated on 
the support and this for all protein and concentrations. Furthermore, the silane-grafted Al2O3 
fiber membrane rejected 100% BSA protein, 92% cellulase protein, and 75% in case of trypsin 
protein (at a concentration of 400 ppm). Inconstancy, the efficiency of γ-AL2O3 fiber membrane 
in rejecting BSA is between 58 and 36% with various feeding concentrations. The difference in 
rate rejection of the two membranes can be attributed to the differences of pore size.

Because of ceramic fouling phenomena, more particularly in the case of whey proteins sepa-
ration, Svetlana Popovi et al. [76] studied the flux recovery procedure for ceramic tubular 
membrane fouled with whey proteins. The study evaluated the effect of the choice of rins-
ing, cleaning agents and concentration, and on CM cleaning efficiency. The experiments were 
done on two membranes of different pore size, an UF membrane made of ZrO2 filtering layer 
on an α-Al2O3 support (with a pore size of 50 nm), and a MF membrane of a 200 nm mean pore 
size made of an α-Al2O3 filtering layer on an α-Al2O3 support. The synthesized effluents were 
made by dissolving whey powder (the powder composition was 11.8% (w/w) proteins, 75.0% 
(w/w) lactose, 3.3% (w/w) fat, 9.5% (w/w) ash, and 2.3% (w/w) water) in deionized water 
with a concentration of 10 g/l. The pH of solutions was kept at a neutral value (pH = 6.0). 
The retentate and permeates were both recycled to the feed tank. Experiments have been 
conducted following steps, pure water flux measurement, fouling, rinsing, chemical cleaning, 
rinsing, and pure water flux measurement. Furthermore, the chemical cleaning and rinsing 
was carried out for 30 min with full recycle. The sodium hydroxide solution was used as an 
alkaline cleaning agent, different concentrations of NaOH was studied. In addition, the caus-
tic cleaning was done with commercially available detergents P3-ultrasil 67 and P3-ultrasil 69.

Chemical cleaning (Figure 9), by caustic solution (1.0% (w/w)) of the UF membrane gives a 
flux recovery equal to 97%, in the other hand the cleaning of MF with (0.6% (w/w)) caustic 
solution achieved a best flux recovery of 78% (regardless of the applied concentration). The 
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application of commercial detergents in the cleaning of both membranes is less efficient than 
the caustic solution. However, it was notated that the flux recovery risen with increasing of 
detergent concentration from 60 to 75%.

Beside the different methods used for membrane cleaning and fouling prevention, membrane 
fouling can be reduced by improving the preparation methods and modifying the membrane 
in a way to decrease the surface interaction between the membrane material and the proteins 
[77]. Recently, researchers targeted two potentials in the modification of Al2O3 surface, which 
are the super-hydrophobicity (contact angle >150°) and super-hydrophilicity (contact angle 
<5°), that enhance the anti-fouling, and self-cleaning applications. Furthermore, graphene 
derivatives are viewed as having high-potential to serve as modified materials [30, 78, 79].

3.4. Oily wastewater treatment

Oily industrial wastewaters are highly heterogeneous, due to the different pollutants (hydro-
carbons, surfactants, metals, acids, etc.) coming from the diverse stages of oil production. The 
most challenging in terms of effective treatment is the stable oily effluents consisting of highly 
chemically and physically emulsified oils. The classical separation processes used for oily efflu-
ents does not meet the established standards (The European standard for effluent from onshore 
petroleum activities is, 5 mg/l total hydrocarbons (HC) and less than 10 mg/l suspended solids). 
Membrane technology is used in both, industrial processes, and oily effluents treatment [12, 
80]. Application of membrane in the petroleum industry is mostly done in hydrogen recovery 
and olefins such as ethylene and propylene in polyolefin production beside the removal of 
aromatics from gasoline [81]. Furthermore, major studies on filtration of industrial oily waste-
waters were performed in the 1990s and research has continuously increased in recent years.

Figure 9. Cleaning efficiency for the 200–50 nm membranes on the pure water flux measurements before fouling and 
after cleaning at the same conditions 25°C, TMP [76].
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were obtained from previous microfiltrated fish meal effluent, and the subsequent concentra-
tion experiment was carried out at 4 bar, 4 m/s, ambient temperature, and pH = 6.3. Due to the 
deposition and adsorption of proteins on the surface and pore walls of Al3O2 membranes, the 
flux was found to decrease to 21% of the pure water values.

Recent research highlighted the potential use of ceramic modified nanofiber membrane for pro-
tein recovery [73]. The elaboration of the membrane was done through steps. Firstly, the boehm-
ite nanofibres were prepared by a hydrothermal reaction from Al2O3 colloidal gels [74, 75] and 
calcined at 500°C for 5 h to form γ-Al2O3. The prepared boehmite nanofibers were coated on 
the surface of α-alumina supports, calcinated at 500°C. Furthermore, silane groups were intro-
duced to change the surface proprieties of the prepared γ-Al2O3 nanofiber membranes. The 
pore size distribution indicated that the addition of nanofiber had improved remarkably the 
pore size of the support, from 700 to 11 nm and through reduced the permeability. However, 
the silane-grafted fiber membrane had no marked effect on pore size, but it changed the mem-
brane surface from hydrophilic to hydrophobic. Both γ-AL2O3 fiber membranes and silane-
grafted fiber membrane demonstrated good separation efficiency with the MWCO of 70 kDa 
(90%). The performance of the support and the resultant fiber membranes was investigated 
by tangential flow filtrations of proteins such as bovine serum albumin (BSA), cellulose, and 
trypsin. The rejection ability has been improved by 30% when Al2O3 nanofibres were coated on 
the support and this for all protein and concentrations. Furthermore, the silane-grafted Al2O3 
fiber membrane rejected 100% BSA protein, 92% cellulase protein, and 75% in case of trypsin 
protein (at a concentration of 400 ppm). Inconstancy, the efficiency of γ-AL2O3 fiber membrane 
in rejecting BSA is between 58 and 36% with various feeding concentrations. The difference in 
rate rejection of the two membranes can be attributed to the differences of pore size.

Because of ceramic fouling phenomena, more particularly in the case of whey proteins sepa-
ration, Svetlana Popovi et al. [76] studied the flux recovery procedure for ceramic tubular 
membrane fouled with whey proteins. The study evaluated the effect of the choice of rins-
ing, cleaning agents and concentration, and on CM cleaning efficiency. The experiments were 
done on two membranes of different pore size, an UF membrane made of ZrO2 filtering layer 
on an α-Al2O3 support (with a pore size of 50 nm), and a MF membrane of a 200 nm mean pore 
size made of an α-Al2O3 filtering layer on an α-Al2O3 support. The synthesized effluents were 
made by dissolving whey powder (the powder composition was 11.8% (w/w) proteins, 75.0% 
(w/w) lactose, 3.3% (w/w) fat, 9.5% (w/w) ash, and 2.3% (w/w) water) in deionized water 
with a concentration of 10 g/l. The pH of solutions was kept at a neutral value (pH = 6.0). 
The retentate and permeates were both recycled to the feed tank. Experiments have been 
conducted following steps, pure water flux measurement, fouling, rinsing, chemical cleaning, 
rinsing, and pure water flux measurement. Furthermore, the chemical cleaning and rinsing 
was carried out for 30 min with full recycle. The sodium hydroxide solution was used as an 
alkaline cleaning agent, different concentrations of NaOH was studied. In addition, the caus-
tic cleaning was done with commercially available detergents P3-ultrasil 67 and P3-ultrasil 69.

Chemical cleaning (Figure 9), by caustic solution (1.0% (w/w)) of the UF membrane gives a 
flux recovery equal to 97%, in the other hand the cleaning of MF with (0.6% (w/w)) caustic 
solution achieved a best flux recovery of 78% (regardless of the applied concentration). The 
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application of commercial detergents in the cleaning of both membranes is less efficient than 
the caustic solution. However, it was notated that the flux recovery risen with increasing of 
detergent concentration from 60 to 75%.

Beside the different methods used for membrane cleaning and fouling prevention, membrane 
fouling can be reduced by improving the preparation methods and modifying the membrane 
in a way to decrease the surface interaction between the membrane material and the proteins 
[77]. Recently, researchers targeted two potentials in the modification of Al2O3 surface, which 
are the super-hydrophobicity (contact angle >150°) and super-hydrophilicity (contact angle 
<5°), that enhance the anti-fouling, and self-cleaning applications. Furthermore, graphene 
derivatives are viewed as having high-potential to serve as modified materials [30, 78, 79].

3.4. Oily wastewater treatment

Oily industrial wastewaters are highly heterogeneous, due to the different pollutants (hydro-
carbons, surfactants, metals, acids, etc.) coming from the diverse stages of oil production. The 
most challenging in terms of effective treatment is the stable oily effluents consisting of highly 
chemically and physically emulsified oils. The classical separation processes used for oily efflu-
ents does not meet the established standards (The European standard for effluent from onshore 
petroleum activities is, 5 mg/l total hydrocarbons (HC) and less than 10 mg/l suspended solids). 
Membrane technology is used in both, industrial processes, and oily effluents treatment [12, 
80]. Application of membrane in the petroleum industry is mostly done in hydrogen recovery 
and olefins such as ethylene and propylene in polyolefin production beside the removal of 
aromatics from gasoline [81]. Furthermore, major studies on filtration of industrial oily waste-
waters were performed in the 1990s and research has continuously increased in recent years.

Figure 9. Cleaning efficiency for the 200–50 nm membranes on the pure water flux measurements before fouling and 
after cleaning at the same conditions 25°C, TMP [76].
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The research done by Ebrahimi et al. [82] is one of the primary works in oil separation by 
CM. The application of a combination of commercially ceramic, MF, UF, and NF was evaluated 
for the removal of oil from used model solutions and oil-field produced water, respectively. 
The study aimed to investigate the variation of permeates flux and the removal efficiency of 
total organic carbon (TOC) and oil. The studied UF and NF membranes had TiO2 as active 
layer and Al2O3 as membrane support. Cross-flow filtration (velocities ranged from 1.3 to 
6 m/s) processes were conducted using a continuous stirred tank reactor. The experiment 
showed that the average percentages of oil removal by UF and NF are 80 to 84%, respectively. 
However, the TOC removal is relatively low (27% for UF and 13% for NF). Furthermore, the 
MF, UF, and NF membranes used in combination were able to provide a total oil removal 
percentage of 82% in terms of initial feed concentration at 1 bar TMP. The same authors [83] 
reported that TOC removal was modest (27% for UF, and 13% for NF, as pretreatment for 
wastewater. The efficiency of single application of dissolved air flotation (process in removing 
oil pollutants was found to be up to 90% in 90 min with airflow rate of 0.8 Nl/s. In addition, the 
combination of the two techniques allowed 99.5% oil removal and 50% TOC elimination. The 
NF in oil industry has replaced RO in many applications due to higher flux rates and lower 
energy consumption [84].

Sadeghian et al. [45] prepared supported γ-Al2O3 NF membrane from colloidal dispersions 
of bonhomie, through a sol–gel method. The pore size at the support and γ-Al2O3 layer was 
determined to be 22 and 0.99 nm, respectively. The γ-Al2O3 NF was applied for removal of oily 
hydrocarbon wastewater, via a cross-flow NF pilot. The applied TMP pressure was in the range 
of 0.7–1.1 MPa and the CFV was between 0.56 and 2.8 m/s. The membrane efficiency was deter-
mined based on the measurements of permeate flux and rejection of TOC. The permeation of 
flux increased with an increase of pressure (from 0.7 to 1.1 MPa), the highest flux was obtained at 
1.1 MPa with 46.3 L/m2 h. Furthermore, the flux increased when the CFV increases and when the 
concentration of oily effluent was minimum (260 ppm, concentration of TCO in feed solution). 
Under the various operation conditions, the TOC rejection efficiencies were higher than 90%.

In another work done by Zhang et al. [85], CMs with different membrane pore sizes and 
materials were studied in the treatment of oilfield produced water. Membranes of 200–500 nm 
pore size were made from α-Al2O3/α-Al2O3, beside two other membranes with a pore size 
of 20–50 nm made from ZrO2/ α-Al2O3 materials. The study investigated the effects of NaCl 
and Polyacrylamide (PAM) on the membrane performance. The effect of pore size was pri-
marily seen during the measure of pure water flux. The permeability of both membrane (M) 
increased with an increase of the pore size from 200 to 180 L/m2 h, respectively, for M 20 nm 
and M 50 nm (at, PAM 5 mg/l, NaCl 3% (w/w), TMP 0.1 MPa, CFV 2 m/s, T 25°C).

For the ZrO2/α-Al2O3 UF membranes, the average MW of PAM in the permeate experienced 
a little change with the different concentrations of PAM. In addition, it was found that an 
increase of NaCl concentration leaded to a decrease of PSF of the membrane because the 
increased viscosity of the feed water and the change in the PAM morphology causes strong 
membrane fouling. Moreover, in alkali solutions, the PAM was easily hydrolyzed and 
degraded, and the membrane fouling can be avoided with a simple cleaning by aqueous 
NaOH solutions (pH > 12).
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Overview of the experimental results indicates that Al2O3 UF and NF membranes can be 
applied to offer high-efficiency in oil HC removal as well as a relatively high-flux. Despite the 
difference in operational conditions, the flux of permeate was found to rise with increasing 
TMP, CFV, and low oil concentration in the feed (Cf) solution. Furthermore, TOC rejection 
was higher than 90% and this for all experiments. It is worth mentioning that the concept of 
MF of oily wastewater by Al2O3-MF membrane (where cleaned permeate can be obtained and 
recycled/reused in the oil refining process), showed promising results and possibly large-
scale application [86].

Many studies showed the high-efficiency of Al2O3-MF membranes in oil removal. Recently, 
Zita-Sere et al. [87] demonstrated that a Al2O3 ceramic tubular membrane with a pore size of 
200 nm is an adequate secondary treatment technique to decontaminate wastewater from an 
oil refinery. The wastewater was characterized by turbidity in the range of 200–2500 NTU and 
COD ranging from 5000 to 18,000 mg O2/l. Batch cross-flow MF runs were performed at TMP 
in the range of 1–3 bar and a flow rate of 100–300 L/h. The MF of the oily effluents provided 
satisfactory removal, expressed by the good COD retention (75%), and the significant turbid-
ity removal (99%). The characteristics of the obtained permeate allow the circulation of the 
water in the process.

Yeom et al. [88] prepared Al2O3-coated clay–diatomite composite membranes using inexpen-
sive raw materials by a simple pressing and dip-coating method. The study of raw material 
compositions demonstrate that the optimal membrane support was obtained with, 48.6% 
Diatomite, 18.8% Kaolin, 14.8% bentonite, 14.8% Talc, 2.0% sodium borate, and 1.0% BaCO3. 
Meanwhile, the pore size of the Al2O3-coated clay– diatomite composite membrane (with 
optimal support) is equal to 120 nm, and the steady state flux was 6.91 × 10−6 m3/m s, at an 
applied pressure of 101 kPa. The membrane performance in oily wastewater filtration was 
excellent with rate rejection of 99.9% with a feed oil concentration of 600 mg/l and an applied 
pressure of 101 kPa.

Chang et al. [89] studied the hydrophilic modification of a tubular Al2O3-MF membrane (with 
a19 channels configuration) by nano-TiO2 coating, using the in situ precipitation method, and 
evaluated the modified membrane in treating stable oil in water emulsions. The membrane 
modified with 2 mol/l Ti (SO4)2 solutions, was the best for water MF. The results of nano-
coating on the membrane surface allowed an increase of the membrane hydrophilic character; 
however, no marked influence was observed in the layer pore size. The stable flux of the 
modified membrane was higher by 30–40% compared to the unmodified membrane, and this 
when the feed temperature was 40°C, a CFV of 5 m/s, and TMP of 0.16 MPa. The increase of 
flux is mainly due to the presence of hydrophilic nano-TiO2. The elimination of oily contami-
nation was demonstrated by a fall in concentration from an initial feed concentration of 4 g/l 
to a concentration of 10 mg/l in the permeate.

3.5. Domestic wastewater treatment

Domestic or municipal wastewater (MWW) is now considered more as a resource than as a 
waste. The MWW can be used a resource for energy, for plant fertilizing, and recovery of both 
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The research done by Ebrahimi et al. [82] is one of the primary works in oil separation by 
CM. The application of a combination of commercially ceramic, MF, UF, and NF was evaluated 
for the removal of oil from used model solutions and oil-field produced water, respectively. 
The study aimed to investigate the variation of permeates flux and the removal efficiency of 
total organic carbon (TOC) and oil. The studied UF and NF membranes had TiO2 as active 
layer and Al2O3 as membrane support. Cross-flow filtration (velocities ranged from 1.3 to 
6 m/s) processes were conducted using a continuous stirred tank reactor. The experiment 
showed that the average percentages of oil removal by UF and NF are 80 to 84%, respectively. 
However, the TOC removal is relatively low (27% for UF and 13% for NF). Furthermore, the 
MF, UF, and NF membranes used in combination were able to provide a total oil removal 
percentage of 82% in terms of initial feed concentration at 1 bar TMP. The same authors [83] 
reported that TOC removal was modest (27% for UF, and 13% for NF, as pretreatment for 
wastewater. The efficiency of single application of dissolved air flotation (process in removing 
oil pollutants was found to be up to 90% in 90 min with airflow rate of 0.8 Nl/s. In addition, the 
combination of the two techniques allowed 99.5% oil removal and 50% TOC elimination. The 
NF in oil industry has replaced RO in many applications due to higher flux rates and lower 
energy consumption [84].

Sadeghian et al. [45] prepared supported γ-Al2O3 NF membrane from colloidal dispersions 
of bonhomie, through a sol–gel method. The pore size at the support and γ-Al2O3 layer was 
determined to be 22 and 0.99 nm, respectively. The γ-Al2O3 NF was applied for removal of oily 
hydrocarbon wastewater, via a cross-flow NF pilot. The applied TMP pressure was in the range 
of 0.7–1.1 MPa and the CFV was between 0.56 and 2.8 m/s. The membrane efficiency was deter-
mined based on the measurements of permeate flux and rejection of TOC. The permeation of 
flux increased with an increase of pressure (from 0.7 to 1.1 MPa), the highest flux was obtained at 
1.1 MPa with 46.3 L/m2 h. Furthermore, the flux increased when the CFV increases and when the 
concentration of oily effluent was minimum (260 ppm, concentration of TCO in feed solution). 
Under the various operation conditions, the TOC rejection efficiencies were higher than 90%.

In another work done by Zhang et al. [85], CMs with different membrane pore sizes and 
materials were studied in the treatment of oilfield produced water. Membranes of 200–500 nm 
pore size were made from α-Al2O3/α-Al2O3, beside two other membranes with a pore size 
of 20–50 nm made from ZrO2/ α-Al2O3 materials. The study investigated the effects of NaCl 
and Polyacrylamide (PAM) on the membrane performance. The effect of pore size was pri-
marily seen during the measure of pure water flux. The permeability of both membrane (M) 
increased with an increase of the pore size from 200 to 180 L/m2 h, respectively, for M 20 nm 
and M 50 nm (at, PAM 5 mg/l, NaCl 3% (w/w), TMP 0.1 MPa, CFV 2 m/s, T 25°C).

For the ZrO2/α-Al2O3 UF membranes, the average MW of PAM in the permeate experienced 
a little change with the different concentrations of PAM. In addition, it was found that an 
increase of NaCl concentration leaded to a decrease of PSF of the membrane because the 
increased viscosity of the feed water and the change in the PAM morphology causes strong 
membrane fouling. Moreover, in alkali solutions, the PAM was easily hydrolyzed and 
degraded, and the membrane fouling can be avoided with a simple cleaning by aqueous 
NaOH solutions (pH > 12).
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Overview of the experimental results indicates that Al2O3 UF and NF membranes can be 
applied to offer high-efficiency in oil HC removal as well as a relatively high-flux. Despite the 
difference in operational conditions, the flux of permeate was found to rise with increasing 
TMP, CFV, and low oil concentration in the feed (Cf) solution. Furthermore, TOC rejection 
was higher than 90% and this for all experiments. It is worth mentioning that the concept of 
MF of oily wastewater by Al2O3-MF membrane (where cleaned permeate can be obtained and 
recycled/reused in the oil refining process), showed promising results and possibly large-
scale application [86].

Many studies showed the high-efficiency of Al2O3-MF membranes in oil removal. Recently, 
Zita-Sere et al. [87] demonstrated that a Al2O3 ceramic tubular membrane with a pore size of 
200 nm is an adequate secondary treatment technique to decontaminate wastewater from an 
oil refinery. The wastewater was characterized by turbidity in the range of 200–2500 NTU and 
COD ranging from 5000 to 18,000 mg O2/l. Batch cross-flow MF runs were performed at TMP 
in the range of 1–3 bar and a flow rate of 100–300 L/h. The MF of the oily effluents provided 
satisfactory removal, expressed by the good COD retention (75%), and the significant turbid-
ity removal (99%). The characteristics of the obtained permeate allow the circulation of the 
water in the process.

Yeom et al. [88] prepared Al2O3-coated clay–diatomite composite membranes using inexpen-
sive raw materials by a simple pressing and dip-coating method. The study of raw material 
compositions demonstrate that the optimal membrane support was obtained with, 48.6% 
Diatomite, 18.8% Kaolin, 14.8% bentonite, 14.8% Talc, 2.0% sodium borate, and 1.0% BaCO3. 
Meanwhile, the pore size of the Al2O3-coated clay– diatomite composite membrane (with 
optimal support) is equal to 120 nm, and the steady state flux was 6.91 × 10−6 m3/m s, at an 
applied pressure of 101 kPa. The membrane performance in oily wastewater filtration was 
excellent with rate rejection of 99.9% with a feed oil concentration of 600 mg/l and an applied 
pressure of 101 kPa.

Chang et al. [89] studied the hydrophilic modification of a tubular Al2O3-MF membrane (with 
a19 channels configuration) by nano-TiO2 coating, using the in situ precipitation method, and 
evaluated the modified membrane in treating stable oil in water emulsions. The membrane 
modified with 2 mol/l Ti (SO4)2 solutions, was the best for water MF. The results of nano-
coating on the membrane surface allowed an increase of the membrane hydrophilic character; 
however, no marked influence was observed in the layer pore size. The stable flux of the 
modified membrane was higher by 30–40% compared to the unmodified membrane, and this 
when the feed temperature was 40°C, a CFV of 5 m/s, and TMP of 0.16 MPa. The increase of 
flux is mainly due to the presence of hydrophilic nano-TiO2. The elimination of oily contami-
nation was demonstrated by a fall in concentration from an initial feed concentration of 4 g/l 
to a concentration of 10 mg/l in the permeate.

3.5. Domestic wastewater treatment

Domestic or municipal wastewater (MWW) is now considered more as a resource than as a 
waste. The MWW can be used a resource for energy, for plant fertilizing, and recovery of both 
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nitrogen (N) and P [90]. Moreover, the reclaimed wastewater of MWW is widely accepted for 
landscape and crop irrigation thereby preserving the water sources. The anaerobic membrane 
bioreactor (AnMBR) systems have become an advantageous technique for treating domestic 
MWW. Giving the advantages of CMs, recent studies targeted the use for fouling control of 
anaerobic ceramic MBR (AnCMBR) [91, 92].

In this context, Jeong et al. [93] are the first to suggest the application of CMs for the anaerobic 
treatment of domestic wastewater (AnCMBR). In this study, The membrane bioreactor holds 
either a flat sheet Al2O3-based anaerobic ceramic membrane (AnCMBR-ACM) or a flat-sheet 
Pyrophyllite-based anaerobic ceramic membrane (AnCMBR-PCM), the AnCMBR-ACM has 
a pore size of 100 nm, pure water permeability of 1104.2 L/m2 h bar, and were operated in 
the inside-out mode. The performance of CMs was principally done by evaluating the filter-
ing efficiency and treatment performances. For AnCMBR-ACM, at longer hydraulic reten-
tion time (HRT) condition (44 ± 3.1 for 1–45 days), the efficiencies of COD, DOC (Dissolved 
Organic Carbon), and methane content removal reached values of 90.5 ± 6.8%, 95.9 ± 5.3%, 
and 56.2 ± 5.3%, respectively. Furthermore, the reactor performance was not significantly 
affected by changes in HRT, which is seen by the rate rejection of COD (96.1 ± 5.1%), DOC 
(98.5 ± 0.5%), and methane (60.2 ± 4.9%) when the HRT was (18 ± 1.3 for 46–80 days). Both 
CMs were successfully operated and been suggested as a treatment technique for domestic 
wastewater treatment.

The following study confirms the applicability of ceramic membrane bioreactor (CMBR) for 
urban wastewater, C.-H. Xing et al. [94] used an UF membrane to address wastewater treat-
ment. The UF membrane is composed of a top layer of ZrO2 and a support made of γ-Al2O3. It 
had a tubular configuration with seven channels that have a diameter of 4.5 mm. Performance 
of the UF-CMBR was examined with a HRT of 5 h, membrane flux between 75 and 150 L/m2 h, 
and a sludge retention time (SRT) of 5. The removal efficiency of COD, NH3-N, and suspended 
solid was on the average as high as 97, 96.2, and 100%, respectively. In addition, the biore-
actor was found to be responsible for 85% of COD removal, while 12% was due membrane 
separation.

The study done by Ali Farsi et al. [95] focuses on the treatment of effluents, from a secondary 
municipal wastewater treatment plant (MWWTP), by mean of different CMs. The wastewater 
was characterized by a conductivity of 1120 μS/cm, 2.8 mg/l organic compounds matters and 
5 mg/l inorganic N. The efficiency of MF α- Al2O3, TiO2-UF membrane (with MF α-Al2O3 sup-
port), γ- Al2O3 NF membrane (with α-Al2O3 MF a support), TiO2-NF membrane (with TiO2-UF 
interlayer and α-Al2O3 MF support), and hybrid silica membrane (with γ- AL2O3 NF on a α-AL2O3 
MF support) were investigated to assist the membranes ability to remove toxic compounds. The 
samples from MWW plant were filtered by cross-flow setup at room temperature. The compara-
tive study shows that the NF γ-Al2O3 membrane was the most promising membrane, in terms of 
its selectivity, and flux for wastewater treatment plants. The permeability of the treated MWW 
effluent (6.6 L/m2 h bar) by γ- AL2O3 NF was lower than deionized water (12.8 L/m2 h bar).  
In addition, the NF γ- AL2O3 removed the UV254-absorbing components by 75, and 15% of the 
total ions. During the cross-filtration of the spiked MWWTP effluent (copper concentration was 
set at approximately 1 ± 0.1 mg/l). The membrane was able to reject CuCl and CuSO4 by 40 and 
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25%, respectively. The treatment by NF γ-alumina membrane was also efficient in reducing the 
toxicity present in the WWTP effluent with elevated concentrations of toxic ions.

4. Conclusion

The increase in energy costs and the demands of products with high quality, that answers 
consumer needs, and which are less toxic to the environment are all reasons to apply mem-
brane process in industrial activities and water treatment. Current applications of membrane 
technologies have shown their high-potential to answer the industrial needs. CMs materials 
with good thermal and chemical stability, such as Al2O3, would allow their use in different 
chemical processes, which are not largely explored with membranes process. Knowledge of 
the chemistry of Al2O3 UF and NF membranes elaboration and performance their characteris-
tics were reported. The choice of Al2O3 material is due to the different advantages (chemical, 
physical characteristics) over other mineral materials and mostly over the organic material. 
Furthermore, the chapter summarizes studies available in treatment by UF and NF Al2O3 
membranes of wastewater from different industrial activities such as desalination, dyes efflu-
ents, discharges from the food industry (namely dietary fats and proteins), oily wastewater 
effluents, and domestic wastewater. The results obtained by Al2O3-CMs during desalination 
and water treatment can be explained by membrane dependency on the complexity of the 
ionic composition of the solution, and the interaction solute-solute and membrane-solute, and 
the influence of parameters such as the solute hydration radius and its energy. The UF-Al2O3 
or NF-Al2O3 membranes can successfully eliminate the dyes from industrial waste. It can reach 
100% of dye elimination and simultaneously contribute to the progress of the textile industrial 
activity. The use of CMs in the food industry is gradually increasing, however, particular 
efforts are needed to understand and reduce membrane fouling, which enables the gains in 
productivity. The experimental results indicate that the Al2O3 ceramic UF and NF membranes 
can be applied to offer a high relative flux and high-oil HC removal efficiency, especially if 
they are used as secondary treatment. In the other hands, the use of Al2O3-CMs for AnCMBR 
was found to be effective in COD and DOC removal with rejection exceeded 90%.
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nitrogen (N) and P [90]. Moreover, the reclaimed wastewater of MWW is widely accepted for 
landscape and crop irrigation thereby preserving the water sources. The anaerobic membrane 
bioreactor (AnMBR) systems have become an advantageous technique for treating domestic 
MWW. Giving the advantages of CMs, recent studies targeted the use for fouling control of 
anaerobic ceramic MBR (AnCMBR) [91, 92].

In this context, Jeong et al. [93] are the first to suggest the application of CMs for the anaerobic 
treatment of domestic wastewater (AnCMBR). In this study, The membrane bioreactor holds 
either a flat sheet Al2O3-based anaerobic ceramic membrane (AnCMBR-ACM) or a flat-sheet 
Pyrophyllite-based anaerobic ceramic membrane (AnCMBR-PCM), the AnCMBR-ACM has 
a pore size of 100 nm, pure water permeability of 1104.2 L/m2 h bar, and were operated in 
the inside-out mode. The performance of CMs was principally done by evaluating the filter-
ing efficiency and treatment performances. For AnCMBR-ACM, at longer hydraulic reten-
tion time (HRT) condition (44 ± 3.1 for 1–45 days), the efficiencies of COD, DOC (Dissolved 
Organic Carbon), and methane content removal reached values of 90.5 ± 6.8%, 95.9 ± 5.3%, 
and 56.2 ± 5.3%, respectively. Furthermore, the reactor performance was not significantly 
affected by changes in HRT, which is seen by the rate rejection of COD (96.1 ± 5.1%), DOC 
(98.5 ± 0.5%), and methane (60.2 ± 4.9%) when the HRT was (18 ± 1.3 for 46–80 days). Both 
CMs were successfully operated and been suggested as a treatment technique for domestic 
wastewater treatment.

The following study confirms the applicability of ceramic membrane bioreactor (CMBR) for 
urban wastewater, C.-H. Xing et al. [94] used an UF membrane to address wastewater treat-
ment. The UF membrane is composed of a top layer of ZrO2 and a support made of γ-Al2O3. It 
had a tubular configuration with seven channels that have a diameter of 4.5 mm. Performance 
of the UF-CMBR was examined with a HRT of 5 h, membrane flux between 75 and 150 L/m2 h, 
and a sludge retention time (SRT) of 5. The removal efficiency of COD, NH3-N, and suspended 
solid was on the average as high as 97, 96.2, and 100%, respectively. In addition, the biore-
actor was found to be responsible for 85% of COD removal, while 12% was due membrane 
separation.

The study done by Ali Farsi et al. [95] focuses on the treatment of effluents, from a secondary 
municipal wastewater treatment plant (MWWTP), by mean of different CMs. The wastewater 
was characterized by a conductivity of 1120 μS/cm, 2.8 mg/l organic compounds matters and 
5 mg/l inorganic N. The efficiency of MF α- Al2O3, TiO2-UF membrane (with MF α-Al2O3 sup-
port), γ- Al2O3 NF membrane (with α-Al2O3 MF a support), TiO2-NF membrane (with TiO2-UF 
interlayer and α-Al2O3 MF support), and hybrid silica membrane (with γ- AL2O3 NF on a α-AL2O3 
MF support) were investigated to assist the membranes ability to remove toxic compounds. The 
samples from MWW plant were filtered by cross-flow setup at room temperature. The compara-
tive study shows that the NF γ-Al2O3 membrane was the most promising membrane, in terms of 
its selectivity, and flux for wastewater treatment plants. The permeability of the treated MWW 
effluent (6.6 L/m2 h bar) by γ- AL2O3 NF was lower than deionized water (12.8 L/m2 h bar).  
In addition, the NF γ- AL2O3 removed the UV254-absorbing components by 75, and 15% of the 
total ions. During the cross-filtration of the spiked MWWTP effluent (copper concentration was 
set at approximately 1 ± 0.1 mg/l). The membrane was able to reject CuCl and CuSO4 by 40 and 
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with good thermal and chemical stability, such as Al2O3, would allow their use in different 
chemical processes, which are not largely explored with membranes process. Knowledge of 
the chemistry of Al2O3 UF and NF membranes elaboration and performance their characteris-
tics were reported. The choice of Al2O3 material is due to the different advantages (chemical, 
physical characteristics) over other mineral materials and mostly over the organic material. 
Furthermore, the chapter summarizes studies available in treatment by UF and NF Al2O3 
membranes of wastewater from different industrial activities such as desalination, dyes efflu-
ents, discharges from the food industry (namely dietary fats and proteins), oily wastewater 
effluents, and domestic wastewater. The results obtained by Al2O3-CMs during desalination 
and water treatment can be explained by membrane dependency on the complexity of the 
ionic composition of the solution, and the interaction solute-solute and membrane-solute, and 
the influence of parameters such as the solute hydration radius and its energy. The UF-Al2O3 
or NF-Al2O3 membranes can successfully eliminate the dyes from industrial waste. It can reach 
100% of dye elimination and simultaneously contribute to the progress of the textile industrial 
activity. The use of CMs in the food industry is gradually increasing, however, particular 
efforts are needed to understand and reduce membrane fouling, which enables the gains in 
productivity. The experimental results indicate that the Al2O3 ceramic UF and NF membranes 
can be applied to offer a high relative flux and high-oil HC removal efficiency, especially if 
they are used as secondary treatment. In the other hands, the use of Al2O3-CMs for AnCMBR 
was found to be effective in COD and DOC removal with rejection exceeded 90%.
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Nomenclature

COD chemical oxygen demand

BOD biological oxygen demand

TDS total dissolved solids

MF microfiltration

UF ultrafiltration

NF nanofiltration

RO reverse osmosis

PM polymeric membranes

CM ceramic membrane

TiO2 titania

SiO2 silica

ZrO2 zirconia

Al2O3 alumina

Al2O3-CM Al2O3 ceramic membranes

ED electrodialysis

GS gas separation

α-Al2O3 alpha alumina

γ-Al2O3 gamma alumina

pHpzc the point of zero charge

Lp the membrane hydraulic permeability

R the membrane rejection

Cp concentration in the permeate

Cf concentration in the feed

Cw concentration at the membrane wall
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Abstract

Biofouling in reverse osmosis (RO) membranes is a severe problem, causing a decrease 
in both permeate flux and salt rejection and increasing transmembrane pressure. 
Capsaicin extract inhibits bacterial growth and is therefore used in this study to prepare 
a thin-film composite membrane and membrane support. Four types of nanofiltration 
(NF) membranes were prepared by interfacial polymerization onto a porous support 
prepared by the phase inversion method. Membrane A was the control membrane with 
no capsaicin extract, membrane B contains capsaicin in the polyamide thin film, mem-
brane C contains capsaicin in the porous support, and membrane D contains capsaicin 
in both the thin film and support layers. Three different salts (Na2SO4, MgSO4, and NaCl) 
were used at different concentrations (1000, 3000, and 5000 ppm) to test the performance 
of the membranes in terms of salt rejection and permeate flux. Membrane B showed 
the highest rejection for all the salts and concentrations tested. For 5000 ppm NaCl, the 
permeate flux for membrane B was 14.81% higher, and salt rejection was 19.6% higher 
than membrane A. Future work will evaluate the anti-biofouling properties of the mem-
branes prepared with capsaicin, when exposed to seawater microorganisms.

Keywords: nanofiltration membrane, capsaicin, characterization, atomic force 
microscopy, contact angle, reverse osmosis
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Biofouling in reverse osmosis (RO) membranes is a severe problem, causing a decrease 
in both permeate flux and salt rejection and increasing transmembrane pressure. 
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1. Introduction

The capability of several human activities, like industry and mining, has expanded through-
out the last decades [1], which has led to a similar pace of improvements in membrane tech-
nology for separation. Drinking water treatment processes have developed to the point of 
requiring more advanced pretreatment processes [2]. Nanofiltration (NF) might function as 
a pretreatment for reverse osmosis desalination [3], as it can remove hardness, specific heavy 
metals, and reduce the salt content of feed water [4].

In addition, one of the main problems faced by desalination processes is the inevitable 
appearance of biofouling on its membranes [5, 6]. This causes problems such as decreases 
in permeate flux and salt rejection, as well as an increase in transmembrane pressure [7]. 
In an effort to reduce the most damaging effects of biofouling, there have been many stud-
ies for testing numerous anti-fouling agents and solutions added during membrane fabri-
cation. However, not all these attempts include organic-based preparation, suggesting that 
there may be possible hazards for human health, after consumption [8, 9]. Pepper extract, 
the source of the capsaicin molecule, has proven to limit bacterial growth [10]; therefore, its 
addition during the membrane fabrication process may help control biofilm formation on the 
membrane surface.

In this study, nanofiltration membranes were prepared (Figure 1) for brackish water treat-
ment. It is desirable for the desalination membranes to have hydrophilic properties, as this 
usually correlates with the tendency of a membrane for allowing water to permeate instead of 
rejecting it (hydrophobic) [11]. Contact angle measurements are usually carried out to deter-
mine the degree of hydrophilicity or hydrophobicity of a surface [12]. This study includes an 
analysis of the fabrication, as well as the characterization of four nanofiltration membranes, 
before and after their performance testing on a cross-flow module, operated with an aque-
ous salt solution to determine salt rejection. Membrane characterization is also performed 
through atomic force microscopy (AFM) and attenuated total reflectance infrared spectros-
copy (ATR-IR) [13]. Membranes prepared with capsaicin will later be assessed for their 
anti-biofouling properties, to evaluate whether they are resistant to biofouling by seawater 
microorganisms.

Figure 1. Scheme of composite membrane.
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2. Methodology

2.1. Polymers and monomers

Polysulfone (PS purity > 99%), polyether sulfonyl (PES; purity > 99%), piperazine (PP; purity > 
99%), and 1,3,5-Benzenetricarbonyl chloride (TMC; purity > 98%) were obtained from Sigma-
Aldrich. Chiltepin pepper extract [9] (capsaicin extract) was obtained in the laboratory as a 
source of the capsaicin molecule (Figure 2). This extract was used to prepare nanofiltration 
membranes.

To corroborate the extraction of capsaicin, infrared spectroscopy was performed, showing the 
following signals:

• tension vibration for N-H present on the amide group, shown at 3381.8 cm−1; this signal 
hides within the O-H functional group, which has a range from 3400 to 3200 cm−1;

• vibration departing from tension on C-H at alkene located at 3010.36 cm−1;

• C-H vibration corresponds to methylene alkanes, at 2924.8 cm−1;

• methylene symmetrical tension for C-H present at 2853.77 cm−1;

• vibration through tension for C = O for the amide group at 1744.74 cm−1;

• vibration through stretching on C = O of the amide group at 1652.78 cm−1;

• vibration through the asymmetrical bending of CH2 at 1464.28 cm−1;

• the signal at 1374.7 cm−1, corresponding to a CH3 bending; and

• an asymmetrical deformation of CH2 at 721.66 cm−1.

Figure 2. Chemical structure of the monomers for preparation nanofiltration composite membranes: piperazine, 
capsaicin and 1,3,5-benzenetricarbonyl chloride (TMC).

Development, Characterization, and Applications of Capsaicin Composite Nanofiltration…
http://dx.doi.org/10.5772/intechopen.76846

257



1. Introduction

The capability of several human activities, like industry and mining, has expanded through-
out the last decades [1], which has led to a similar pace of improvements in membrane tech-
nology for separation. Drinking water treatment processes have developed to the point of 
requiring more advanced pretreatment processes [2]. Nanofiltration (NF) might function as 
a pretreatment for reverse osmosis desalination [3], as it can remove hardness, specific heavy 
metals, and reduce the salt content of feed water [4].

In addition, one of the main problems faced by desalination processes is the inevitable 
appearance of biofouling on its membranes [5, 6]. This causes problems such as decreases 
in permeate flux and salt rejection, as well as an increase in transmembrane pressure [7]. 
In an effort to reduce the most damaging effects of biofouling, there have been many stud-
ies for testing numerous anti-fouling agents and solutions added during membrane fabri-
cation. However, not all these attempts include organic-based preparation, suggesting that 
there may be possible hazards for human health, after consumption [8, 9]. Pepper extract, 
the source of the capsaicin molecule, has proven to limit bacterial growth [10]; therefore, its 
addition during the membrane fabrication process may help control biofilm formation on the 
membrane surface.

In this study, nanofiltration membranes were prepared (Figure 1) for brackish water treat-
ment. It is desirable for the desalination membranes to have hydrophilic properties, as this 
usually correlates with the tendency of a membrane for allowing water to permeate instead of 
rejecting it (hydrophobic) [11]. Contact angle measurements are usually carried out to deter-
mine the degree of hydrophilicity or hydrophobicity of a surface [12]. This study includes an 
analysis of the fabrication, as well as the characterization of four nanofiltration membranes, 
before and after their performance testing on a cross-flow module, operated with an aque-
ous salt solution to determine salt rejection. Membrane characterization is also performed 
through atomic force microscopy (AFM) and attenuated total reflectance infrared spectros-
copy (ATR-IR) [13]. Membranes prepared with capsaicin will later be assessed for their 
anti-biofouling properties, to evaluate whether they are resistant to biofouling by seawater 
microorganisms.

Figure 1. Scheme of composite membrane.

Desalination and Water Treatment256

2. Methodology

2.1. Polymers and monomers

Polysulfone (PS purity > 99%), polyether sulfonyl (PES; purity > 99%), piperazine (PP; purity > 
99%), and 1,3,5-Benzenetricarbonyl chloride (TMC; purity > 98%) were obtained from Sigma-
Aldrich. Chiltepin pepper extract [9] (capsaicin extract) was obtained in the laboratory as a 
source of the capsaicin molecule (Figure 2). This extract was used to prepare nanofiltration 
membranes.

To corroborate the extraction of capsaicin, infrared spectroscopy was performed, showing the 
following signals:

• tension vibration for N-H present on the amide group, shown at 3381.8 cm−1; this signal 
hides within the O-H functional group, which has a range from 3400 to 3200 cm−1;

• vibration departing from tension on C-H at alkene located at 3010.36 cm−1;

• C-H vibration corresponds to methylene alkanes, at 2924.8 cm−1;

• methylene symmetrical tension for C-H present at 2853.77 cm−1;

• vibration through tension for C = O for the amide group at 1744.74 cm−1;

• vibration through stretching on C = O of the amide group at 1652.78 cm−1;

• vibration through the asymmetrical bending of CH2 at 1464.28 cm−1;

• the signal at 1374.7 cm−1, corresponding to a CH3 bending; and

• an asymmetrical deformation of CH2 at 721.66 cm−1.

Figure 2. Chemical structure of the monomers for preparation nanofiltration composite membranes: piperazine, 
capsaicin and 1,3,5-benzenetricarbonyl chloride (TMC).

Development, Characterization, and Applications of Capsaicin Composite Nanofiltration…
http://dx.doi.org/10.5772/intechopen.76846

257



2.2. Preparation of the microporous polysulfone membrane

Sheets of microporous polysulfone membrane supports were prepared, following the method-
ology by Perez-Sicairos et al. [14] and Lin et al. [15]. Four sheets were prepared through a phase 
inversion process; a polymer solution including 18% w/w of dried polysulfone (12 g) was dis-
solved in a mixed solvent of n-methyl-pyrrolidone (NMP, 82 g) and an independent addition 
of sulfonated polysulfone (6 g), inside a clear jar and sealed with a Teflon cap. This glass bottle 
was subjected to a rotator device, spinning at 52 rpm under a heating light, to achieve a homo-
geneous polymer solution. A 71 × 28 cm Holytek paper piece (0.12 mm thick) was cut and held 
onto the membrane casting machine, where the polymeric solution was spread through the 
casting blade, allowing a solution spreading to a depth of 0.004 mm. Submersion speed was set 
at full capacity (11 m/min). The tank was filled with distilled water, providing a bath to induce 
phase inversion and a resting pace for 6 min. Finally, the membranes proceeded to a rinsing 
stage with distilled water for 2 min, in order to eliminate the excess of floating polymer.

2.3. Preparation of nanofiltration membranes with capsaicin

Nanofiltration membrane production started with the preparation of porous polysulfone 
membrane via the phase inversion method, as reported by [14, 15]. The NF membrane was 
prepared by interfacial polymerization, over the porous polysulfone membrane. Two chemi-
cal solutions were prepared, an aqueous solution containing piperazine (solution A) and 
an organic solution containing 1, 3, 5 benzene-tricarbonyl trichloride (TMC). The composi-
tion of each of these solutions was as follows. The composition of the aqueous solution (A) 
was piperazine (0.25% w/w), polyvinyl alcohol (0.25% w/w), and sodium hydroxide (0.5% 
w/w). This solution was prepared as follows: for each 250 g of solution A, 1.25 g of sodium 
hydroxide were weighed and placed inside a 250 mL flask, with 100 mL of distilled water. The 
preparation was stirred. Moreover, 0.63 g of polyvinyl alcohol was added until full dilution. 
Then, 0.63 g of piperazine was added to the flask and filled to 250 mL. The composition of 
the organic solution (solution B) was TMC (1.0% w/w) and hexane. To prepare it, the proce-
dure was as follows: for each 250 mL of solution B, 1 g of capsaicin extract and 1.5 g of TMC 
were weighed and the solution was filled to 250 mL with hexane. The first of the membranes, 
labeled control, was prepared from solution A and solution B.

In order to prepare the experimental membranes with distinctive characteristics, capsaicin 
extract was added during the preparation process, using four different concentrations, as 
shown in Table 1.

Membrane Support layer Composite layer Capsaicin (g)

A Polysulfone Polyamide 0

B Polysulfone Polyamide + capsaicin 1

C Polysulfone + capsaicin Polyamide 1

D Polysulfone + capsaicin Polyamide + capsaicin 2

Table 1. Composition for nanofiltration membrane preparation.
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Once the porous support for the membranes was prepared, two of the pieces were designated 
as composite membranes. These membranes received the concentrations shown in Table 2.

2.4. Characterization of nanofiltration membranes

2.4.1. Atomic force microscopy

Atomic force microscopy (AFM) was performed with a PS 50–50-15 (50 μm) scanning probe 
microscope instrument (AFM workshop) to determine the surface morphology of the nanofil-
tration membrane. The software Gwyddion 2.4 was used to obtain 3D images and roughness 
measurements (root mean square, RMS). A sample size of 0.5 × 0.5 cm was used to analyze the 
nanofiltration membranes.

2.4.2. Attenuated total reflectance infrared spectroscopy

Attenuated total reflectance infrared (ATR-IR) characterization of the nanofiltration mem-
brane surface was carried out with a Nicolet iS5 Fourier transform infrared spectrometer and 
the accessory iD3 ATR (thermo Fisher scientific). For ATR-IR analysis of the nanofiltration 
membranes samples, a germanium crystal was employed. A sample size of 0.5 × 0.5 cm was 
used to analyze the nanofiltration membranes.

2.4.3. Contact angle

Contact angle measurements were performed with a dataphysics contact angle system 
(OCA15SEC), camera iDs and injection system ES. A sample size of 3 × 2 cm was used to 
analyze the nanofiltration membranes. The water used was previously distilled and filtered 
(0.2 μm). The water drop was placed on different locations on the membrane surface, at a 
temperature of 22°C.

2.4.4. Cross-flow equipment

The operation of the cross-flow cell unit (Figure 3) was as follows. Starting from a 20 L feed 
tank, the feed solution (NaCl, MgSO4, and Na2SO4 at the different concentrations) is conducted 

Polysulfone support Polyamide layer

Membrane Polysulfone (g) Sulfonated 
polysulfone (g)

Capsaicin (g) Trimesoyl 
chloride (mL)

Piperazine 
(mL)

Capsaicin (g)

A 12.0 6.0 NA 100 0.25 NA

B 12.0 6.0 NA 100 0.25 1

C 11.5 5.5 1 100 0.25 NA

D 11.5 5.5 1 100 0.25 1

Table 2. Polysulfone and polyamide composition.
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Figure 3. Cross-flow equipment for membrane testing.

to the cross-flow cell, with an applied and stable pressure (80 psi). A 3.5 × 2 membrane piece 
is placed in the interior of the cell. Once feed water reaches the membrane cell, two outcomes 
occur: some water permeates through the membrane, leaving impurities behind and producing 
purified water, and the rest of the water that does not cross the membrane flows to a retentate 
tank. This latter effluent will have a distinctive characteristic of higher salinity than the feed 
flow.

The thickness of the membranes was measured using a micrometer (Holytex paper 0.12 mm). 
This information can be related to the uniformity of the membrane surface. Finally, the salt 
rejection by the membrane is calculated considering the conductivity in the feed flow and in 
the permeate flow (after 60 min). For concentrations in the range of different salts used, the 
conductivity is proportional to solution concentration, so salt rejection can be determined 
using the following equation:

  %Conductivity rejection =   
 Ω  0   −  Ω  60   ______  Ω  0  

   × 100%  (1)

where Ω0 represents the conductivity of the feed and Ω60 represents conductivity of the per-
meate after 60 min of permeation. In terms of concentration, the rejection percentage is given 
by:

  %R =   
 C  f   −  C  p   _____  C  f  

   × 100%  (2)

where %R is salt rejection, Cf is the concentration of salt in the feed, and Cp is the concentration 
of salt in the permeate.
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3. Results and discussion

3.1. Test on cross-flow equipment

The data in Figure 4 point to a decrease in permeate flux as the salt concentration increases. 
This can be appreciated for the three salts tested (Na2SO4, MgSO4, and NaCl) under constant 
pressure (80 psi). Comparing the control membrane A with the rest of the membranes that 
include capsaicin in their formulation, it is observed that capsaicin addition tends to increase 
permeate flux.

For the NaCl solution at 1000 ppm, membrane B presented a permeate flux increase 
of 9.1% compared to membrane A, whereas at 5000 ppm, the increase was 14.81%. 
Membrane B presented the highest permeate flux increment, with membranes C and D 
also having permeate flux increases compared to membrane A but not as high as those 
of membrane B.

Due to the hydrophilic properties of capsaicin, the flux increments observed can be attributed 
to the capsaicin present in the membrane elaboration process for membranes B, C, and D. The 
capsaicin molecule has two main functional groups: hydroxyl, a polar group which presents 
affinity to water, and amide, which has nitrogen and a couple of free electrons generating 
polarity, also resulting in affinity to water. Hence, both characteristics result in hydrophilic 
properties on the membrane surface.

Figure 4. Permeate flux results for the membranes, with Na2SO4, MgSO4 and NaCl solutions at (a) 1000, (b) 3000 and (c) 
5000 ppm respectively.
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Even more important than its ability to permeate the main function of a membrane is to sepa-
rate undesired impurities from water, that is, their salt rejection. All the membranes were 
tested using an NaCl solution at different concentrations (1000, 3000, and 5000 ppm) with the 
results shown in Figure 5. For each of these concentrations, the membranes show a very simi-
lar trend: membrane A (blank) has less salt removal in relation to membrane D. Membrane C 
shows less rejection than every other membrane (Table 3).

The membranes that include capsaicin extract also present a higher salt rejection than the 
control membrane. Membrane D presented the highest salt rejection. A possible reason of this 
greater NaCl rejection is the content of capsaicin placed on the support layer (polysulfone) 
or on the active layer (polyamide). The capsaicin functional groups having free electrons pro-
voke major NaCl rejections. Membrane B also presented a significant increase in salt rejection 
compared to the control membrane A.

3.2. Characterization by atomic force microscopy

Atomic force microscopy allows us to zoom into a small area of the membrane surface. Using 
this technique, the roughness of the membrane can be visualized, providing measurement 
data in the scale of microns. Membrane roughness affects both the permeate flux and the salt 
rejection. Furthermore, roughness provides spaces for marine bacteria to settle, initiating bio-
film formation, which later leads to membrane biofouling. For these reasons, smooth surfaces 
are most desirable on membranes.

Figure 5. Salt rejection results for the membranes, with NaCl solutions at (a) 1000, (b) 3000 and (c) 5000 ppm respectively.

Desalination and Water Treatment262

Atomic force microscopy was performed (Figure 6) in order to characterize the surface of the 
membranes. A scale of 50 μm was used, such that the scanned area was 2500 μm2 for each 
membrane. Each membrane was measured at five different points. The RMS roughness mea-
surements for each membrane, as well as the average measurements, are presented in Table 4.

From Table 4, it is evident that adding capsaicin extract to the active layer reduces the average 
roughness from 334.08 (membrane A) to 129.4 nm (membrane B). Similarly, when capsaicin 
was added to both the active layer and the porous support, the average roughness decreased 
from 334.08 (membrane A) to 221.26 nm (membrane D). On the other hand, the membrane 
with capsaicin only in the porous support (membrane C) presented the smallest reduction 
in average roughness, from 334.08 (membrane A) to 276.66 nm (membrane C). This suggests 
that including capsaicin on the polyamide active layer reduces the surface roughness the 
membranes.

3.3. Characterization by contact angle measurement

The contact angle measurement calculates the angle formed between the surface of a water 
droplet and a solid surface (see Figure 7). This measurement is related to the wettability. In 

NaCl

(ppm)

A

(%)

B

(%)

C

(%)

D

(%)

1000 52.5 67.22 58.41 70.06

3000 53.05 63.09 55.00 67.62

5000 49.59 59.30 50.98 63.92

Table 3. NaCl rejection percentage for membranes A, B, C, and D.

Figure 6. Atomic force microscope images and measurements for membranes A, B, C and D.
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lar trend: membrane A (blank) has less salt removal in relation to membrane D. Membrane C 
shows less rejection than every other membrane (Table 3).

The membranes that include capsaicin extract also present a higher salt rejection than the 
control membrane. Membrane D presented the highest salt rejection. A possible reason of this 
greater NaCl rejection is the content of capsaicin placed on the support layer (polysulfone) 
or on the active layer (polyamide). The capsaicin functional groups having free electrons pro-
voke major NaCl rejections. Membrane B also presented a significant increase in salt rejection 
compared to the control membrane A.

3.2. Characterization by atomic force microscopy

Atomic force microscopy allows us to zoom into a small area of the membrane surface. Using 
this technique, the roughness of the membrane can be visualized, providing measurement 
data in the scale of microns. Membrane roughness affects both the permeate flux and the salt 
rejection. Furthermore, roughness provides spaces for marine bacteria to settle, initiating bio-
film formation, which later leads to membrane biofouling. For these reasons, smooth surfaces 
are most desirable on membranes.

Figure 5. Salt rejection results for the membranes, with NaCl solutions at (a) 1000, (b) 3000 and (c) 5000 ppm respectively.
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Atomic force microscopy was performed (Figure 6) in order to characterize the surface of the 
membranes. A scale of 50 μm was used, such that the scanned area was 2500 μm2 for each 
membrane. Each membrane was measured at five different points. The RMS roughness mea-
surements for each membrane, as well as the average measurements, are presented in Table 4.

From Table 4, it is evident that adding capsaicin extract to the active layer reduces the average 
roughness from 334.08 (membrane A) to 129.4 nm (membrane B). Similarly, when capsaicin 
was added to both the active layer and the porous support, the average roughness decreased 
from 334.08 (membrane A) to 221.26 nm (membrane D). On the other hand, the membrane 
with capsaicin only in the porous support (membrane C) presented the smallest reduction 
in average roughness, from 334.08 (membrane A) to 276.66 nm (membrane C). This suggests 
that including capsaicin on the polyamide active layer reduces the surface roughness the 
membranes.

3.3. Characterization by contact angle measurement

The contact angle measurement calculates the angle formed between the surface of a water 
droplet and a solid surface (see Figure 7). This measurement is related to the wettability. In 

NaCl

(ppm)

A

(%)

B

(%)

C

(%)

D

(%)

1000 52.5 67.22 58.41 70.06

3000 53.05 63.09 55.00 67.62

5000 49.59 59.30 50.98 63.92

Table 3. NaCl rejection percentage for membranes A, B, C, and D.

Figure 6. Atomic force microscope images and measurements for membranes A, B, C and D.
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the case of membranes, it can also be related to the permeability of the membrane, as a smaller 
angle means that water can dissolve more readily in the membrane matrix. Every liquid, at a 
given temperature, will show a unique equilibrium contact angle.

Table 5 shows contact angle measurements for the membranes tested, at an ambient tem-
perature of 22°C. The control membrane A had the largest contact angle and membrane B 
presented the smallest. The lower contact angles exhibited by membranes B and D may be 
attributed to the presence of capsaicin on the surface of those membranes. This is also sup-
ported by the permeate flux results, as membranes B and D resulted in the highest values for 
flux. Moreover, it was also found that the inclusion of capsaicin in the porous support layer of 
the membrane (membrane C) also leads to a smaller contact angle than the control membrane 
A, albeit to a lesser degree than when capsaicin is included in the active layer.

Figure 7. Contact angle measurements for membranes A, B, C and D.

Membrane AFM Measurement of RMS roughness (nm) Average RMS roughness (nm)

A 306.2 325.5 357.8 318.8 362.1 334.08

B 97.4 108.8 176.6 100.0 164.2 129.39

C 294.2 305.1 264.9 245.7 273.4 276.66

D 266.2 203.7 185.5 199.1 251.8 221.26

Table 4. Membrane roughness values from AFM measurements.
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3.4. Characterization by ATR-IR 

The infrared spectra for the four membranes are shown in Figure 8. The spectra for membranes 
A and C do not show vibration through stretching on C=O of the amide group at 1652.78 cm−1. 
This is due to the absence of capsaicin in membrane A, while membrane C only included cap-
saicin in the porous support layer and, therefore, the infrared spectrum is not able to detect 
it. On membrane B, the signal is found at 1605.97 cm−1 and for membrane D at 1619.90 cm−1.

It is possible that the signal at 1652.78 cm−1 was not seen due to a new link formed between 
capsaicin and the acyl on TMC, developing a new covalent link between a carbonyl group and 

Membrane Description Measurement

1 2 3 4 5 Average

A PS-TMC 56.8 57.5 59.5 58.6 57.0 57.88

B PS-TMCCAP 34.9 42.3 40.7 38.1 34.4 38.08

C PSCAP-TMC 55.0 55.6 52.1 53.5 54.9 54.22

D PSCAP-TMCCAP 48.1 47.3 49.8 47.2 49.1 48.30

Table 5. Contact angle measurements for membranes.

Figure 8. Infrared spectra for membranes A, B, C and D.
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nitrogen on the amide of capsaicin. Then, a new functional group is formed: Ar–C=O–N–C=O 
(Figure 9). The wavelength for this new link would be lower, because of the resonance effect of 
the free electrons of nitrogen, generating a simple C-O link, as Pavian et al. [16] had expressed.

4. Conclusions

Nanofiltration membranes including capsaicin were prepared and characterized through 
contact angle measurements, AFM, ATR infrared spectroscopy and cross-flow tests. The ATR 
infrared spectroscopy showed that capsaicin reacted with the TMC, forming a new cova-
lent link, which did not exist in the control membrane without capsaicin. In addition, AFM 
imaging showed that the surface of membranes with capsaicin in the active layer presented 
reduced roughness compared to the control membrane.

The results presented in this chapter show that capsaicin-based composite membranes pres-
ent higher hydrophilic characteristics than traditional composite membranes. These proper-
ties of the capsaicin molecule can be attributed to its hydroxyl and amide groups, resulting 
in affinity to water. The hydrophilic character of the membranes with capsaicin was also 
reflected higher water permeability by the membranes.

It was also found that higher hydrophilicity and permeability could mostly be attributed to 
capsaicin present on the active layer of the membranes. This is because the presence of capsa-
icin in the porous membrane support layer did not show significant flux increases. Although 
capsaicin in the porous support increased salt rejection, we concluded that the application of 
capsaicin on the support layer of the membrane is not necessary. It is expected that nanofil-
tration membranes with capsaicin will result in better anti-biofouling properties than typical 
commercial membranes and, therefore, their service life would be longer. Future work will 
test this hypothesis.
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Figure 9. Piperazine – 1,3,5 Benzenetricarbonyl trichloride – capsaicin reaction.
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Abstract

Due to the explosive population growth, the demand of adequate hygiene drinkable water
has been increased. Therefore, it has become more necessary to apply the automatic
control system for water treatment production, in order to attain the health required
outcomes. According to complexities of the process and the intersection of the treatment
states, the suggested methodology in this chapter anticipates for the development of an
automatic control based on wireless sensing networks (WSNs) to be applied in water
treatment process. The wireless automatic systems are deployed in order to manage the
processes of the production and increase the efficiency to the maximum level, along with
the minimum cost. It is, therefore, important that the automated system works profession-
ally, in order to get the utmost profit from the processes of the production. Practically, an
effective control models have been designed and implemented using simulation software.
Therefore, the research successfully managed to automatically control in the working
pumps operation. The addition of purification and disinfection chemicals doses success-
fully calculated and added to the water in a real-time operation mode. In filtration phase,
the process of filters backwashing has been completely automated. The obtained results
were essential, beneficial and prove the system’s applicability with minimum cost.

Keywords: water treatment, WSN, automatic control, pumps, filter backwashing,
chemicals addition, sensors and valves

1. Introduction

One of the significant applications of the wireless automation system is to ensure the safe
operation of the plant and to avert fatal possible accidents, which can also be catastrophic
disaster and can have an adverse effect on the environment [1]. The undesirable incidents at
the site of the plants can be condensed with the installation of the well-designed safe WSN
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automatic system [2]. It can also reduce the overall cost and possible systematic error to a
remarkable extent. Consequently, high reliability of the automation system is mandatory for
the safety and economic reasons [3]. Figure 1 shows examples of wireless application with
different wireless devices connected to central automation control systems [4].

WSNs represent one of the most interesting research areas, with profound impact on techno-
logical development [6]. WSNs are regarded as a revolutionary technological that builds the
information gathering method of the system. The information and communication built will
greatly improve the reliability and efficiency of infrastructure systems. Compared with the
wired solution, WSNs feature easier deployment and better flexibility of devices. With the
rapid technological development of sensors, WSNs will become the key technology for Indus-
tries [7]. Several applications are being proposed, such as detected physical phenomena (e.g.
light, heat, pressure, and flow), environmental monitoring (e.g. detection of fires in forests),
structural monitoring of civil engineering structures, and industries monitoring and control [6].
Whereas the replacement of the wired technology with that of the wireless is illustrated in the
below mention Figure 2.

The main purposes of this chapter are: to establish a WSNs as the key ingredient in the course
of the applications of the process control. To inculcate the wireless systems in industries and
environment process control in order to replace old traditional systems especially those related
to human beings health and safety such as a water treatment plant.

Figure 1. Applications of wireless sensor network [5].
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2. Wireless sensing networks in industrial applications

According to [9], WSNs are being widely deployed in process industries, in order to ensure
reliable and integrated control and monitoring of the processes. In this regard, [10] has stated
that process control and monitoring is the combination of algorithms, mechanisms, and archi-
tectures, which ensures the reliability of different industrial processes. According to [11],
several applications of process control are critical mission and possess stringent requirements.
In such circumstances, flawed control loop may result in unpredictable and unwanted shut-
down of the plant. It has been recognized from the study of [7] that such failures may also
result in fatal accidents in process controlled plants. Thereby, it can be asserted that wireless
networks also comprise wide range of challenges and issues, which are needed to be consid-
ered to ensure the integrity of industrial operations.

It has been claimed by [12] that main stream process control devices, like motors, valves,
temperature sensors that are ready-equipped with wireless transmitters, foolproof wireless
process control systems and network standards are not yet accessible.

It has been stated by [13] that WSN systems are widely being used in different applications of
industrial automation. In this regard [14] has claimed that such applications provide com-
mendable safety, efficiency, conservation, and control to the processes of the industry. On the
other hand, it has been asserted by [15] that automated sensing applications play an inevitable
role in improving the reliability of process control systems as well as pre-existing manufactur-
ing. However, [16] has stated that sensing applications are found to be highly effective, in
terms of improving and enhancing management of industry’s assets. It is due to the fact that
such systems foster continual monitoring of critical equipment, which may create different
issues in industrial processes. It has been documented in the research, which was conducted by
[17] that sensing applications play a major role in reducing and minimizing excessive cost,
which is required for optimized processes of manufacturing.

Figure 2. Replacement of the wired technology with that of the wireless [8].
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In addition to this, sensing applications also assist in identifying and recognizing inefficient
operations or malfunctioned equipment. According to [15], sensing applications enable the
process industry in automating the process of data acquisition, from remote sensors, in order
to minimize user intervention. It has been affirmed by [18] that application of automated
sensing, within process industry, assists in implementing certain networks, in order to improve
and increase public and employee safety. It has been stated by [16] that automated and
wireless sensing applications also enable process industry to streamline the process of data
collection for more integrated and valuable compliance of reporting.

2.1. Monitoring and controlling

It has been documented in the research, which was conducted by [10] that one of the major
industrial applications of WSN includes monitoring and controlling of industrial processes. In
this account, [9] have claimed that WSN assists the plant operators to evaluate and ensure the
performance and health of machine and products. According to [18], WSN systems were devel-
oped, in order to support machinery CBM (machinery condition based maintenance). It is due to
the fact that process industries have to face various issues, in terms of enabling new functionality
and higher costs of maintenance and implementation. In such circumstances, wireless sensors
can be located in the problematic and vulnerable areas, where wired systems cannot be reached
easily. These areas may include un-tethered vehicles and rotating machineries.

Data logging can also be considered as one of the greatest industrial applications of wireless
sensors. It is due to the fact that wireless sensor networks facilitate the practices of data
collection, in order to monitor environmental conditions of the plant. These may include
temperature, pressure, density, flow rate, overflow tanks, volume, etc. In addition to this,
WSN systems also assist in gathering statistical information, which enables the machine
operators to examine and evaluate potential malfunctioning of the machines. Waste water
monitoring and water consumption monitoring can also be performed by the help of WSN
systems. All of these features eventually results in the reduction of water wastage. It has been
recognized from the assessment of studies carried out by [17] that WSN systems can also be
adopted in order to evaluate the integrity of physical infrastructure as well as geo-physical
processes, which are closed to real time and over long periods, through the process of data
logging, by the help of interfaced sensors.

3. Wireless sensing networks in water treatment applications

The standards of water quality and quantity are necessary for survival and reduce the risk of
disease. The main health problems associated with drinking water contamination are caused by
insufficient water for hygiene purposes and consumption of that contaminated water [19]. There
are two standards defined for water supply standards. The first standard involves the quantity of
water, while the second standard regulates water quality [20]. The minimum amount of water
for safe and healthy consumption is summarized by around 7.5–15 l of water per person per day.
Water quality is a secondary standard, according to [20], therefore, once water quantity has been
assured, water quality should be improved to reduce the risk of dysentery and other diseases.
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The quality parameters such as turbidity, coliforms, and chlorine residual are specified as the
minimum standards that must be met by water treatment technologies.

This work intends to enhance the production of water treatment plant by controlling the
treatment processes and their affecting parameters by using controlling and measuring instru-
ments such as what it uses to adjust the clarification and disinfection chemical materials
addition. Besides, the instrument’s readings are used for further studies concerns.

In the following sections the traditional systems and the proposed techniques that have been
developed for water treatment plant will be discussed. The proposed control system design
consists of five phases: intake, sedimentation, filtration, disinfection, and distribution as shown
in Figure 3.

The devices used this design and its abbreviations are shown in Table 1. Various types of
devices such as sensors, valves, pumps, microcontrollers, communication modules and PLC
are communicated wirelessly.

3.1. Sukking/distribution pumps operation

The operation of the intake and distribution pumps is based on the Delta/Star control circuit
called (starter). In the traditional plants, the starter and pump are basically located at the main
supply bank, therefore, the operation process of these pumps is applied manually using start/
stop pushbuttons. The starter circuit as shown in the Figure 4 consists of three main contactors
(K1, K2 and K3) in addition to a timer control to accomplish the pumps’ starting conditions. K1
controls the pump’s main power supply and protects it from short circuit and current overload
circumstances. K2 is adjusted by the timer control circuit to initialize the pump at Star (Y)
condition. Finally, K3 operates simultaneously when K2 releases (by means of interlock) to
inject full supply voltage to operate the pump at Delta (Δ) condition [21].

3.1.1. The subsystem developed for intake/distribution pumps

The intake/distribution pumps (P1, P2,…, Pn)work throughWSN control circuits (C1, C2,…, Cn).
The circuits operated according to wireless control signals generated by a central control unit and
sent wirelessly via communication module to the new installed power switch (on/off) sensor.

The reservior water level changed regulary during a day time according to the treated and
distributed water. Thus, control on reserviour water level can be achieved by regulating the
operated and standby pumps. Therefore, resourvoir level sensors has been used to continously
collect levels readings and feed the central controlmodule that uses a designed program to specify
the number of pumps to be work and which should be in standby state. Figure 5, illustrated the
developed system in case of intake phase, while distribution phase illustrated in Figure 6.

3.2. Chemicals materials used

Physical properties such as suspended mater and turbid caused by these matters, and the
living organisms on the other hand threat the health of consumers, thus water treatment plants
are designed and established to remove the risk of these problems, and to put the final product
within the standard guidelines of potable water.
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Purified water and safety to be drunk depend on added sedimentation and disinfection
chemicals materials, which are defined by reading many parameters concerned with quantity
and quality of raw water as shown in Figure 7.

In water treatment plants there is a chemical room for preparing chemical materials. This unit
includes feeding machines, chemical coagulants daily tanks and other equipment. The popular
chemicals added are:

Figure 3. The wireless control system designed for water treatment plant.
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Pump motor Pm Level sensor control Ls Inlet valve Iv

Injection motor Im Flow sensor control Fs Outlet valve Ov

Power switch SW Turbidity sensor control Ts Drain valve Dv

Power supply P Chlorine sensor Chs Wash valve Wv

Communication module Cm Pressure sensor control Ps Air valve Av

Microcontroller Mc Pumps control circuit St Backwashing BW

Table 1. Devices and abbreviation.

Figure 4. Control circuit of the pump operation.
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• Poly aluminum chloride

Extra power inorganic aluminum salt used as cationic coagulant, max permissible dose 250 mg/l.

• Chlorine gas

Oxidant uses in trace dosage for the removing bacteria, so the recommended dose is 1 mg/l.

3.2.1. Adding chemical material

In case of turbidity removal a process called a Jar Test was used to identify the estimated dose
from purification chemical material. This test conducted every 2 h to check the amount of
change in water quality. While in case of disinfection, the current process is to inject the
estimated chlorine first then read the residence chlorine in the water every 2 h to decide in
increasing or decreasing the injected doses.

3.2.2. Suggested techniques

In any fraction of time the water types and flow rate are subjected to change. Therefore, the
suggested developed model intends to enhance the addition of chemicals materials by intro-
ducing a real-time application that reads the water parameters and immediately adds the
corresponding doses.

Figure 5. The intake subsystem.
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To implement this system, a control unit using a PLC has been suggested to accomplish the
process in order to raise quality to the best possible level without chemical materials misuse.
The modification focuses mainly on improving the quality of treated water in plant using
instruments to measure parameters that affect the quality. Depending on the reading, the
accurate doses from chemical materials which are used for water sedimentation e.g. poly
aluminum chloride (PAC) and disinfection e.g. chloride (Cl2) will be determined [22]. Accord-
ingly, pumps are used to inject the corresponding doses to the water. Therefore, it is important
that automated system works efficiently to ensure good quality produced water, prevent
possible fatal error or even disasters that might affect people, as well as, to reach the highest
level of production [23].

3.2.3. Control system implementation

The proposed control systems to be implemented are demonstrated in Figure 8. In these
systems sensors with different functions has been used. Therefore, sensors are used to read
water turbidity, flow rate, pH, and resident chlorine in the water and connected directly to
microcontroller.

The microcontroller used a designed algorithm to calculate the required doses from clarifica-
tion and disinfection chemical materials to be added to water in real-time application mode,

Figure 6. The distribution subsystem.
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and sends appropriate signals to the central PLC via a wireless communication module. The
PLC generates the corresponding output pulses and communicates with actuators that govern
the working dosing pumps. These dosing pumps have broad range of flow rate in litters per
hour (l/h) [24].

Figure 7. The water treatment proposed control instruments.
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Figure 8. The sedimentation and disinfection systems.
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3.2.4. System algorithm

The following algorithm designed to calculates the amount from purification and disinfection
chemical materials to be added to water [25].

Algorithms: Calculation of clarification and disinfection chemicals

For i¼0 to ∞ do

Input: read ( TS1, TS2 Þ , read ( Fm1, Fm2 Þ , read ( Ref :Cl2Þ , read ( Fm3Þ , read (Ref :Dose)

Calculate:

TS Average (TS1, TS2 Þ:
Fm Average ( Fm1, Fm2 Þ
Convert water rate (Wrate) to water volume (Wvolume)

Wvolume1 = Wrate1 . t

Wvolume2 = Wrate2 . t

Clarification (e.g. Ploy Aluminum Chloride) injection

Calculate the dosing Clardose

Clardose ¼ Ref :Dose � TS �Wvolume1

Set injector control pulse PC1

Calculate injection time Ti1:

Ti1 = Clardose
Injectorrate

Output: pulse control PC1 (To drive injector)

PC1 = pulse modulation (Pi1, Ti1 )

Disinfection (Residual chlorine injection)

Calculate the dosing (DidoseÞ
Didose ¼ Ref :Cl2 �Wvolume2

Set injector control pulse PC2

Calculate injection time Ti2:

Ti2 = Didose
Injectorrate

Output: pulse control PC2 (To drive injector)

PC2 = pulse modulation (Pi2, Ti2 )

End
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3.3. Filtration phase

The water from sedimentation basins distributed to the filtration basins by gravity. The filtra-
tion process involves passing water through fine granular materials, such as sand [26]. As
more and more raw water passed through the filter, suspended particles are accumulating
within the filter media, reaching impermissible levels that lead to one of the two destructive
events. They can either cause the filter head loss within the filter to reach excessively high
levels, or hardly pushed through the media, resulting of bad quality of treated water. There-
fore, in order to maximize the use of a given filter within a safe mode, it becomes necessary to
remove these entrapped particles from the media itself. Filter backwashing is the process by
which this is accomplished. It refers to pumping water and compressed air backwards through
the filters media as illustrated in Figure 9.

3.3.1. Suggested techniques

In order to be safe and function perfectly with full capacity through a day, the filter efficiency
influenced by the effectiveness of the backwashing methods. This efficiency can be controlled
by installed water level sensors in the filter basin. When the water level inside the basin
exceeds impermissible level, backwashing operation is executed automatically with the PLCs
program aid.

To implement the system, the researcher used sensors for measuring the water level, XBee as a
wireless communication module, microcontroller as a data acquisition unit, automated water
valves for inlet (Iv), outlet (Ov), drain (Dv), washing (Wv), and compressed air valve (Av) to be
opened and closed according to the received signals from the PLC control module. The
illustration of the system design is shown in Figure 10.

Figure 9. Washing filter.
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valves for inlet (Iv), outlet (Ov), drain (Dv), washing (Wv), and compressed air valve (Av) to be
opened and closed according to the received signals from the PLC control module. The
illustration of the system design is shown in Figure 10.

Figure 9. Washing filter.
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4. Results and discussion on implemented systems

The obtained simulation results for the implemented subsystems will be discussed in this
section. The PLCs is communicated wirelessly with inputs and outputs through communication
modules and microcontrollers as demonstrated in in the previous developed subsystem design.
The different water treatment processes consideration has been setup, where the subsystems
have been controlled successfully under various operations settings.

4.1. Control on motor operation

The Motor operation is controlled by a motor starter (M) which is connected in series with a
normally open (NO) momentary pushbutton (Start), a normally closed (NC) momentary
pushbutton (Stop), and the normally closed (NC) overload relay (OL), as shown in Ladder
Logic diagram Figure 11. The NO start pushbutton is connected to the input I0.0 while the NC
stop pushbutton is connected to input I0.1. The NC overload relay contact as part of the motor
starter is connected to input I0.2. The input (I0.0–I0.1–I0.2) forms an AND circuit and controls

Figure 10. System model. (a) Filter basin components, (b) communication module and actuators, and (c) control module.
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the operation of output (Q0.0). The logic state of input bit I0.1 is logic 1 because of the NC stop
pushbutton. The logic state of input bit 10.2 is logic 1 also because protective overload relay is
NC. By A program a NO contact Q0.0 is added to ladder logic, which is in direct relation with
output (Q0.0) and forms an OR circuit with input (I0.0). Motor starter is connected to output
Q0.0 at output module [27].

When the pushbutton is initialized, unit CPU receives logic 1 signal from input I0.0 at input
module. This causes contact I0.0 at ladder logic to close. In this case, all contacts are on ladder
logic 1 state, so the logic condition of output Q0.0 on the ladder logic is logic1 [27].

4.2. Control on purification and disinfection addition

In this section the results obtained from the simulations of the model developed using MATLAB
will be presented. The modeled system was successfully executed. The simulation program fed
with measured data of water quality values, and then generated the required doses in four
modes of injection methods at different times.

Figure 12 shows the time relation between the flow rate and the injected doses of materials in
mg/l. The system collects the values of turbidity and flow rate intervals of 10, 20, 30, and 40 s.
These obtained reading values are feed the modes from one to four consequently. According to
the equation used in the model mode 1, the injected purification material was due to the
optimal dose, this is presented in Figure 12 with black graph. The system injected doses in
the other modes (2, 3, 4) varied from the required value in respect to the time differences
specially in mode 4 (green graph). For example, in case of 45 l/s flow rate, mode 4 injects excess
material by around 30 mg, mode 3 injects less material by around 20 mg, while at 80 l/s flow
rate mode 4 injects less material by around 60 mg from the reference mode (mode 1). There-
fore, according to the frequent changes in water turbidity and flow rate, the injection at higher
rate (mode 1) is likely to be accurate and close to optimal dose.

Figure 13 illustrates the efficiency of the four modes according to the change in flow rate and
random values of turbidity. In mode 1 as nominated to be the optimal reference mode, the

Figure 11. Ladder logic diagram represents the motor’s operation.
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efficiency represented in Figure 4 by black graph bounded between 83 to 87%, so that the
system in mode 1 is likely to be stable. In mode 2 which is represented by blue graph, the
efficiency is bounded between 80 to 90% but there are large fluctuations. The remaining higher
modes gave unstable and poor efficiency fluctuated between 0 and 95%.

Figure 12. The relation in time between the flow rate and the injected doses.

Figure 13. The relation between injection efficiency and the flow rate.
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Figure 14. Backwashing control system flowchart.

Step Valve PLC timers configuration Operation

Timer Time (s)

1 I.W. Valve TT1 15 Closing filter inlet water valve

2 O.W. Valve TT2 15 Closing of outlet clarified water valve

3 D.W Valve TT3 15 Opening of drain water valve

4 A. Valve TT4 45 Opening of air valve

5 C.W Valve TT5 75 Opening of clean wash water valve

6 Aux Timer TTC 15 To closing the washing valve

7 Reset Timer TTG 30 To terminate the washing process

Table 2. A complete time cycle of the filter washing process.
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Figure 15. Ladder logic inputs and outputs for filter backwashing process control.
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4.3. Control on filter backwashing process

The control runs as it follows: when the PLC receives a signal coming from the sensors, it
determines the start of the washing process, then accomplishes the following steps: first,
closes the filter inlet and outlet water valves. Second, opens drain valve and then opens the
backwash compressed air valve for 30 s. Then closes air valve and opens the backwash clean
water valve for 60 s, Third, closes the wash valve and the system waits for 15 s until the
dirty water passes before terminates the backwashing process. Finally, reverses the state of
inlet, outlet and drain water valves to restart the filtration process again. The operations time
of valves collected from plant and it was arranged to be used in the program. The control
steps which have been implemented by PLCs is illustrated by the following flowchart,
Figure 14.

In this simulation seven timers as shown in Table 2 are set within the PLC program to control
the time for each step of the filter washing process. Also, five indicators are connected to the
outputs of the PLC to represent the valves which are involved in the filter washing process.

A Ladder Logic has been used for programming backwashing process so as to be functioned in
the PLCs. The program output represented these processes shown in Figure 15 [28].

5. Conclusions

The automatic control system has been proposed and implemented in this chapter regarding
water treatment system. The water treatment system was dealt within two ways: the tradi-
tional system and the modified system after using WSN components. A controlled pump
system has been fully developed on a PLCs system with sensors. An algorithm was designed
to calculate the required doses from purification and disinfection chemical materials according
to flow rate, pH, turbidity, and resident chlorine sensors reading, then added to water in a real-
time application mode. The backwashing process for filters accomplished automatically using
level sensors installed inside the filter basin, and automated valves. Therefore, the filter valves
are working properly according to PLCs wireless control signals. In conclusion, the proposed
control system has been successfully tested and the obtained results were significant. It was
clear that the traditional systemwithout WSN devices was poor and sometimes may have high
risks especially in such system of drinkable water treatment. In contrast, the modified and
improved system using WSN components has shown a high degree of dependability.
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Abstract

Drinking water is vital for everyday life. We are dependent on water for everything from 
cooking to sanitation. Without water, it is estimated that the average, healthy human 
won’t live more than 3–5 days. The water is therefore essential for the productivity of our 
community. The water treatment process (WTP) may vary slightly at different locations, 
depending on the technology of the plant and the water it needs to process, but the basic 
principles are largely the same. As the WTP is complex, traditional laboratory methods 
and mathematical models have limitations to optimize this type of operations. These pose 
challenges for water-sanitation services and research community. To overcome this matter, 
deep learning is used as an alternative to provide various solutions in WTP optimization. 
Compared to traditional machine learning methods and because of its practicability, deep 
learning has a strong learning ability to better use data sets for data mining and knowledge 
extraction. The aim of this survey is to review the existing advanced approaches of deep 
learning and their applications in WTP especially in coagulation control and monitoring. 
Besides, we also discuss the limitations and prospects of deep learning.

Keywords: artificial neural networks, deep learning, machine learning, coagulation 
process, water treatment

1. Introduction

1.1. Overview of water treatment process

Water is a unique substance known for its ability to dissolve a variety of substances. When 
water moves through its hydrological cycle, including precipitation, runoff, infiltration, 
impounding, use, and evaporation, it comes into contact with different substances that may 
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Abstract

Drinking water is vital for everyday life. We are dependent on water for everything from 
cooking to sanitation. Without water, it is estimated that the average, healthy human 
won’t live more than 3–5 days. The water is therefore essential for the productivity of our 
community. The water treatment process (WTP) may vary slightly at different locations, 
depending on the technology of the plant and the water it needs to process, but the basic 
principles are largely the same. As the WTP is complex, traditional laboratory methods 
and mathematical models have limitations to optimize this type of operations. These pose 
challenges for water-sanitation services and research community. To overcome this matter, 
deep learning is used as an alternative to provide various solutions in WTP optimization. 
Compared to traditional machine learning methods and because of its practicability, deep 
learning has a strong learning ability to better use data sets for data mining and knowledge 
extraction. The aim of this survey is to review the existing advanced approaches of deep 
learning and their applications in WTP especially in coagulation control and monitoring. 
Besides, we also discuss the limitations and prospects of deep learning.

Keywords: artificial neural networks, deep learning, machine learning, coagulation 
process, water treatment

1. Introduction

1.1. Overview of water treatment process

Water is a unique substance known for its ability to dissolve a variety of substances. When 
water moves through its hydrological cycle, including precipitation, runoff, infiltration, 
impounding, use, and evaporation, it comes into contact with different substances that may 
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be more or less dissolved or be suspended in the water. Thus, the type and quantity amount 
of the dissolved substances, suspended substances, and colloidal substances together deter-
mine the overall quality of the water and its fitness for domestic use. Purification and sanita-
tion of water vary as to the source and kinds of water. Municipal waters, for example, consist 
of surface water and ground water, and their treatment is to be distinguished from that of 
industrial water supplies. Municipal water supplies are treated by public or private water 
utilities to make the water potable (safe to drink) and palatable (esthetically pleasing) and 
to insure an adequate supply of water to meet the needs of the community at a reasonable 
cost. Except in exceedingly rare instances, the entire supply is treated to drinking water qual-
ity for three reasons: it is generally not feasible to supply water of more than one quality; 
it is difficult to control public access to water not treated to drinking water quality; and a 
substantial amount of treatment may be required even if the water is not intended for human 
consumption.

In order to achieve this, a water treatment plant employs many unit treatment processes that 
are linked in a process train to produce water that is fit for domestic use reliably and consis-
tently from a raw water source at a cost that is reasonable to the consumers. Municipalities 
are over time facing an increase in population, a decrease in available freshwater supplies, 
and stricter regulation. The water treatment process may vary slightly at different locations, 
depending on the technology of the plant and the water it needs to process, but the basic 
principles are largely the same.

Purification water systems use various methods of water treatment to ensure ongoing water 
quality, including water quality testing. The testing helps ensure the water treatment process 
results in a product that meets federal water quality guidelines. Water analysis involves look-
ing for several kinds of contaminants, including unsafe levels of organic, inorganic, microbial, 
and/or radioactive contaminants. At present, the most common steps in water treatment used 
by community water systems, mainly surface water treatment [1–3], include:

• Pretreatment: Pumps bring raw (untreated) water, often from lakes or rivers, into the puri-
fication plant through screens that exclude fish, weeds, branches, and large pieces of debris. 
Screening may not be necessary for groundwater. The plant may aerate the water at this 
point to increase the oxygen content and thus help remove problematic odors and tastes.

• Coagulation and flocculation: Coagulation and flocculation are often the first steps in water 
treatment. Chemicals with a positive charge are added to the water. The positive charge 
of these chemicals neutralizes the negative charge of dirt and other dissolved particles in 
the water. When this occurs, the particles bind with the chemicals and form larger particles 
called floc.

• Sedimentation: During sedimentation, the heavy floc settles to the bottom of the water 
supply due to its weight.

• Filtration: Once the floc has settled to the bottom of the water supply, the clear water on 
top will pass through filters of varying compositions (sand, gravel, and charcoal) and pore 
sizes, in order to remove dissolved particles, such as dust, parasites, bacteria, viruses, and 
chemicals.
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• Disinfection: After the water has been filtered, a disinfectant (for example, chlorine and 
chloramine) may be added in order to kill any remaining parasites, bacteria, and viruses 
and to protect the water from germs when it is piped to homes and businesses.

The main goals of these various operations of water treatment process are to reduce the chemi-
cal cost, control the energy consumption required to work the treatment processes, and reduce 
the water wastes. Many research and studies are performed in order to increase the water treat-
ment plant performances. Figure 1 presents a schematic overview of these various operations 
necessary to treat the water. Many measurements of variables recorded by sensors such as tur-
bidity level (TUR), PH, conductivity (COND), dissolved oxygen (DO), and temperature (T) are 
needed to carry out the jars test in order to determine the optimal dose of the aluminum sulfate.

The modeling of water treatment processes is challenging because of its complexity, nonlin-
earity, and numerous contributory variables, but it is of particular importance since water of 
low quality causes health-related and economic problems which have a considerable impact 
on people’s daily lives. In most research works, linear and nonlinear modeling methods are 
used to model for example residual aluminum, turbidity, and coagulant dose in treated water, 
using both laboratory and process data as input variables. The approach includes variable 
selection to find the most important factors affecting the quality parameters.

Figure 1. Simplified synopsis of the water treatment plant.
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• Disinfection: After the water has been filtered, a disinfectant (for example, chlorine and 
chloramine) may be added in order to kill any remaining parasites, bacteria, and viruses 
and to protect the water from germs when it is piped to homes and businesses.

The main goals of these various operations of water treatment process are to reduce the chemi-
cal cost, control the energy consumption required to work the treatment processes, and reduce 
the water wastes. Many research and studies are performed in order to increase the water treat-
ment plant performances. Figure 1 presents a schematic overview of these various operations 
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In the following, we review some techniques used for purifying raw water and the control 
strategies proposed so far trying to supply drinking water in a reliable manner. This control 
problem is very complex due to the variable quality of raw water, the seasonal changes that 
temperature and PH have on disinfection capabilities, the transport delays associated with the 
transport time of water from one point to another, and the multiple-input, multiple-output 
nature of the issue in question. In this chapter, we focus on one of main aspects related to 
the optimization of water treatment plants, which is the control and monitoring of coagulant 
dose, in which we have experience. There are two families of approaches that are described in 
this chapter: the first one covers the classical applications dedicated to understand and estab-
lish relationships between raw water characteristics and the coagulant reagent destabilizing 
the colloidal matter in suspension. The second family deals the leading applications carried 
out in machine learning, especially those using deep neural networks for automatic control 
of coagulation process.

1.2. Coagulant control and monitoring

Purification of drinking of drinking water is a very important problem in environmental engi-
neering. Stricter drinking water quality standards demand improvement of control systems 
for water treatment. The efficient operation of a water plant depends upon the success of 
the clarification stage. Generally, the regulation of chlorination in drinking water systems is 
based on open-loop control. The application of feedback control in drinking water purifica-
tion systems has been delayed due to the lack of sensors for measuring chlorine concentra-
tion in a reliable fashion. Although chlorine concentration sensors have been used in large 
drinking water systems, these sensors are typically used for monitoring purposes mostly for 
coagulation control. Various closed-loop controllers have been proposed. In [4], a feedback 
control scheme is implemented using color and turbidity sensors and variable speed pumps. 
The sensors are used to determine the current characteristics (i.e., color and turbidity) of the 
raw water, and the pumps are used to dose a coagulant into the raw water, which achieves 
clarification of the water. A third measurement, a conductivity sensor, has been considered in 
to suppress errors obtained from the color sensor (i.e., color sensor measurements are consid-
erable higher than laboratory results), when the turbidity of the water is high.

Coagulation process is one of the critical processes performed in the water treatment of surface 
waters, involving many biological, physical, and chemical phenomena [1–3]. The control and 
monitoring of a good coagulation are essential for maintenance of satisfactory treated water 
quality and economic plant operation. Basically, colloidal particles are separated by means of a 
chemical coagulation process that consists to destabilize charge of the suspended particles by 
adding coagulant. The coagulant generally used in the drinking water industry is aluminum 
sulfate because of its effectiveness, accessibility, and low price. Some studies have been car-
ried out to improve the effectiveness of the aluminum sulfate or to replace this coagulant by 
another natural, available, and cheaper. Mukheled [5] used Date seeds and Pollen Sheath as 
coagulant to treat different levels of turbidity (75, 150 and 300 NTU). Ali et al. [6] tried Moringa 
oleifera seed in the coagulation process to treat low turbid water in Malaysia. However, Aho 
et al. [7] highly recommended the use of this natural coagulant in the domestic turbid water 
purification in Nigeria. Other natural coagulants are proposed as an important alternative in 
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the water treatment plant. The coagulants are from plant origin such as nirmali seed and maize 
[8], Cassia angustifolia seed [9], mesquite bean and cactus latifaria [10], chestnut and acorn [11], 
Cocciniaindica fruit mucilage [12], and from different leguminous species [13]. Those natural 
products have coagulating activity in the treatment of turbid water and can be used as coagu-
lant or as coagulant aid with other synthetic and industrial coagulants (aluminum sulfate…) in 
order to reduce the coagulant consumption in the water treatment plant [14].

Coagulant dosage is chosen empirically by operators based on their past experience, laboratory 
jar-testing, and various information on water quality parameters. The jar-test apparatus simu-
lates mixing, flocculation, setting, and a single test may take about 1 hour to be performed. Jar-
test involves taking a raw water samples and applying different quantities of coagulant to each 
sample [15]. After a short period of time, each sample is assessed for water quality and the dosage 
that produces the optimal result used a set point. This operation should be repeated by the opera-
tors each time when the quality of raw water changes. The aluminum sulfate is the compound 
likely to be mathematically modeled, and therefore, its value can be estimated according to the 
data available in the treatment plant. Disadvantages associated with jar-testing are that regular 
samples have to be taken requiring manual intervention and operators can make manually in 
raw water quality. Both manual and automatic methods are used to predict optimum coagulant 
dose [15, 16]. Automatic method is ensured by streaming current detectors [17–19]. The stream-
ing current detector (SCD) is an instrument used to measure coagulated particle stability for the 
feedback control of coagulant dosage. Muzi Sibiya [20] reports the results of the online control of 
polymeric coagulant dosage at rapid mixing step in water treatment. The results show that the 
SCD reading increases as the polymeric coagulant dosage increases. The supplier recommended 
cationic polymer concentration for an SCD calibration standard of 100 mg/l was found suitable 
for SCD calibration purposes. The streaming current reading of the coagulated water at optimum 
coagulant dose was not significantly affected by raw water turbidity.

There is no mechanistic model describing the coagulant dosage related to the different vari-
ables affecting the process and also by using cheapest products. An interesting alternative to 
elaborate models is the use of deep neural networks often used in machine learning. Process 
data can be used directly to represent input-output process relationships. Artificial neural 
networks (ANN) proved to be extremely flexible in representing complex nonlinear relation-
ships between many different process variables [21]. They do not require any a priori precise 
knowledge on the relationships of the process variables. Various applications were performed 
in order to develop a neural model for the online estimation of optimal coagulant dosage from 
raw water characteristics. Previous researches [22–26] show the efficiency of such approach 
using neural networks.

2. Deep neural networks for coagulation control and monitoring

2.1. Overview of artificial neural networks and deep learning

Since their origin in 1943 [27], artificial neural networks (ANNs) have been used to provide 
the best solutions to large various nonlinear problems. The ANNs have generated a lot of 
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motivation of machine learning research and industry, thanks to many progress results in 
robotic processing [28], object recognition [29], speech and handwriting recognition [30], 
and even real time sign-language translation [31]. Overall, an artificial neural network can 
be described by three main parts: (1) Input nodes that provide information from the exter-
nal source (signals, features, image, and measurements) to the network. Each input has an 
associated weight, which is assigned on the basis of its relative importance to other nodes. 
These input nodes are usually normalized via the activation functions, which perform a 
certain fixed mathematical operation. (2) Hidden nodes responsible for extracting patterns 
associated with the process or system are being analyzed. These layers perform most of the 
internal processing from a network. (3) Output nodes are collectively responsible for com-
putations (processing performed by the neurons in the previous layers) and producing the 
final network outputs. Depending on the arrangement of neurons and their interconnection 
via the processing layers, the main architectures of artificial neural networks can be divided 
as follows: single-layer feedforward network (as example, perceptron and the ADALINE), 
multilayer feedforward networks (multilayer perceptron (MLP) and the radial basis function 
(RBF)), recurrent networks, and mesh networks (The Self-Organizing Map the main represen-
tative of mesh architectures).

Despite the idea that deeper architectures would provide better results compared that are 
shallower already used, empirical tests with deep networks had found similar or even worse 
results when compared to networks with only one or two layers [32, 33]. Training was also 
found to be difficult and often inefficient [33]. Finally, this concept started to change with the 
proposal of greedy layer-wise unsupervised learning [34], which allowed for the fast learn-
ing of deep belief networks and solving the vanishing gradients problem. Thus, since 2006, 
deep learning’s revolutionary advances in speech recognition, image analysis, and natural 
language processing have gained significant attention. With the ever-growing volume, com-
plexity, and dynamicity of online information, deep learning approach has been an effective 
key solution to overcome such information overload. Recent studies also demonstrate its 
effectiveness in anomaly detection and prediction tasks. Deep learning is a sub research field 
of machine learning. It learns multiple levels of representations and abstractions from data, 
which can solve both supervised and unsupervised learning tasks [35]. In this subsection, we 
briefly review the key array of deep learning concepts using some of the sources included in 
the annotated section of the bibliography [36–38]:

• Multilayer perceptron (MLP) is a deep artificial neural network with hidden layers (one/or 
multiple layers) between input layer and output layer that makes a decision or prediction 
about input. An MLP can be viewed as a logistic regression classifier where input is first 
transformed using a nonlinear transformation to project the input data into a space linearly 
separable. A single hidden layer is sufficient to consider MLP a universal approximator. 
Since 2006, scientific researchers have shown that there are considerable benefits to using 
many such hidden layers, e.g., the very premise of deep learning.

• Recurrent neural network (RNN) performs the same task for every element of a sequence, 
with the output being depended on the previous computations. In a traditional neural net-
work (feedforward neural network), all inputs and outputs are independent of each other. 
The idea behind RNN is to employ sequential information in order to capture information 
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about what has been calculated so far. We can say that RNNs have a “memory”. Long short 
term memory (LSTM) and gated recurrent unit (GRU) network are two variants generally 
chosen to solve the vanishing gradient problem.

• Convolutional neural network (ConvNet) is a special kind of feedforward neural network 
with convolution layers and pooling operations. Each neuron receives some inputs, per-
forms a dot product, and optionally follows it with a nonlinearity. ConvNet architecture 
posits an explicit assumption that the inputs are images, which provide (encode) certain 
properties into the architecture. These then allow to perform two things: easily and effi-
ciently implement the forward function and vastly reduce the amount of parameters in the 
network.

• Restricted Boltzmann machine (RBM) is a parameterized generative model representing a 
probability distribution. Boltzmann machine consist of two types of layers, so called visible 
and hidden neurons. The visible layer corresponds to the components of an observation. 
The hidden layer models dependencies between the components of observations (for a 
digital input image, one visible unit for each pixel). Restricted means that there are no 
intra-layer communications in visible layer or hidden layer.

• Auto-encoder (AE) is an unsupervised model pretraining that has three layers: an input 
layer, an encoding (hidden) layer, and a decoding layer. The AE model is trained to 
reconstruct its inputs, which forces the hidden layer to try to learn good representations 
of the inputs. The learned representation of auto-encoder can be used for dimensionality 
reduction and can be used as a feature for another task. There are many variants of auto-
encoders such as denoising auto-encoder, marginalized denoising auto-encoder, sparse 
auto-encoder, contractive auto-encoder, and variational auto-encoder (VAE).

• Deep semantic similarity model (DSSM) has developed for representing text strings (sen-
tences, queries, predicates, entity mentions, etc.) in a common low-dimensional semantic 
space and measuring their semantic similarities. DSSM is frequently used in various appli-
cations including information retrieval and Web search ranking, contextual entity search 
and interestingness, image captioning, etc.

• Neural autoregressive distribution estimation (NADE) is an unsupervised neural network 
which is inspired by RBM but uses feed-forward neural network and the framework of 
auto-regression for modeling the probability and density distribution of binary variables 
in high-dimensional vectors.

• Generative adversarial network (GAN) is a generative neural network comprised of two nets: 
a discriminator and a generator, pitting one against the other, e.g., the two neural networks 
are trained simultaneously by competing with each other in a minimax game framework.

In the article, Zhang et al. [38] provide a comprehensive review of recent research efforts on 
deep learning–based recommender systems toward fostering innovations of recommender 
system research. A taxonomy of deep learning–based recommendation models is presented 
and used to categorize the surveyed articles. Wide and deep learning (WDL) is one of the 
models presented in this paper. This model can improve the accuracy, as well as the diversity 
of recommendation. The WDL (shown in Figure 2) can solve both problems, regression and 
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about what has been calculated so far. We can say that RNNs have a “memory”. Long short 
term memory (LSTM) and gated recurrent unit (GRU) network are two variants generally 
chosen to solve the vanishing gradient problem.

• Convolutional neural network (ConvNet) is a special kind of feedforward neural network 
with convolution layers and pooling operations. Each neuron receives some inputs, per-
forms a dot product, and optionally follows it with a nonlinearity. ConvNet architecture 
posits an explicit assumption that the inputs are images, which provide (encode) certain 
properties into the architecture. These then allow to perform two things: easily and effi-
ciently implement the forward function and vastly reduce the amount of parameters in the 
network.

• Restricted Boltzmann machine (RBM) is a parameterized generative model representing a 
probability distribution. Boltzmann machine consist of two types of layers, so called visible 
and hidden neurons. The visible layer corresponds to the components of an observation. 
The hidden layer models dependencies between the components of observations (for a 
digital input image, one visible unit for each pixel). Restricted means that there are no 
intra-layer communications in visible layer or hidden layer.

• Auto-encoder (AE) is an unsupervised model pretraining that has three layers: an input 
layer, an encoding (hidden) layer, and a decoding layer. The AE model is trained to 
reconstruct its inputs, which forces the hidden layer to try to learn good representations 
of the inputs. The learned representation of auto-encoder can be used for dimensionality 
reduction and can be used as a feature for another task. There are many variants of auto-
encoders such as denoising auto-encoder, marginalized denoising auto-encoder, sparse 
auto-encoder, contractive auto-encoder, and variational auto-encoder (VAE).

• Deep semantic similarity model (DSSM) has developed for representing text strings (sen-
tences, queries, predicates, entity mentions, etc.) in a common low-dimensional semantic 
space and measuring their semantic similarities. DSSM is frequently used in various appli-
cations including information retrieval and Web search ranking, contextual entity search 
and interestingness, image captioning, etc.

• Neural autoregressive distribution estimation (NADE) is an unsupervised neural network 
which is inspired by RBM but uses feed-forward neural network and the framework of 
auto-regression for modeling the probability and density distribution of binary variables 
in high-dimensional vectors.

• Generative adversarial network (GAN) is a generative neural network comprised of two nets: 
a discriminator and a generator, pitting one against the other, e.g., the two neural networks 
are trained simultaneously by competing with each other in a minimax game framework.

In the article, Zhang et al. [38] provide a comprehensive review of recent research efforts on 
deep learning–based recommender systems toward fostering innovations of recommender 
system research. A taxonomy of deep learning–based recommendation models is presented 
and used to categorize the surveyed articles. Wide and deep learning (WDL) is one of the 
models presented in this paper. This model can improve the accuracy, as well as the diversity 
of recommendation. The WDL (shown in Figure 2) can solve both problems, regression and 
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classification, by combining two learning techniques: the wide learning component (single-
layer perceptron) and deep learning (multilayer perceptron). The aim searched from combin-
ing these two learning techniques is that it enables the recommender system to capture both 
tasks: (1) memorization, which is the capability of catching the direct features from historical 
data, and (2) generalization by producing more general and abstract representations.

For different fields, suitable applications vary depending on the nature, type, and purpose 
of the data. While scientific researchers can be interested in searching for anomalies in the 
sleep patterns of a patient, economists and industrials may be more interested in forecasting 
the next prices some stocks of interest will assume. These kinds of problems are addressed in 
the literature by a range of different approaches used to perform tasks such as classification, 
segmentation, anomaly detection, and prediction. Applying deep neural network techniques 
also into treatment water process [25, 39–46] has been gaining momentum due to its state-of-
the-art performances and high-quality recommendations. In contrast to traditional recom-
mendation models, deep learning provides a better understanding of user’s demands, item’s 
characteristics, and historical interactions between them.

2.2. Neural software sensors for coagulation automatic control

Several works [25, 39–42] have already shown the potential of these techniques for modeling 
the coagulation process. All these studies propose to relate the coagulant dose to different 

Figure 2. Illustration of a wide and deep learning.
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descriptors parameters of the quality of raw water, such as turbidity, pH, conductivity, etc., 
using a neural network. The learning base is constructed using a jar-test test history to model 
the optimal coagulant dose. Agdar et al. [39] propose to use the color, conductivity, and tur-
bidity of raw water to predict the dose of coagulant. The results obtained on a pilot site [39] 
seem encouraging. However, the lack of input descriptor parameters does not allow to take 
into account all variations in the quality of the raw water. Another study [40] proposes to 
use many more input parameters of the RNA model. Mirsepassi et al. [41] also propose to 
use a history of these different parameters, that is, to consider the value of the parameters at 
times {t − 1, t − 2, …, t − 6} (t represents the current day). Gagnon et al. [25] show the interest 
of building seasonal models. They use four descriptors parameters of the raw water qual-
ity: pH, turbidity, conductivity, and temperature. This study compares the accuracy of an 
annual year-round model with four seasonal patterns. Nevertheless, the determination of the 
four periods of application of each model seems difficult. Valentin et al. [42] have developed 
an alternative to the jar-test and SCD methods allowing for the automatic determination of 
optimal coagulant dose from raw water characteristics, using a self-organizing map and MLP 
approaches to validate the sensor measurements before coagulant dose estimation.

Given the strong evolution of the raw water characteristics, an important property for such sys-
tem is indeed the robustness with regard to the sensors failings or to the unexpected raw water 
characteristics, owing to accidental pollution for example. Coagulation process is one of the 
critical processes performed in the drinking water treatment, involving many biological, physi-
cal, and chemical phenomena. As we have already mentioned, the control of a good coagulation 
is essential for maintenance of satisfactory treated water quality and economic plant operation. 
Thus, an over-dosage can lead both to an increase in the operating costs and to public health 
concerns. While an underdosage can cause failure to meet the water quality targets, the coagu-
lation has a strong impact on the clarification step. In addition to these developments on the 
coagulation automatic control, we have developed a software sensor based on a hybrid system 
[44–47], including a Self-Organizing Map (SOM) for measurements validation and missing data 
reconstruction [45], a multilayer perceptron (MLP) for coagulant dose prediction [47], and a 
neuro-fuzzy method to identify functional states of treatment plant [44, 45]. The main objective 
of our works conducted was to validate and rebuild the measurements of characteristics raw 
water so as to provide reliable inputs to the automatic coagulation control system.

In many anomaly detection applications, abnormal (negative) samples are not available at the 
training stage. For instance, in a computer security application, it is difficult to have informa-
tion about all possible attacks. In the machine learning approaches, the lack of samples from 
the abnormal class causes difficulty in the application of supervised techniques. Therefore, the 
obvious machine-learning solution is to use an unsupervised algorithm. For this, we adopted 
an unsupervised learning approach based on the self-organizing map algorithm introduced 
by Kohonen [48]. Self-organizing map is one of the most popular neural network models. 
It belongs to the category of competitive learning networks. The SOM method is based on 
unsupervised learning, which means that no human intervention is needed during the learn-
ing and that little needs to be known about the characteristics of the input data. We could, 
for example, use the SOM for clustering data without knowing the class memberships of the 
input data. The SOM can be used to detect features inherent to the problem and thus has also 
been called SOFM (self-organizing feature map).
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For coagulant dosage prediction, the MLP architecture (inputs, number of hidden layers, and 
number of neurons) has been fixed a priori. To define relevant descriptors of raw water qual-
ity affecting the coagulant dosage, a principal components analysis (PCA) is used within this 
framework. The number of neurons in the hidden layer has been optimized with a pruning 
method “weight-decay” [49, 50] in combination with the “Levenberg–Marquardt” algorithm 
[51], allowing the weak weights to be penalized (the connections with weak weight are 
eliminated). In this framework, the weights and biases of the network are assumed to be ran-
dom variables with specified distributions. The regularization parameters are related to the 
unknown variances associated with these distributions. To take into account the uncertainly 
bound to the size limited of the learning set, the “Bootstrap” sampling [52] has been used to 
generate confidence interval for the model outputs. The results confrontation with test data of 
treatment plant located in Morocco [45, 46] shows that it is possible to determine online and in 
a very satisfactory way the optimal coagulant dose and this in various phases of functioning.

To assure a good monitoring and contribute to a good operation of this process, it would 
be necessary to exploit all process information, such as the measurements of raw water 
characteristics and their evolutions resulting for example from unforeseen abnormalities, as 
well as the expert knowledge. For these reasons, we chose to carry the behavior monitor-
ing of this process by using a neuro-fuzzy method, called “LAMDA” (Learning Algorithm 
for Multivariate Data Analysis) classification technique [53, 54], which allows aggregating 
this information for informing the operator by specific situations. The classification idea is 
the evaluation of the significant system signals (raw water quality measurements + neural 
coagulant dose) to recognize the factors related to such or such other situation and to help the 
operator to make a decision during the failure appearance. This approach was a first applica-
tion that shows the utility of classification techniques in the monitoring and the surveillance 
of this process type. It is clear that the final objective was to spread this monitoring to other 
treatment processes in order to detect at the earliest a drift functioning or to identify a failure 
on an upstream unit (Figure 3).

Figure 3. Hybrid system proposed for coagulation control and monitoring.
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3. Other propositions to purification water processes control

An expert system for a water purification system that performs supervisory control of water 
quantity, and automatic filter basin control, is developed in [55]. The sand bed filters can be in four 
possible states: waiting for filtering, filtering, waiting for scouring, and scouring. The filter basins 
in a water purification system are usually divided into groups connected in parallel. Online data 
are gathered from distributed control systems throughout the water purification system. In [56], 
filter basin control is based on control of filter scouring basin and control of the number of filter 
basins in operation. Filter scouring occurs when the water flow falls below a preset minimum 
value. The number of filters in operation is controlled to match the plant processing flow to total 
filtering flow. A different approach is presented in [56], where the proposed chlorination control 
system for water treatment is a double cascade PI loop for controlling the hypochlorite dosed in 
the system by means of free chlorine measurements taken at two sample points of the disinfec-
tion system. Denitrification of drinking water has been also proposed in several studies. In [57], 
SISO and MIMO robust variable structure controls for fixed bed bioreactors are developed. A 
SISO variable structure control is used to control the total concentration of nitrates and nitrites by 
changing either the inlet flow rate or the ethanol concentration. A MIMO variable structure con-
trol is needed to optimally regulate the ethanol concentration of drinking water. In [58], drinkable 
water is also treated by a fixed bed bioreactor. A multiinput and multioutput sliding control law 
of a distributed parameter bio-filter is designed to improve the quality of the water in order to 
control the harmful component concentration at the outlet of the bioreactor and to optimize the 
addition of carbon source. However, to our knowledge, it is certainly regrettable that no specific 
model based on deep neural networks is performed on this type of process.

4. Conclusions

Water resources systems management practice, include drinking water treatment process, 
around the world is challenged by serious problems. Climate change and land use change 
are increasingly recognized as having the major impact on hydrologic variables and therefore 
on management of water resources. Certainly, the profession has been slow to acknowledge 
these changes, and that fundamentally new approaches will be required to address them. 
Evolutionary algorithms are becoming more prominent in the water treatment processes 
field. Significant advantages of evolutionary algorithms include: (1) no need for an initial 
solution; (2) ease of application to nonlinear problems and to complex systems; (3) produc-
tion of acceptable results over longer time horizons; and (4) generation of several solutions 
that are very close to the optimum (and that give added flexibility to a water manager). 
Special attention is given to evolutionary optimization by deep neural networks to predict 
and capture anomalies in coagulation process, regarded as a complex and critical process. 
The use of deep neural networks for process modeling and control in the drinking water 
treatment is currently on the rise and is considered to be a key area of research. With regard 
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to previous works, the neural approach offers the advantage of very short computational 
times and to be able intrinsically to describe some nonlinear relations between inputs and 
outputs system. In this chapter, we provided an extensive review of the most notable works 
to date on coagulation control and monitoring. Both classical methods and deep neural net-
works are ongoing hot research topics in the recent decades. There are a large number of 
new developing techniques and emerging models each year; here, we provide an inclusive 
framework for comprehensive understanding toward the key aspects of this field, clarify the 
most notable advancements and shed some light on future studies to promote lines of action 
for the work on this issue: developing intelligent systems for water process managing and 
optimization.

When applying deep learning, one seeks to stack several independent neural network 
layers that, working together, produce better results than the already existing shallow 
structures. In this paper, we have reviewed some of these modules, as well the recent 
work that has been done by using them, found in the literature. Employing deep learn-
ing to data analysis and forecasting has yielded results in these cases that are better than 
the previously existing techniques, which is an evidence that this is a promising field for 
improvement in order to propose and develop online reliable systems to WTP monitoring 
and automatic control.

Author details

Bouchra Lamrini1* and El-Khadir Lakhal2

*Address all correspondence to: lamrini.bouchra@gmail.com

1 Senior Research and Development Engineer, Toulouse, France

2 AEPT Laboratory, FSSM, Cadi Ayyad University, Marrakech, Morocco

References

[1] Degrément, editor. Mémento technique de l’eau – Tome 1. 10th ed. Tec & Doc Lavoisier; 
2005. 1718 p. ISBN: 9782743007171

[2] Pizzi NG, Lauer WC, editors. Water Treatment Operator Training Handbook. 3th ed. 
American Water Works Association (AWWA); 2013. 306 p. ISBN: 9781583218617

[3] Howe KJ, Hand DW, Crittenden JC, Rhodes Trussel R, Tchobanoglous G, editors. 
Principles of Water Treatment. 1st ed. Wiley; 2012. 672 p. ISBN: 9780470405383

[4] Cox C, Graham J. Steps towards automatic clarification control (water supply). In: IEEE 
Colloquium on Advances in Control in the Process Industries: An Exercise in Technology 
Transfer; 30 March 1994; London; UK; p. 6/1-6/4

Desalination and Water Treatment304

[5] Mukheled A. A novel water pretreatment approach for turbidity removal using date 
seeds and pollen sheath. Journal of Water Resource and Protection. 2012;4(2):79-92. DOI: 
10.4236/jwarp.2012.42010

[6] Ali EN, Muyibi SA, Salleh HM, Alam MZ, Salleh MRM. Production of natural coagulant 
from moringa oleifera seed for application in treatment of low turbidity water. Journal 
of Water Resource and Protection. 2010;2(3):259-266. DOI: 10.4236/jwarp.2010.23030

[7] Aho IM, Lagasi JE. A new water treatment system using moringa oleifera seed. American 
Journal of Scientific and Industrial Research. 2012;3(6):487-492. DOI: 10.5251/ajsir.2012. 
3.6.487.492

[8] Raghuwanshi PK, Mandloi M, Sharma AJ, Malviya HS, Chaudhari S. Improving filtrate qual-
ity using agrobased materials as coagulant aid. Water Quality Research Journal of Canada. 
2002;37(4):745-756. Available from: https://www.cawq.ca/journal/temp/article/112.pdf

[9] Sanghi R, Bhatttacharya B, Singh V. Cassia angustifolia seed gum as an effective natural 
coagulant for decolourisation of dye solutions. Green Chemistry. 2002;4:252-254. DOI: 
10.1039/B200067A

[10] Diaz A, Rincon N, Escorihuela A, Fernandez N, Chacin E, Forster CF. A preliminary 
evaluation of turbidity removal by natural coagulants indigenous to Venezuela. Process 
Biochemistry. 1999;35(3-4):391-395. DOI: 10.1016/S0032-9592(99)00085-0

[11] Šciban M, Klašnja M, Antov M, Škrbic B. Removal of water turbidity by natural coagulants 
obtained from chestnut and acorn. Bioresource Technology. 2009;100(24):6639-6643. DOI: 
10.1016/j.biortech.2009.06.047

[12] Patale V, Pandya J. Mucilage extract of coccinia indica fruit as coagulant-flocculent for 
turbid water treatment. Asian Journal of Plant Science and Research. 2012;2(4):442-445. 
Available from: www.pelageiaresearchlibrary.com

[13] Šciban M, Klašnja M, Stojimirovic J. Investigation of coagulation activity of natural 
coagulants from seeds of different leguminose species. Acta Periodica Technologica. 
2005;(36):81-87. DOI: 10.2298/APT0536081S

[14] Farhaoui M, Derraz M. Optimizing coagulation process by using sludge produced in the 
water treatment plant. Journal of Chemical and Pharmaceutical Research. 2016;8(4):749-756.  
Available from: www.jocpr.com

[15] Lind C. Coagulation control and optimization: Part one. Public Works for October. 
1994:56-57

[16] Lind C. Coagulation control and optimization: Part two. Public Works for October. 
1994;125(12):32-33

[17] Dentel SK. Use of the streaming current detector in coagulation monitoring control. 
Journal of Water Sciences Research and Technologies-Aqua. 1995;44(2):70-79

A Survey of Deep Learning Methods for WTP Control and Monitoring
http://dx.doi.org/10.5772/intechopen.77196

305



to previous works, the neural approach offers the advantage of very short computational 
times and to be able intrinsically to describe some nonlinear relations between inputs and 
outputs system. In this chapter, we provided an extensive review of the most notable works 
to date on coagulation control and monitoring. Both classical methods and deep neural net-
works are ongoing hot research topics in the recent decades. There are a large number of 
new developing techniques and emerging models each year; here, we provide an inclusive 
framework for comprehensive understanding toward the key aspects of this field, clarify the 
most notable advancements and shed some light on future studies to promote lines of action 
for the work on this issue: developing intelligent systems for water process managing and 
optimization.

When applying deep learning, one seeks to stack several independent neural network 
layers that, working together, produce better results than the already existing shallow 
structures. In this paper, we have reviewed some of these modules, as well the recent 
work that has been done by using them, found in the literature. Employing deep learn-
ing to data analysis and forecasting has yielded results in these cases that are better than 
the previously existing techniques, which is an evidence that this is a promising field for 
improvement in order to propose and develop online reliable systems to WTP monitoring 
and automatic control.
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Abstract

Both phosphonate- and polymer-based scale inhibitors have a broad spectrum of applica-
tions in water treatment technologies. However, the “online” monitoring of antiscalant 
content in an aqueous phase is still a challenge for researchers. A possible solution is 
provided by the fluorescent markers added to the feeding water. These can be either an 
antiscalant tagged or may represent the independent species. The review summarizes 
both the advantages and the drawbacks of these approaches along with such markers’ 
classification, with a special emphasis on the novel fluorescent-tagged phosphonates. 
Besides, some unique opportunities provided by the fluorescent-tagged antiscalants for 
reverse osmosis membrane mapping, scale inhibition traceability, and a scale inhibitor 
localization in a circulation water facility are also considered and discussed.
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1. Introduction

Fluorescence is the emission of light by a substance that has absorbed light with a different 
wavelength or electromagnetic radiation. It has many practical and valuable applications, 
including in mineralogy, gemology, medicine, chemical sensors (fluorescence spectroscopy), 
fluorescent labeling, dyes, biological detectors, environmental monitoring, cosmic-ray detec-
tion, and, most commonly, fluorescent lamps [1–5]. However, in the field of water treatment, 
it has gained increasing interest mostly in the last decade [6–8]. The water treatment technolo-
gies use fluorescence phenomenon for the oil component control in wastewater [9], gaseous 
oxygen monitoring in wastewater [10], water leaks in industrial pipelines [11], for the total 
bacterial count [12], and for online scale inhibitors’ content monitoring [6–8, 13]. Besides, the 
problem of a scale inhibition mechanism is still actual and requires applications of fluores-
cent-tagged inhibitors [14]. All these applications are to be considered in a recent review.
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2. Fluorescent monitoring of a scale inhibitor content

Scale formation in the upstream oil and gas industry, reverse osmosis desalination processes, 
steam generators, boilers, cooling water towers, and pipes is a serious problem, causing sig-
nificant plugging of wells, pipelines, membranes, and increasing the production cost [15]. A 
widely used technique for controlling scale deposition is an application of chemical inhibi-
tors [16, 17]. Commonly used commercial antiscalants are represented by chemical families: 
polyphosphates (hexametaphosphate (HMP), tripolyphosphate (TPP), etc.), organophospho-
nates (aminotris(methylenephosphonic acid), ATMP; 1-hydroxyethane-1,1-bis(phosphonic 
acid), HEDP; 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTC); ethylenediaminetetra(m
ethylenephosphonic acid), EDTPH, etc), and organic polyelectrolytes (polyacrylates (PA), 
polycarboxysulfonates, (PCS)). Among these, the organophosphonates are dominating the 
world market at present. At the same time, phosphorus-based inhibitors are hardly biode-
gradable and persist for many years after their disposal, which lead to eutrification problems. 
Phosphorus discharges are therefore regulated in many countries worldwide, and permis-
sible limits are constantly decreasing [18].

Increasing environmental concerns and discharge limitations have forced the scale-inhibitor 
chemistry to move toward “green antiscalants,” that are readily biodegradable and have min-
imal environmental impact [17, 18]. Intensive efforts have been applied recently to develop 
the “green” alternatives to organophosphonates and nonbiodegradable polyacrylates. Among 
these novel inhibitors, such chemicals as polymaleates (PMAs), polyaspartates (PASPs), poly-
epoxysuccinates (PESAs), as well as their various derivatives, including co-polymers with PA, 
are worth mentioning [19, 20].

The concentration of polymeric antiscalants in the circulating system is usually changed by 
evaporation of water, reagent sorption on the pipe surfaces, and by a periodical discharge 
of the circulating water with some deposit. Therefore, an adequate monitoring of the poly-
mer concentration is needed to minimize the consumptions of both scale inhibitor and water. 
Along with conventional monitoring methods based on UV–vis or potentiometry, the inten-
sity of fluorescence emitted from either indifferent markers or a covalently bound to polymer 
tracer becomes a matter of choice [6].

The conventional monitoring methods for PA and for other polymeric antiscalants are clas-
sified into four groups [21]: (i) monitoring a spectral change caused by the interaction of 
PA with some metal-reagent complex (e.g., Fe3+− SCN− [22], Hg+–diphenylcarbazide [21]); 
(ii) monitoring the concentration of an inert tracer added in proportion to PA by potentiometry 
or spectrophotometry (e.g., Li+, K+, Br−, I−, transition metal ion, dye) [23–25]; (iii) monitoring 
the intensity of fluorescence emitted from a tag covalently bound to PA [26, 27], and (iv) moni-
toring a change in spectroscopic characteristic on the interaction of PA with a metachromic or 
fluorochromic dye or a change in turbidity on the interaction of PA with a cationic surfactant 
[28–31]. Each of the abovementioned approaches has both advantages and the drawbacks. 
Indeed, the light absorption of PA complexes can be masked by the corrosion byproducts 
(formation of iron and copper complexes), by water background cation (iron, calcium, mag-
nesium, copper) complexes formation, as well as by calcium carbonate and calcium sulfate 
colloid formation. At the same time, the indifferent markers do not guarantee the correct  
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PA concentration indication. Due to the differences in chemical properties of PA and a 
marker, the latter could have a different sorption ability relative to PA in a particular system. 
Therefore, the marker can provide either overestimation or an underestimation of PA content 
with a sequence of time. The PA-tagged fluorescent markers are treated as more reliable, 
although the more expensive solution [6]. Besides there is a risk of the PA antiscaling ability 
change due to the fluorescent fragment implementation. Thus, the chemical behavior of PA 
and of a corresponding PA-tagged fluorophore would be somehow different.

Recently, all the publications on the covalent binding of a fluorophore fragment to the anti-
scalant molecule are restricted by either the polyacrylate or polyaspartate moieties [6–8, 13, 
32–36]. Any reports on the fluorescent-tagged phosphonate-based antiscalants are missing, 
although the online phosphonate monitoring is no less actual.

2.1. Inert tracers added to polymeric antiscalants

Irrespective of a broad spectrum of the commercially available fluorescent dyes, the number 
of reagents that have a high quantum yield in an aqueous medium is relatively small [37]. It 
should be noted that the fluorescence intensity strongly depends on pH, background cation 
concentration, and bioimpurities, normally present in the circulating systems. Besides, some 
dyes may change the color of industrial water. Therefore, it is desirable to use those reagents 
that have maximal light absorption in the ultraviolet spectral range, while the emission spec-
trum is likely to correspond to the visible blue light.

Usually the fluorescent marker molecules combine sulfo-1,8-naphtalimide with some carboxylate 
or sulfo-groups to provide an aqueous solubility (fluorescein, rhodamine, sodium 1,3,6,8-pyrene-
tetrasulfate) [38–40]. These reagents have high quantum yield, chemical, and photostability  

Dye formula Absorption maximum 
in H2O, nm

Fluorescence maximum 
in H2O, nm

Quantum yield, 
%

Fluorescein

473 (Buffer pH 5.0);

490 (Buffer pH 9.0)

514 (Buffers pH 5.0, 
pH 9.0)

92

1,3,6,8-pyrene

tetrasulfonic acid tetrasodium salt

374 403 56

Table 1. The excitation and emission properties of fluorescein and of 1,3,6,8-pyrene tetrasulfonic acid tetrasodium salt 
[11, 41].
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[11, 41] as shown in Table 1. Besides, Kurita Water Industries Ltd. offers a 2-phenylbenzimid-
azole as a marker [42], while Kemira Oyj proposes a lanthanoid-based tracer [43].

2.2. Fluorescent-tagged scale inhibitors

An antiscaling ability of fluorophore-tagged polymers relative to their non-tagged analogues 
was reported in a very few studies [6, 44–46], as shown in Table 2. Usually the implementa-
tion of a fluorophore fragment either does not change the inhibitor efficacy or even provides 
some enhancement.

Fluorescent-tagged scale inhibitors * Concentration scale inhibitors, mg·dm−3 Inhibitor efficacy, % Reference

CaCO3 scale

PA-F1 10 49 ± 3 [6]

PA-F2 10 51 ± 2 [6]

MA-AA-F1 10 44 ± 2 [6]

MA-AA-F2 10 54 ± 2 [6]

PA 10 70 ± 2 [6]

FPASP 6 90 [44]

PASP 6 70 [44]

CaSO4 scale

PA-F1 10 73 ± 3 [6]

PA-F2 10 78 ± 2 [6]

MA-AA-F1 10 61 ± 2 [6]

MA-AA-F2 10 65 ± 2 [6]

PA 10 58 ± 2 [6]

AA–APEM–APTA 9 96 [45]

AA–APEM 9 95 [45]

PAA 9 85 [45]

Ca3(PO4)2 scale

FPASP 12 95 [46]

PASP 12 30 [46]

PA-F1: co-polymer acrylic acid–N-allyl-4-methoxy-1,8-naphtalimide. PA-F2: co-polymer acrylic acid–N-allyl-2-
(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzamide (N-allylamidefluorescein). MA-AA-F1: co-polymer acrylic acid–
fumaric acids–N-allyl-4-methoxy-1,8-naphtalimide. MA-AA-F2: co-polymer acrylic acid–fumaric acids–N-allyl-2-
(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzamide (N-allylamidefluorescein). PA: Na-salt of polyacrylic acid (Shandong 
TaiHe Water Treatment Co.Ltd.). FPASP: fluorescent polyaspartic acid was synthesized with partially ethanolamine-
modified polysuccinimide, p-toluenesulfonyl chloride and 3-amino-9-ethyl carbazole. AA–APEM–APTA: co-
polymer acrylic acid–oxalic acid–allylpolyethoxy carboxylate–8-hydroxy-1,3,6-pyrene trisulfonic acid trisodium salt 
(pyranine). AA–APEM: co-polymer acrylic acid–oxalic acid–allylpolyethoxy carboxylate. PAA: poly(acrylic acid), 
MW 1800 Da.

Table 2. An antiscaling ability of fluorophore-tagged polymers relative to their non-tagged analogues.
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However some more experimental work has to be done in this field to make the situation clear.

Only a single paper reports on the influence of the background cations on the quantum yield 
of an antiscalant [6], as shown in Table 3. The corresponding data clearly indicate that cations 
can either increase or sufficiently diminish the fluorescence intensity of some reagents, while 
some others stay insensitive to this influence. Anyhow this property has to be taken into 
account for any particular application of a tracer.

A covalent implementation of the fluorescent fragment into the polymer moiety can be per-
formed in two ways. The first one assumes an attachment along with the polymer formation 
process. Another one is based on the fluorophore binding to the readymade polymer matrix. 
The first approach is used for the radical involved synthesis of co-polymers bearing carboxyl-
ate, sulfonic, or polyalkylenoxyde groups (acrylic, methacrylic, or maleic acids) and the dyes 
with an active double bond. The reaction runs in an aqueous solution being initiated by per-
sulfates, by H2O2, benzoylperoxide, or by 2,2′-azobisisobutyronitrile (0.1–1.0%, mass). Also, 
such molecular mass regulators as sulfur compounds [47] or sodium hypophosphite are used 
[48]. These regulators keep the molecular masses within 2000–200,000 Da. The low molecular 
mass Mw of a polymer (1000 Da < Mw < 10,000 Da) is known to provide the most effective 
scale inhibition.

Generally, the fluorescent markers should meet the following requirements: (i) synthetic 
availability of the dyes capable for polymerization; (ii) a dye chemical stability during polym-
erization; (iii) a minimal influence of a dye on the polymer structure and on its Mw; (iv) the 
polymer structure, which should not affect the optical properties of a marker.

Fluorescent monomers used for a scale inhibitor implementation could be classified into three 
main categories: (i) aromatic hydrocarbons and their derivatives, for example, polyphenilic 
hydrocarbons, hydrocarbons with arylethylene or arylacetylene groups, and so on; (ii) hetero-
cyclic monomers; and (iii)monomers with a carbonyl group.

Polyphenylhydrocarbons demonstrate an intensive fluorescence within a violet-to-blue visible 
spectrum region. Among these there are vinylanthracene (Rhodia Operations) [49], potassium 

Inhibitor, 
10 mg·dm      −3  

Cation

Ca2+ Mg2+ Zn2+ Сu2+ Fe3+

Cation concentration, mg·dm−3

20 200 10 100 2 20 0.5 5 0.3 3

Fluorescence intensity change relative to the cation-free solution, %

PA-F1 100 ± 1 93 ± 1 100 ± 1 100 ± 1 97 ± 1 96 ± 1 91 ± 1 74 ± 1 99 ± 1 94 ± 1

PA-F2 58 ± 1 43 ± 1 66 ± 1 62 ± 1 85 ± 1 42 ± 1 96 ± 1 48 ± 1 108 ± 1 94 ± 1

MA-AA-F1 81 ± 1 71 ± 1 91 ± 1 84 ± 1 93 ± 1 85 ± 1 90 ± 1 74 ± 1 94 ± 1 62 ± 1

MA-AA-F2 87 ± 1 81 ± 1 100 ± 1 138 ± 1 93 ± 1 90 ± 1 88 ± 1 69 ± 1 92 ± 1 60 ± 1

Table 3. The dependence of inhibitor fluorescence intensity on inorganic cation concentration (pH 8.0, 25°C) [6].
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Figure 1. 9-vinyl anthracene (a), 2-allyldibenzosuberenol (b), and 8-(allyloxy)-1,3,6-pyrene trisulfonic acid (c) chemical 
structures.

Scheme 1. Preparation of co-polymer acrylic acid-oxalic acid-allylpolyethoxy carboxylate-8-hydroxy-1,3,6-pyrene 
trisulfonic acid trisodium salt.

2-alkyloxonaphtyl-6,8-disulfonate (China National Offshore Oil Corp.) [50], 2-allyldibenzo-
suberenol, and 9-allyl-9-hydroxyanthrene (Kurita Water Industries Ltd.) [51], as shown in 
Figure 1.

Numerous research groups synthesize a marker monomer via the 8-hydroxypyrene-1,3,6-trisul-
fonic acid (pyranine) interaction with allylchloride (Figure 1c) [52, 53]. Such a monomer reveals an 
intensive fluorescence with a maximum at 431 nm. Quantum yield is high. It depends on pH and 
varies within 80–90%. Then, these fluorescent monomers are co-polymerized (radical polymeriza-
tion) with an antiscalant-forming monomers, for example, acrylic acid and so on. (Scheme 1) [8].
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A co-polymerization of the pyranine-based monomers with maleic anhydride is also possible 
[35, 53–56]. The fluorescence intensity of an antiscalant correlates well with the fluorophore 
content in the scale inhibitor (R~0.99), while the detection limit ranges from 1 to 2 mg·dm      −3   
[35, 53–56]. Among the numerous water treatment reagents developed by Nalco Chemical Co. 
there are two fluorescent monomers of the pyranine group [57], as shown in Figure 2.

Besides antiscalants, these monomers can also be implemented into some biocides. However, 
the Nalco Chemical Co. also uses some inert tracers along with the polymer-tagged ones.

Another important group of fluorophore monomers is represented by 5- and 6-member het-
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nium bromide [59], as shown in Figure 4. It reveals the maximal fluorescence intensity at 390 nm.

Several publications report on the naphthalic acid-based markers for biochemical analysis 
application [60, 61]. An interest in these reagents is associated with both synthetic availability 
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Ecolab Inc. (USA) has proposed fluorescent monomers derived from 3,4-7H-benzo[d,e] 
anthracenedicarboxylic acid for the antiscalant labeling [65]. Among these N-(3-N′,N′-
Dimethylaminopropyl)benzo(k,l)xanthene-3,4-dicarboxylic imide of 2-hydroxy-3-allyloxy-
propyl quaternary salt seems to be the most interesting, as shown in Figure 5.

A considerable attention is paid to the 1,8-naphthalimide derivatives in relevance to the desal-
ination processes (reverse osmosis) [66–68], as shown in Figures 6 and 7.

Figure 2. Nalco fluorofores for a covalent attachment to the scale inhibitors [57]; M = H+, NH4
+, K+, Na+, Cs+, Rb+, Li+; n = 1, 

2, 3, 4, 6 or 9.

Figure 3. Vinylimidazolic monomer structure; R, R1, and R2 are denoted as H, alkyl, aryl, phosphate, nitrate, or sulfate 
groups.

Fluorescent Markers in Water Treatment
http://dx.doi.org/10.5772/intechopen.76218

317



Figure 1. 9-vinyl anthracene (a), 2-allyldibenzosuberenol (b), and 8-(allyloxy)-1,3,6-pyrene trisulfonic acid (c) chemical 
structures.

Scheme 1. Preparation of co-polymer acrylic acid-oxalic acid-allylpolyethoxy carboxylate-8-hydroxy-1,3,6-pyrene 
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Figure 4. An antiscalant with a dimethyl-(4-(7-methoxylcoumarin))-methyl-(acryloyloxy)-ethyl-ammonium bromide 
fragment [59].

Figure 5. N-(3-N′,N′-Dimethylaminopropyl)benzo(k,l)xanthene-3,4-dicarboxylic imide of 2-hydroxy-3-allyloxypropyl 
quaternary salt [65].

An implementation of a fluorophore into a PASP molecule is normally performed not via co-
polymerization but by its attachment the already formed polymer molecule [46, 69, 70]. Some 
authors propose 3-amino-9-ethylcarbazole [71] or N-(2,3-epoxypropyl)carbazole [72] for the 
PASP molecule labeling, as shown in Figure 8.

Figure 6. Some 1,8-naphthalimide-tagged antiscalants [66, 67].
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A special attention has to be paid to the communication, where a fluorescence of the inhibitor itself 
(carboxymethyl ammonium olygochitosan) is reported [73]. This antiscalant does not need any 
fluorescent marker attachment. The corresponding synthetic method is presented in Scheme 2.

It was found that the fluorescence intensity increases under acidic conditions. Thus, the 
hydrogen bonding and the electrostatic repulsion provide a rigid and densely stabilized 
structure formation, which is necessary for inducing fluorescence. Hence, the fluorescence 
of carboxymethyl quaternary ammonium oligochitosan may have been caused by the effect 
of the n → π* transition between -C=O- and -NH- and the special rigid structure formed by 
hydrogen bonding and a charge–charge repulsion [73]. The fluorescence maximum corre-
sponds to 460 nm, while the detection limit at pH 5–9 is within 0.61 mg·dm      −3  .

Figure 7. Some 1,8-naphthalimide-based fluorophore monomers developed by Nalco for antiscalant labeling [68].

Figure 8. 3-amino-9-ethylcarbazole (a) and N-(2,3-epoxypropyl)carbazole (b) fluorophore structures.

Scheme 2. Carboxymethyl quaternary ammonium oligochitosan synthesis.
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2.3. Visualization of scale inhibition mechanisms

Irrespective of the broad, successful, and long-term antiscalant applications, the mechanisms 
of scale inhibition still appear in the matter of discussions [14, 74–81]. In this sense, the fluo-
rophore-tagged antiscalants can provide the unique and amazing opportunities to get a deep  
insight of the scale inhibition mechanisms. As far as we know, recently, such reports on the 
scale inhibition visualization are missing. However, our research group managed to synthe-
size a conjugate of 1,8-naphthalimide and HEDP: 1-hydroxy-7-(6-methoxy-1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl)heptane-1,1-diyldi(phosphonic acid), (HEDP-F), as shown in 
Figure 9a. This reagent was tested as an antiscalant in gypsum scale formation experiments 
performed according to NACE protocol [82]. According to this protocol, a calcium-containing 
brine and a sulfate-containing brine are mixed to form a supersaturated gypsum aqueous 
solution in the presence of 0.5–15 mg·dm      −3   of an inhibitor at ambient temperature. Then, this 
solution is kept for 24 h at 71°C, cooled, and analyzed for residual calcium content by EDTA 
titration. In a parallel run, the gypsum crystals have been isolated and analyzed with a fluo-
rescence scanning microscope, as shown in Figure 9b.

Unlike the scanning electron microscopy, the fluorescence provides a unique possibility to look 
inside the crystal. Therefore, all the steps of crystal formation become visible. One can see that the 
bright crystal rod (“lightsaber”), initially formed by nanoparticles, is completely covered with 
HEDP-F. Then, this rod becomes the center of gypsum layers’ growth without any resistance or 
involvement of a HEDP-F antiscalant (massive dark layer). Finally, after the gypsum crystal forma-
tion is finished, the residual HEDP-F molecules get adsorbed on its surface, particularly at the edges 
of a crystal lattice, forming the outer layer. This is indicated by green spots and stripes1. Evidently,  

1A full-scale publication is under in preparation

Figure 9. HEDP-F (a) and an image of a Gypsum crystal, isolated in presence of HEDP-F (b); laser scanning microscope 
LSM-710 Carl Zeiss, lambda mode with 458 nm excitation; 26.10.2017. Data presented by Semen Kamagurov, Sergey 
Tkachenko and Maxim Oshchepkov.
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these data reveal a mechanism, significantly different from the conventional ones [74–81]. By all 
means the visualization of scale inhibition mechanisms by fluorescent-tagged antiscalants seems 
to become a very promising tool of the scale inhibition theory development.

Besides, these reagents can provide some unique opportunities for reverse osmosis mem-
brane mapping, scale inhibition traceability in the pipes, and a scale inhibitor localization in 
a circulation water facility.

3. Gaseous oxygen monitoring in wastewater

Biological treatment of wastewater includes activated sludge aeration. This in turn raises a prob-
lem of the gaseous oxygen content monitoring. One of the most promising solutions here is the 
fiber-optic oxygen sensor application. This method is based on the ability of oxygen molecules to 
suppress the luminescence of some luminofores [10, 83]. A fruitful application of some pyrene- 
or decacylene-based fluorophores along with some ruthenium complexe is reported: (Ru(bpy)3, 
Ru(phen)3, [Ru(dpp)2Phen]2+ (dpp = 4, 7-diphenyl-1,10-phenanthroline, Phen = 1,10-phenanth-
roline) [84], as shown in Figure 10. Also some terbium(III) complexes have been immobilized 

Figure 10. Structure of [Ru(dpp)2Phen]2+.

Figure 11. Structure of Tb(acac)3phen.
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these data reveal a mechanism, significantly different from the conventional ones [74–81]. By all 
means the visualization of scale inhibition mechanisms by fluorescent-tagged antiscalants seems 
to become a very promising tool of the scale inhibition theory development.

Besides, these reagents can provide some unique opportunities for reverse osmosis mem-
brane mapping, scale inhibition traceability in the pipes, and a scale inhibitor localization in 
a circulation water facility.

3. Gaseous oxygen monitoring in wastewater
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fiber-optic oxygen sensor application. This method is based on the ability of oxygen molecules to 
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on aluminum oxide (Tb(acac)3phen), where acac-acetylacetone [85], as shown in Figure 11, as 
well as some porphyrin complexes of Pt and Pd [86], is worth mentioning.

The emitted blue light (~ 475 nm) of a photogenerator excites the fluorescence of a spe-
cially selected chemical complex, placed at the end of a fiber-optic oxygen sensor (sol–gel 
matrix). The exited complex generates fluorescence with a wavelength which is around 
600 nm. This fluorescence gets suppressed by the oxygen present in a sample [87–89]. This 
provides an effective oxygen concentration measurement in water within the range from  
0 to 40.7 ppm [90].

4. Fluorescent total ATP count in wastewaters

The total bacterial count in wastewater is based on bioluminescence. Normally it is used for 
the industrial and wastewater quality assessment, while for the drinking water it is not so com-
mon. The method is known since 1947, when McElroy has demonstrated that bioluminescence 
of a glowworm is closely associated with adenosine triphosphate (ATP) content [91]. Thus, the 
measurement of ATP provides an efficient indication of bacterial pollution of water according to 
Scheme 3 [12]:

Analysis involves the firefly luciferase-luciferin system. Its contact with ATP molecules generates 
the “cold” light, counted by a luminometer within 15–20 s. The sensitivity of analysis is very high. 
It provides detection of 10–17 ATP moles per liter. Recently, there have been some standard solu-
tions for luminometers present at the market: EnSURE™, SystemSURE Plus™ Clean Trace™, 
NovaLum™, Firefly 2™, Accupoint™, russian-made LYUM-1, Lumitester PD-20™ etc. [92].

5. Other applications

Some water treatment facilities require the oil component control in wastewater [9, 93]. Organic 
pollutants can occur in the cooling water, in the technical-use water, in a boiler-feeding water, 
and due to the leaks of oils into the steam condensate. For online pollutants’ monitoring, 
the fluorescent sensors are broadly used. The method is highly sensitive. Depending on the 
type of oil, the detection limits may vary from 1 to 100 ppm. Most of the oils contain some 
polycyclic aromatic hydrocarbons (PAHs) [94], capable of generating blue or violet fluores-
cence being exposed to UV irradiation. Usually the excitation light wavelength corresponds 
to 254 nm, while the detection operates in a 360 nm spectrum range.

Scheme 3. Bioluminescent reaction catalyzed by firefly luciferase.
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Finally, one of the first known applications of fluorophores in water treatment should be 
mentioned. It is associated with water leaks detection in industrial pipelines. To solve this 
problem, some fluorescent indicators, for example fluorescein, have been merely added to the 
circulating water [11].

6. Conclusions

The fluorescent markers added to the circulating water or wastewaters find a broad spec-
trum of analytical applications for online quality monitoring. The most promising and a fast-
developing field is a scale inhibitor concentration detection via antiscalant-tagged reagents. 
At the same time the visualization of scale inhibition mechanisms by the fluorescent-tagged 
antiscalants is a very promising tool of the scale inhibition theory development. Besides, 
these reagents can provide some unique opportunities for reverse osmosis membrane map-
ping, scale inhibition traceability, and a scale inhibitor localization in a circulation water 
facility.
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Finally, one of the first known applications of fluorophores in water treatment should be 
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Abstract

Water is very essential for all living beings. It covers nearly 70% of earth’s surface. Even 
though the major portion of earth is covered by water, there is severe shortage of drinking 
water in most of the countries across the world. Safe drinking water is vital for all forms 
of life though it does not provide any calories. Desalination of sea water appears as a solu-
tion for this problem. Advanced desalination technologies that are applied to seawater 
and brackish water prove to be effective alternatives in a variety of situations. This study 
mainly focuses on upcoming trends in modern desalination technologies and emphasiz-
ing the options offered by them. Desalination is a technique where the excess salts are 
removed from sea water or brackish water converting it into safe potable or usable water. 
Desalination methods are categorized into thermal processes and membrane processes. 
In this chapter we discuss about different thermal processes like multistage flash distilla-
tion, multiple effect distillation, vapour compression evaporation, cogeneration and solar 
water desalination. We also discuss about various categories of membrane processes like 
reverse osmosis, electro dialysis and membrane distillation methods. This chapter also 
concentrates on advantages and disadvantages and economical parameters involved in 
each of these methods.

Keywords: desalination, sea water, potable water, desalination techniques

1. Introduction

Water is very essential for life. It is one of the most abundant resources of the earth, cov-
ering about 3/4th of earth’s surface. Though it covers earth’s major portion yet there is 
severe shortage of potable water in many countries around the world mainly developing 
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countries and middle east region countries. The reason for this situation is that nearly 
97.5% of earth’s water is salt water present in oceans and remaining 2.5% is fresh water 
which is in the form of ground water, ice-mountains, lakes and rivers, which serves most 
human and animal needs [1, 2].

According to UNEP (United Nations Environment Programme) 1/3rd of the world’s popula-
tion lives in countries with insufficient freshwater resources [3]. Hence enormous efforts are 
required to make new water resources available and minimize water deficiency in countries 
with shortage of fresh water [4]. World Health Organization guidelines state that the permis-
sible limits of salinity in drinking water are 500 ppm and in few cases it may extend up to 
1000 ppm [5]. Most of the water on earth has salinity ranging upto 10,000 ppm and for sea 
water it may be in the range of 35,000–45,000 ppm due to its dissolved salts [6].

For every 20 years, the consumption rate of water is doubling exceeding by two times the 
rate of population growth. The potable water resources are on the decline and water demand 
is high. In recent times various industrial and developmental activities have resulted in 
increasing pollution and deteriorating the quality of water. Thus water shortages and unre-
liable quality of water are considered to be major hindrances for sustainable development 
of society.

The existing water resources are decreasing

• Due to unbalanced distribution of rain water and drought

• Extreme exploitation of ground water resources and its un sufficient recharge

• Degradation of water quality due to the discharge of domestic and industrial wastes with-
out sufficient treatment

Since the fresh water resources are very limited to serve the major population needs and salt 
water is unsuitable for many applications, desalination of salt water (sea water) emerges as a 
boon to most of the population to serve their needs [6]. This chapter gives detailed informa-
tion on different desalination techniques used across the world. It also highlights the merits 
and demerits involved in these processes.

2. Desalination

It can be defined as any process which removes excess salts and minerals from water (or) the 
chemical process of changing seawater into potable water are called desalination. These pro-
cesses may be used for municipal, industrial or any commercial uses. In major desalination 
methods the feed water is treated and two streams of water are obtained

• Treated potable fresh water that has less amounts of salt and minerals(treated water or 
product water)

• Concentrate or brine that has salt and mineral concentrations higher than that of original 
feed water or saltwater [7, 8].
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Salt water or feed water sources may include sea water, brackish, wells, surface (rivers and 
streams), wastewater, and industrial feed and process waters. With advancements in technol-
ogy, desalination processes are becoming cost effective compared to other methods of produc-
ing usable water to meet the growing demands. The water that is obtained after desalination 
should be remineralised to be fit for human consumption. The concentrated brine obtained in 
desalination process must be disposed of in a proper manner.

3. Desalination technologies

Different desalination processes have been developed, some of them are at present under 
research and development. The two major technologies that are mainly used for desalination are

• Thermal desalination technology

• Membrane desalination technology

Both the technologies include a number of different processes, a part from these there are 
alternative technologies like freezing and ion exchange which are not generally used. All 
these technologies need energy to operate. Conventional energy or renewable energy is gen-
erally used in these methods (Figure 1).

Figure 1. Classification of water desalination processes. Source: [2].
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3.1. Thermal desalination processes

It is generally known as distillation. It is one of the most ancient ways of desalinating sea 
water and converting them to drinking water. This technology is rarely used for desalinating 
brackish water since it is expensive.

This technology is based on principles of boiling the saline water and evaporating it and then 
collecting the condensed vapour to obtain pure water. The salt is left behind and the distillate 
is collected, [9].

The thermal desalination processes are subdivided into the following types

• Multi-stage flash distillation (MSF)

• Multi-effect distillation (MED)

• Vapour compression evaporation (VC)

• Cogeneration

• Solar water desalination

3.1.1. Multi-stage flash distillation (MSF)

Multistage flash distillation process principle involves the distillation through many (multi-
stage) chambers (Figure 2). Here each successive stage of the plant runs at progressively low 
pressures. The feed water is initially heated under high pressure and is passed into the first 
flash chamber. In first flash chamber the pressure is released causing the water to boil rapidly 
resulting in quick evaporation or flashing. This process continues in each successive stage 
because the pressure in the next stage is less than the previous stage. The vapour that is 

Figure 2. Multi-stage flash distillation. Source: [10].
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produced by flashing is converted into fresh water by condensing it on heat exchanger tubing 
present in each stage. The tubes are then cooled by incoming cooler feed water.

In the MSF process as shown in Figure, the feed water (saline water) is heated in a vessel known 
as the brine heater until it reaches a temperature below the saturation boiling temperature.

The heated seawater then flows through a series of vessels, in sequence, where the lower 
atmospheric pressure causes the water to boil quickly and get vaporized. This sudden intro-
duction of hot water into the reduced-pressure chamber is referred to as the ‘flashing effect’ 
because the water nearly flashes into steam [11]. A small percentage of this water is converted 
into water vapour and this percentage is mainly dependent on the pressure inside the stage. 
The vapour that is generated by flashing is converted to fresh water by getting condensed on 
the tubes of heat exchangers (condenser) that pass through each stage. The incoming feed 
water going to the brine heater cools the tubes. This, in return, heats up the feed water and 
thus increases the thermal efficiency by reducing the amount of thermal energy required by 
the brine heater to raise the temperature of the seawater.

Building of MSF distillation plants started in late1950s. Some of these MSF plants can com-
prise 15–25 stages [12]. These distillation plants can possess either

• Once- through or

• Recycled process

• In once- through design, the feed water or saline water is passed through the heater and 
flash chambers only once and then it is disposed of

• In recycled design, the feed water used for cooling purpose is also recycled.

All of these processes can be structured as a long tube or cross tube design. In case of long 
tube design the tubing is parallel to the concentrate flow and in case of cross tube design, the 
tubing is perpendicular to concentrate flow.

MSF is producing around 64% of the total world desalinated water at present. Though this 
process is the most reliable source for the production of potable water from seawater, yet it 
is considered as an energy demanding process that requires both thermal and mechanical 
energy [12].

MSF plants are prone to corrosion unless stainless steel is used. In addition to corrosion, MSF 
plants are also subjected to erosion and impingement attack. This erosion is generally caused 
by the turbulence of the feed water in the flash chamber, when it passes from one stage to 
another.

3.1.1.1. Advantages and disadvantages of MSF

• MSF plants are relatively simple to construct and easy to operate [11]

• They have no moving parts, other than conventional pumps, and contains only some 
amount of connection tubing [11]
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3.1. Thermal desalination processes
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Figure 2. Multi-stage flash distillation. Source: [10].
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The vapour that is generated by flashing is converted to fresh water by getting condensed on 
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water going to the brine heater cools the tubes. This, in return, heats up the feed water and 
thus increases the thermal efficiency by reducing the amount of thermal energy required by 
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Building of MSF distillation plants started in late1950s. Some of these MSF plants can com-
prise 15–25 stages [12]. These distillation plants can possess either

• Once- through or

• Recycled process

• In once- through design, the feed water or saline water is passed through the heater and 
flash chambers only once and then it is disposed of

• In recycled design, the feed water used for cooling purpose is also recycled.

All of these processes can be structured as a long tube or cross tube design. In case of long 
tube design the tubing is parallel to the concentrate flow and in case of cross tube design, the 
tubing is perpendicular to concentrate flow.

MSF is producing around 64% of the total world desalinated water at present. Though this 
process is the most reliable source for the production of potable water from seawater, yet it 
is considered as an energy demanding process that requires both thermal and mechanical 
energy [12].

MSF plants are prone to corrosion unless stainless steel is used. In addition to corrosion, MSF 
plants are also subjected to erosion and impingement attack. This erosion is generally caused 
by the turbulence of the feed water in the flash chamber, when it passes from one stage to 
another.

3.1.1.1. Advantages and disadvantages of MSF

• MSF plants are relatively simple to construct and easy to operate [11]

• They have no moving parts, other than conventional pumps, and contains only some 
amount of connection tubing [11]
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• The quality of effluent water contains 2–10 ppm of dissolved solids which means a high 
level of purification. So it is re-mineralized in the post-treatment process to make it palat-
able and fit for consumption [13].

• Though operating plants at higher temperatures (over 115°C) improves their efficiency but 
causes scaling problems because the salts such as calcium sulphate precipitate on the tubes 
surfaces and cause thermal and mechanical problems like tube clogging.

• It is considered as an energy intensive process, which requires both thermal and mechani-
cal energy, but it can be overcome by the cogeneration system.

• Adding more stages in MSF improves its efficiency and increases water production, but it 
increases the capital cost and causes operational complexity [14] (Figure 3).

3.1.2. Multiple effect distillation

The multi-effect distillation process has been used since the late 1950s and early 1960s. Multi-
effect distillation employs the same principles of multi-stage flash distillation but contrary to 
it, it occurs in a series of vessels (effects) and uses the principles of evaporation and condensa-
tion at reduced ambient pressure [17].

In Multi- effect distillation process, a series of evaporator effects produce water at progres-
sively lower pressures. As pressure decreases successively water boils at lower temperatures 
and the water vapour of the first vessel serves as the heating medium for the second, and so 
on. The more the vessels or effects, the higher the performance ratio. The water vapour which 

Figure 3. Multiple effect distillation. Sources: [15, 16].
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is formed during boiling of water is condensed and collected. The use of multiple effects 
makes this process more efficient.

Multi-effect distillation is known to be the oldest large scale distillation method for desalinat-
ing sea water. Its major characteristics are high quality distilled water, high unit capacity and 
high heat efficiency.

3.1.2.1. Advantages and disadvantages of multi-effect distillation

• The multi-effect distillation process is designed to operate at lower temperatures of 
70°C. This lessens tube corrosion and the scale formation on the tube surfaces.

• The quality of the feed water is not as important as that in Reverse Osmosis system technol-
ogy. Hence the cost of pre-treatment and operation of this technology is low.

• The power consumption in this technology is lower than that of the MSF and performance is 
higher than MSF plants. Hence MED technology can be considered to be cost effective and 
more efficient than MSF technology in terms of potable water production [11] (Figure 4).

3.1.3. Vapour compression evaporation

The vapour compression distillation (VCD) or vapour compression evaporation process is 
operated individually or used along with other processes like MED and single-effect vapour 
compression. In this method the heat for evaporating the feed water comes from the compres-
sion of vapour and not by the direct exchange of heat from steam produced in a boiler [7].

Two devices are generally used in this process to condense the water vapour to generate 
adequate heat to evaporate the seawater. Among them one is a mechanical compressor 
(mechanical vapour compression) and the other a steam jet (thermal vapour compression), 
Vapour compression (VC) units are built in different configurations. Mechanical compressor is 

Figure 4. Vapour compression evaporation. Source: [7].
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Multi-effect distillation is known to be the oldest large scale distillation method for desalinat-
ing sea water. Its major characteristics are high quality distilled water, high unit capacity and 
high heat efficiency.

3.1.2.1. Advantages and disadvantages of multi-effect distillation

• The multi-effect distillation process is designed to operate at lower temperatures of 
70°C. This lessens tube corrosion and the scale formation on the tube surfaces.

• The quality of the feed water is not as important as that in Reverse Osmosis system technol-
ogy. Hence the cost of pre-treatment and operation of this technology is low.

• The power consumption in this technology is lower than that of the MSF and performance is 
higher than MSF plants. Hence MED technology can be considered to be cost effective and 
more efficient than MSF technology in terms of potable water production [11] (Figure 4).

3.1.3. Vapour compression evaporation

The vapour compression distillation (VCD) or vapour compression evaporation process is 
operated individually or used along with other processes like MED and single-effect vapour 
compression. In this method the heat for evaporating the feed water comes from the compres-
sion of vapour and not by the direct exchange of heat from steam produced in a boiler [7].

Two devices are generally used in this process to condense the water vapour to generate 
adequate heat to evaporate the seawater. Among them one is a mechanical compressor 
(mechanical vapour compression) and the other a steam jet (thermal vapour compression), 
Vapour compression (VC) units are built in different configurations. Mechanical compressor is 

Figure 4. Vapour compression evaporation. Source: [7].
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generally used to generate the heat for evaporation and it runs normally by electricity or diesel. 
This compressor creates vacuum in the evaporator and compresses the vapour obtained from 
the evaporator, condenses it in a tube bundle.

The feed water is sprayed outside the heated tube bundle. Here the water boils and gets 
evaporated partially creating more vapour.

In case of steam jet type of vacuum compression distillation, a venture orifice present at the 
steam jet creates water vapour and extracts it from the water vapour, creating a lower atmo-
spheric temperature. The water vapour that is extracted is compressed by the steam jet and 
condensed on the tube walls to furnish heat of condensation to evaporate the feed water that 
is being pumped on the other side in the evaporator.

These units are generally smaller in capacity, and are mostly used at hotels, resorts and in 
industries.

3.1.3.1. Advantages and disadvantages of vapour compression evaporation

• This method is simple and reliable and hence it can be considered as a better option for 
small-scale desalination units. They usually have a capacity of 3000 m3/day and are gener-
ally used for resorts, industries and drilling sites where fresh water is in shortage.

• The operating temperature of VC distillation or evaporation is low which makes it a simple 
and efficient process in terms of power consumption.

• Since the operating temperatures are low (below 70°C), the potential for scale formation 
and tube corrosion is reduced.

3.1.4. Solar desalination

Solar desalination method is generally used for small-scale operations (Figure 5). Though the 
designs of these units are different, but the basic principle is the same. Here the sun provides 
heat energy to evaporate freshwater from salt water. In solar distillation process, the water 
vapour generated from the evaporation process condenses on a clear glass or plastic covering 
and then it is collected as freshwater in a condensate trough. The covering is used for dual 
purposes one to transmit radiant energy and second to allow water vapour to condense on its 
interior surface. The salt that is left behind and un-evaporated water present in the still basin 
must be disposed of appropriately [17].

Solar distillation is mostly used in arid regions where safe freshwater is not available. Solar 
distillation units produce varying amounts of freshwater, basing on their design and geo-
graphic location.

3.1.5. Cogeneration system for power and water desalination

There is a possibility to use energy for dual purpose or cogeneration systems in which the 
energy sources can perform various different functions such as electric power generation and 
desalination of water.
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In these cogeneration plants, the electricity is generated with high-pressure steam to oper-
ate the turbines and the steam is produced by boilers at temperatures up to 5408°C. When 
this steam expands in turbines, its temperature and energy levels get reduced. As we know 
that distillation plants need steam with temperatures lower than 1208°C, this can be easily 
obtained at the end of the turbine after maximum energy has been utilized in electric power 
generation. The steam is used for the desalination process and the condensate from the steam 
is then returned to the boiler to get reheated again to be used in the turbine [18].

3.1.5.1. Advantages and disadvantages

• The major advantage of cogeneration system is that it uses very less fuel than other plants 
operating separately and the energy costs are less for desalination process.

• In contrary, one of the disadvantages is that, problems can occur due to permanent cou-
pling between the desalination plant and the power plant which can create a problem in 
water production when the need for electricity is reduced or when the turbine or generator 
has a problem.

3.2. Membrane processes

Initially membrane applications were confined to municipal water treatment such as micro-
filtration and desalination but due to advancements in technology and development of new 
membranes, it is used not only for water purification but also in chemical separations, concen-
tration of enzymes and purification of beverages.

Figure 5. Solar desalination. Source: [17].
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steam jet creates water vapour and extracts it from the water vapour, creating a lower atmo-
spheric temperature. The water vapour that is extracted is compressed by the steam jet and 
condensed on the tube walls to furnish heat of condensation to evaporate the feed water that 
is being pumped on the other side in the evaporator.

These units are generally smaller in capacity, and are mostly used at hotels, resorts and in 
industries.

3.1.3.1. Advantages and disadvantages of vapour compression evaporation

• This method is simple and reliable and hence it can be considered as a better option for 
small-scale desalination units. They usually have a capacity of 3000 m3/day and are gener-
ally used for resorts, industries and drilling sites where fresh water is in shortage.

• The operating temperature of VC distillation or evaporation is low which makes it a simple 
and efficient process in terms of power consumption.

• Since the operating temperatures are low (below 70°C), the potential for scale formation 
and tube corrosion is reduced.

3.1.4. Solar desalination

Solar desalination method is generally used for small-scale operations (Figure 5). Though the 
designs of these units are different, but the basic principle is the same. Here the sun provides 
heat energy to evaporate freshwater from salt water. In solar distillation process, the water 
vapour generated from the evaporation process condenses on a clear glass or plastic covering 
and then it is collected as freshwater in a condensate trough. The covering is used for dual 
purposes one to transmit radiant energy and second to allow water vapour to condense on its 
interior surface. The salt that is left behind and un-evaporated water present in the still basin 
must be disposed of appropriately [17].

Solar distillation is mostly used in arid regions where safe freshwater is not available. Solar 
distillation units produce varying amounts of freshwater, basing on their design and geo-
graphic location.

3.1.5. Cogeneration system for power and water desalination

There is a possibility to use energy for dual purpose or cogeneration systems in which the 
energy sources can perform various different functions such as electric power generation and 
desalination of water.
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In these cogeneration plants, the electricity is generated with high-pressure steam to oper-
ate the turbines and the steam is produced by boilers at temperatures up to 5408°C. When 
this steam expands in turbines, its temperature and energy levels get reduced. As we know 
that distillation plants need steam with temperatures lower than 1208°C, this can be easily 
obtained at the end of the turbine after maximum energy has been utilized in electric power 
generation. The steam is used for the desalination process and the condensate from the steam 
is then returned to the boiler to get reheated again to be used in the turbine [18].

3.1.5.1. Advantages and disadvantages

• The major advantage of cogeneration system is that it uses very less fuel than other plants 
operating separately and the energy costs are less for desalination process.

• In contrary, one of the disadvantages is that, problems can occur due to permanent cou-
pling between the desalination plant and the power plant which can create a problem in 
water production when the need for electricity is reduced or when the turbine or generator 
has a problem.

3.2. Membrane processes

Initially membrane applications were confined to municipal water treatment such as micro-
filtration and desalination but due to advancements in technology and development of new 
membranes, it is used not only for water purification but also in chemical separations, concen-
tration of enzymes and purification of beverages.

Figure 5. Solar desalination. Source: [17].
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Membrane processes uses a relatively permeable membrane to move either water or salt 
to produce two zones of differing concentrations to produce fresh water. These processes 
are also useful in municipal water treatment. Reverse osmosis and electro dialysis (ED) are 
replacing other phase change desalting technologies for supplying water to coastal and island 
communities all over the world. RO is emerging as an economical alternative to the tradi-
tional water softening processes [11].

Membrane technology consists of several processes, but the major difference between them 
lies in the size of the ions, molecules and suspended particles that are retained or allowed to 
pass via the membranes. Major separation processes include nano-filtration, ultra-filtration, 
microfiltration and filtration used in the pre-treatment stages of desalination that are used to 
remove large particles, bacteria, ions and for water softening.

The membrane processes are further categorized into

• Reverse osmosis

• Electro dialysis

• Membrane distillation

3.2.1. Reverse osmosis (RO) and nanofiltration (NF)

When compared to other processes, Reverse Osmosis (RO) is a relatively a new process used 
for desalination (Figure 6). The principle involved in this RO process is that, it uses pressure 
as the driving force to push feed water through a semi-permeable membrane into a product 
water stream and a concentrated brine stream [20].

Nano-filtration (NF) is also a similar membrane process which is used for removal of divalent 
salt ions such as Calcium, Magnesium, and Sulphate. RO is also used for removal of Sodium 
and Chloride ions.

Osmosis is a natural phenomenon by which water from a low salt concentration solution flows 
into a more concentrated solution via semi-permeable membrane. When pressure is applied 
to the solution of higher salt concentration solution, the water starts flowing in a reverse direc-
tion through the semi-permeable membrane, leaving the salt behind. This is known as the 
reverse osmosis process or RO process. Here the membrane configurations consist of spiral 

Figure 6. Reverse osmosis (RO). Source: [19].
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wound, hollow fibre and sheet with spiral. The operating pressures for reverse osmosis and 
nano-filtration range in between 50 and 1000psig.

An RO desalination plant mainly comprises of four major systems:

• Pre-treatment system

• High-pressure pumps

• Membrane systems

• Post-treatment

3.2.1.1. Advantages and disadvantages of RO process

• Problems related to corrosion of metals are very less compared to MSF and MED processes 
due to ambient temperature conditions

• Polymeric materials are preferred to metal alloys [21].

• In seawater desalination, to produce 5 gallons of usable water, 40–90 gallons of water are 
wasted [1].

3.2.2. Electrodialysis (ED)

Electrodialysis (ED) method is a voltage-driven process. This process uses electrical potential 
to remove salts using a membrane, leaving fresh water behind. ED was initially used as a 
seawater desalination process; it is now used for brackish water desalination process also.

Electrodialysis (ED) process is operated using direct current (DC) in which ions (contrary to 
water in pressure-driven processes) flow via ion selective membranes to oppositely charged 
electrodes. In these systems, the polarity of the electrodes is reversed repeatedly.

Since water contains dissolved salts in the form of ions and these ions get attracted towards 
oppositely charged electrodes, electrodialysis can be used to separate salts and fresh water-.
this method uses suitable membranes to permit passage of selective ions either cations or 
anions [26].

3.2.3. Membrane distillation

This technology uses the principles of both thermal and membrane technologies, that is, dis-
tillation and membrane based desalination processes. In this method temperature difference 
is created in between the supply solution that is coming in contact with the surface on one 
side of microporous membrane and the space left on its other side [22]. This temperature dif-
ference causes difference in vapour pressure, resulting in the transfer of the produced vapour 
through the membrane onto the condensation surface. The whole process is based on the 
use of hydrophobic membranes that are permeable only to the vapour, thus excluding liquid 
vphase and dissolved particles. The vapour produced then passes through the membrane and 
gets condensed on the cooling surface producing fresh water.
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Membrane processes uses a relatively permeable membrane to move either water or salt 
to produce two zones of differing concentrations to produce fresh water. These processes 
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replacing other phase change desalting technologies for supplying water to coastal and island 
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Osmosis is a natural phenomenon by which water from a low salt concentration solution flows 
into a more concentrated solution via semi-permeable membrane. When pressure is applied 
to the solution of higher salt concentration solution, the water starts flowing in a reverse direc-
tion through the semi-permeable membrane, leaving the salt behind. This is known as the 
reverse osmosis process or RO process. Here the membrane configurations consist of spiral 

Figure 6. Reverse osmosis (RO). Source: [19].
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wound, hollow fibre and sheet with spiral. The operating pressures for reverse osmosis and 
nano-filtration range in between 50 and 1000psig.

An RO desalination plant mainly comprises of four major systems:

• Pre-treatment system

• High-pressure pumps

• Membrane systems

• Post-treatment

3.2.1.1. Advantages and disadvantages of RO process

• Problems related to corrosion of metals are very less compared to MSF and MED processes 
due to ambient temperature conditions

• Polymeric materials are preferred to metal alloys [21].

• In seawater desalination, to produce 5 gallons of usable water, 40–90 gallons of water are 
wasted [1].

3.2.2. Electrodialysis (ED)

Electrodialysis (ED) method is a voltage-driven process. This process uses electrical potential 
to remove salts using a membrane, leaving fresh water behind. ED was initially used as a 
seawater desalination process; it is now used for brackish water desalination process also.

Electrodialysis (ED) process is operated using direct current (DC) in which ions (contrary to 
water in pressure-driven processes) flow via ion selective membranes to oppositely charged 
electrodes. In these systems, the polarity of the electrodes is reversed repeatedly.

Since water contains dissolved salts in the form of ions and these ions get attracted towards 
oppositely charged electrodes, electrodialysis can be used to separate salts and fresh water-.
this method uses suitable membranes to permit passage of selective ions either cations or 
anions [26].

3.2.3. Membrane distillation

This technology uses the principles of both thermal and membrane technologies, that is, dis-
tillation and membrane based desalination processes. In this method temperature difference 
is created in between the supply solution that is coming in contact with the surface on one 
side of microporous membrane and the space left on its other side [22]. This temperature dif-
ference causes difference in vapour pressure, resulting in the transfer of the produced vapour 
through the membrane onto the condensation surface. The whole process is based on the 
use of hydrophobic membranes that are permeable only to the vapour, thus excluding liquid 
vphase and dissolved particles. The vapour produced then passes through the membrane and 
gets condensed on the cooling surface producing fresh water.
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3.2.3.1. Advantages and disadvantages of MD

• Membrane distillation is simple and operates at low temperature. Hence it utilizes less 
amount of heat. Coupling MD units with solar energy sources makes it more attractive.

• It operates at a lower pressure than other pressure-driven membrane processes

• Main disadvantage is that MD requires more space compared to other membrane pro-
cesses [23]

• In this process the feed water should not have any organic pollutants. This fact turns to be 
a limitation for this process [11].

3.3. Alternative processes

Though a number of other methods have been used in water desalination process, but none 
of them turned to be commercially as successful as MSF, RO, and ED technologies. Some 
alternative methods are also used for desalination process. They are

• Freezing and ion exchange processes

3.4. Freezing

The principle involved in freezing desalination is that, in the process of freezing, the dissolved 
salts present in the feed water are separated during the formation of ice crystals. Seawater can 
be desalinated by cooling the water to form crystals under controlled conditions. Before the 
total amount of feed water has been frozen, the mixture is washed and rinsed to remove the 
salts present in the remaining water or that is sticking to the ice crystals. The ice is then melted 
to produce fresh water. Since the main heat transfer processes involved are freezing and melt-
ing which are regenerative, this method is said to have very high energy efficiency [24].

3.4.1. Advantages and disadvantages

• This process uses theoretically lower energy and has less chance for corrosion and scaling.

• It produces pure drinking water and also water for irrigation

• The disadvantage in this process is handling ice and water mixtures which are mechani-
cally complicated to move and to be processed [25].

3.5. Ion exchange: Solvent process

Ion exchangers are generally organic or inorganic solids which are capable of exchanging one 
type of cation (or anion) immobilized on the solid surface for another type of cation (or anion) 
present in solution. For example, Na+ ions in solution can be replaced with H+ by a cation 
exchanger and Cl− ions can be similarly replaced with OH− by an anion exchanger, resulting in 
the complete ‘demineralization’ of a NaCl solution. This process can be reversed by regenerat-
ing the cation exchanger with an acid, and the anion exchanger with a base.
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4. Conclusion

The desalination of brackish water and seawater proves to be a reliable source of fresh water 
and is proves to be a solution for the world’s water shortage problem. Desalination processes 
are normally used to produce drinking water in areas where only seawater or brackish water 
is the source of water. A number of technologies have been developed and many more meth-
ods are under R&D for desalination. They can be used for small scale, that is, supplying water 
for small communities (e.g. solar distillation) and large scale to supply water to cities, that is, 
huge plants (e.g. reverse osmosis).

Though desalination costs seem to be progressively decreasing, but they are still costlier than 
conventional drinking water processes. Coming to environmental aspects each desalination 
plant has to take proper measures in case of intake of water, pre-treatment of water as well 
as disposing concentrate reject water that is produced in the process because environmental 
aspects are equally important as commercial aspects.
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ing the cation exchanger with an acid, and the anion exchanger with a base.
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Abstract

Water aeration is a major feature in many industrial applications, for example, hydraulic 
turbines, fish farms, water treatment, and so on. A key consideration is the efficiency of 
the aeration itself, that is, the effectiveness of the transfer of oxygen from air to water in 
relation to the energy consumed by injection. In this chapter, several configurations of 
the aerator are analyzed for overall efficiency optimization. Two different parameters are 
investigated (the arrangement of aeration apertures and aperture diameters between 0.2 
and 1.6 mm) using aerators with perforated metal plates and, for comparison, ceramic 
and fritted (sintered) glass plates. For the arrangement of the apertures on the perforated 
metal plates, bubble coalescence and contraction coefficients are measured. Each configu-
ration’s results (Kla, SOTR, SAE) are compared and analyzed.

Keywords: standard aeration efficiency, oxygen transfer, bubble column, aerator, 
standard oxygen transfer rate, aeration optimization

1. Introduction

Oxygen transfer in water is a key component in environmental technologies, for example, 
in wastewater treatment, by virtue of the efficiency of the transfer of oxygen and the total 
costs of the air injection process, and water treatment itself is common in many indus-
trial applications, for example, in the chemical, hydraulic, and nuclear industries, for 
which biphasic air-water flow characterization is required for each particular case. For 
example, for water treatment, energy consumption is the highest for aeration processes, 
as compressed air is an expensive working medium. The same behavior occurs in aeration 
for biological purposes, for example in fish farming, or in water aeration downstream of 
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hydraulic turbines, in which the design of the aeration systems (orifice diameter, configu-
ration, operating conditions, and location) may significantly improve the quality of tur-
bine aeration [1, 2]. The aerator design parameters are used to determine the best balance 
between oxygen transfer (volume of air injected and size and shape of generated bubbles) 
and energy consumption.

Aerators (spargers) can be made from porous ceramic or metallic materials, fritted (sintered) 
glass, or plastic, each having specific features in emitting bubbles to increase the contact sur-
face between the gas and the liquid.

In literature, the volumetric mass transfer coefficient Kla was also obtained in situ, [3–6], 
for different configurations. As the configuration and operating conditions are far from this 
experiment, a direct comparison cannot be performed.

The main objective of this study is to optimize an aeration device, that is, to achieve the best 
dissolved oxygen (DO) transfer versus minimized energy consumption for injection. The clas-
sical experiment of an ascending bubble column was used to compare many injection devices. 
The aeration devices are mainly perforated metallic plates (MPs). Two parameters are stud-
ied: orifice size and arrangement. As a control, the active admission area is kept constant for 
all configurations. The injection air flow rate is controlled and the main aeration parameters 
(Kla and standard oxygen transfer rates [SOTR]) measured. Comparison of standard aeration 
efficiency (SAE) is also recorded. The efficiency results are compared with two other aerators, 
that is, a ceramic plate (CP) and a glass plate (GP). Finally, the optimized configuration in 
terms of SAE (best compromise between dissolved oxygen transfer and energy consumption 
for the air injection) is chosen.

2. Experimental setup to study the oxygen transfer of aerators

The setup [7] consists of a rectangular tank (Figure 1) with L = 0.3 m, h = 0.88 m, and hydro-
static load H = 0.8 m, filled with 79.2 l of water. In the tank (1) the aerator (2) equipped with 
interchangeable metallic plates (MPs) is immersed and tested. Upstream of it a flow-meter (3) 
is connected for measuring the air flow rate through the aerator and a differential manometer 
(5) for measuring the pressure drop across the aerator. The experimental setup is sized so 
that the walls of the tank do not affect the mass transfer of the air bubble column to the water 
(L = 6·D). With the peristaltic pump (6) the water is sampled in the middle of the tank, 2 cm 
from the wall, avoiding the air bubbles in the DO measuring cell. The water passes through 
the oximeter (7) and is then reintroduced into the system.

Five interchangeable perforated metallic plates with holes of d = 0.2, 0.3, 0.5, 0.9, 1.6, and 
2.4 mm (Figures 2 and 3) are tested. To avoid bubble coalescence, the holes are located 10 d 
apart, and to negate any influence of the contraction coefficient of the hole, its length is 5 d. 
To increase the active emission area, and implicitly the interface area, the measurements are 
repeated for a second series of MPs with orifices placed 7 d apart. For both series of tests, the 
diameter of the MP is D = 44.8 mm. The aerator intake has a conical shape to ensure uniform 
air repartition at the intakes of the aeration holes.
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In Table 1 the geometric characteristics of MPs, series 1 and 2, are presented. The last column 
shows, in bold, the theoretical air-water interface area at the outlet of the bubble from the 
injection aperture. The design of MP in the second series increases the air-water interfacial 
area (a) at the bubbles outlet by up to 2.5 times (Table 1).

The initial radius (R0) of an air bubble at its detachment from the hole of an aerated system 
immersed at a depth H is calculated from the balance of the Archimedean and superficial ten-
sion forces, neglecting the weight of the air in the bubble [8].

   R  0   =   (  3 __ 4   ⋅   d𝜎𝜎 ___ 𝜌𝜌g  )    
1/3

   (1)

Figure 1. Experimental setup (1–tank, 2–aerator, 3–flow-meter, 4–air compressor, 5–manometer, 6–peristaltic pump, 7–
oximeter, MP–interchangeable metallic plate).

Figure 2. Tested metallic plates in operation.
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The interface area (a) of the first swarm of bubbles is considered spherical at the time of 
detachment and is calculated with the relationship shown in Eq. (2). The active area of the 
intake of the air into water is calculated with the relationship (3).

  a = n ⋅ π  R  0  2 .  (2)

  s = n ⋅ π  d   2  / 4  (3)

The interface area (a) increases in the second series by up to 2.8 times (Table 2).

Figure 3. Layout of holes for 7d arrangement for 0.1 and 0.5 mm hole diameter.
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For the theoretical evaluation of the interfacial area (ai) of all the bubbles in the system an 
air flow rate Q = 0.1 l/s is injected in water. By measuring the contact time of air bubbles in 
water (T) and the sudden shutdown of the air supply, the void volume from the system is 
obtained: Vvoid = T · Q. The interfacial area of the all bubbles in the system is calculated using 
relationship (4)

   a  i   =  n  b   ⋅  A  b   =   3TQ ____  R  0  
  .  (4)

The average global void fraction is calculated using relationship (5)

  ε =   
 V  void   ____ V   100.  (5)

The experimental results of the mass transfer of the two sets of plates are presented in the 
next chapter.
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0.5 0.5 61 151 1.41 1.41 12.0 29.6 0.8 1.9 1524 3772 2.47

0.3 0.3 177 414 1.19 1.19 12.5 29.3 0.8 1.9 3150 7367 2.34

0.2 0.2 385 951 1.04 1.04 12.1 29.9 0.8 1.9 5233 12,926 2.47

Table 1. Emission performance of the two series of metallic plates S1 and S2.

MP Vvoid (l) nb (−) ε (%)

MP 1.6 0.25 2953 0.347

MP 0.9 0.26 4601 0.361

MP 0.5 0.27 8449 0.375

MP 0.3 0.28 15,905 0.389

MP 0.2 0.29 27,403 0.403

MP 0.1 0.3 42,468 0.417

Table 2. Void fraction for the second series of plates at Q = 0.1 l/s.
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Figure 4. C = f(t) and the inflection point detection.

3. Volumetric mass transfer coefficient corresponding with energy 
consumption

To obtain the oxygen transfer the following configurations are tested:

• series 1 of five metallic plates (MP 0.2, MP 0.3, MP 0.5, MP 0.9, and MP 1.6);

• series 2 of two metallic plates (MP 0.2 and MP 0.5);

• a ceramic plate (CP) with volume porosity in the range 45–50%; and

• a fritted (sintered) glass plate (GP) with porosity controlled in the range 0.25–0.315 μm.

For all series of metallic plates, the following injected air flow rates are tested: Q = 180, 360, 
480, 600, 720, 960, 1140 l/h. The results are then compared with the aeration performance of 
the CP and GP.

The method of measuring dissolved oxygen (DO) in clean water, according to the standard 
for measuring oxygen transfer in water [9], requires removing DO from water (using Na2SO3) 
and then reoxygenating up to at least 90% of the saturation concentration value. To obtain 
standard oxygen transfer rates (SOTR), the water in which testing takes place must be quali-
tatively equivalent to drinking water. Concentration of dissolved oxygen in time (C) is mea-
sured while maintaining constant air flow injected into the system. The measurements are 
repeated for each of the air flow rates with the abovementioned plates. After each set of mea-
surements, the standard procedure is applied for the removal of DO from water and reoxy-
genation up to 90% of the saturation concentration value.

3.1. Processing of the experimental data

The following is an example of estimating the Kla and Cs parameters for the plate MP 1.6 
operating at an injection air flow rate of Q = 360 l/h. The concentration of DO in time C = f(t) 
is shown in the figure (Figure 4).

Desalination and Water Treatment354

In the event of an inflection point (marked in red in Figure 4), it is allowed to truncate the 
curve up to the concentration at  C = 1.5 ⋅  C  

i
   , where Ci represents the concentration correspond-

ing to the inflection point. If the curve does not have an inflection point, the data can be trun-
cated to 20% of the Cs.

To obtain time delay, the remaining data are extrapolated through the intersection of the fit-
ted curve at the time axis (Figure 5). The primary data are corrected by shifting the curve to 
the initial moment that the concentration of dissolved oxygen is zero—see Figures 5 and 6.

Figure 5. Extrapolation of experimental data to obtain the delay time, for MP 1.6, at Q = 360 l/h.

Figure 6. Estimation of Kla and Cs parameters by non-linear regression for MP 1.6, at Q = 360 l/h.
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Figure 7. Estimation of Kla and Cs parameters by non-linear regression for MP 1.6.
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The chart (Figure 5) is replotted with corrected data using the mathematical model described 
by Eq. (6):

  C =  C  S   −  ( C  S   −  C  0  )   e   −klat   (6)

The Kla and Cs parameters are obtained (Figure 6).

The procedure is repeated for all the test plates for the air flow rate range: Q = 96–1140 l/h.

Figures 7 and 8 show the graphs for Kla and Cs estimation of MP 0.5 and MP 1.6 at injected 
air flow rates, Q = 240÷1140 l/h.

Figure 8. Estimation of Kla and Cs parameters by non-linear regression for MP 0.5.
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Figure 9. Estimation through nonlinear regression of Kla and Cs parameters for Q = 360 l/h. (a) MP 0.2, series 1. (b) MP 
0.3, series 1. (c) MP 0.5, series 1. (d) MP 0.9, series 1. (e) MP 1.6, series 1. (f) MP 0.2, series 2. (g) MP 0.5, series 2. (h) Ceramic 
plates with volume porosity in the range 45÷50%. (i) Glass plates with porosity controlled in the range 0.25÷0.315 μm.
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The regression curves for the estimated parameters Kla and Cs for all nine tested plates at the 
injection flow rate Q = 360 l/min are presented for comparison in Figure 9.

From the aeration point of view (dissolved oxygen transfer), an improvement is observed 
between the first and second series of the MP, the second giving a better performance as the 
interphase area is higher. However, the MP aeration characteristics Kla and Cs are lower com-
pared with CP and GP. GP provides the best aeration characteristics.

Krishna and van Baten [10] illustrate the influence of column diameter on Kla (Figure 10), 
assuming that a homogeneous flow regime prevails (with dispersion consisting of 5 mm of 
small-sized bubbles). In this study, the diameter of the aeration device is equal to the diameter 
of the tank. A strong reduction of aeration characteristics is observed. The bubble column is 
confined by the walls and the flow velocity induced in the ascending column produces an 
increased velocity in the air column that tends to accelerate the bubbles in the central core, 
reducing gas–liquid contact time.

In our study the water column is higher than the bubble column, L/D = 6.8, in order not to 
have the water column constrained by confinement. For this reason, Kla is less than in the 
Krishna experiment, for equivalent bubble diameters (MP 0.5) around 5 mm.

The initial theoretical ascending velocity of the bubbles can be calculated using:

 U = Q / A , where Q [m3/s] is the air flow rate through the aerator and A [m2] is the emission 
surface of the plate (active area). The hypothesis of the uniform initial ascending velocity is a 
rough estimation, which is more realistic for MP (because of uniform orifice losses) but less so 
for GP and CP. Krishna and van Baten [10, 11], obtained from CFD, using the effective area of 
transfer, with large bubbles corresponding to 20 mm are represented in (Figure 11) by filled 
circles, and the 5 mm sized bubbles, are represented by filled squares. The open circles relate 
to experimentally determined values and Utrans, is the transition velocity.

A decrease in the Kla coefficient is observed with an increasing bubble diameter, as transfer 
performance is related to the interfacial area (for the same air flow rate). However, it is observed 
that Kla is comparable for two experiments. The difference is explained by the limitation of the 
bubble column size and the acceleration of the bubble column in Krishna’s experiment.

Figure 10. Influence of column diameter DT (by numerical simulations) on Kla coefficient for operation in the 
homogeneous flow regime [10].
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4. Air flow influence on the aeration efficiency

The experimental data were post-processed following standard procedures [9] and reduced 
to the same temperature and pressure conditions (tw = 20°C and patm = 1 atm) in order to ascer-
tain the influence of hole size on the aeration efficiency.

As per the standard process the following steps was considered:

• volumetric mass transfer coefficient, estimated by regression and corrected at 20°C

   Kla  20   = Kla ⋅  θ     | 20−t |     [1 / min]   (7)

• concentration of DO at the measuring point, at saturation, corrected at temperature 20°C, 
at standard pressure 101 kPa, and relative humidity conditions are 100%

   C  s20   =  C  s   (  1 ___ τΩ  )   (8)

• standard oxygen transfer rate (SOTR)

  SOTR =  kla  20   ⋅  C  s20   ⋅ V  [mg / min]   (9)

• standard oxygen transfer efficiency (SOTE)

  SOTE =   SOTR _____  W  O2  
    [−]   (10)

• standard aeration efficiency (SAE)

  SAE =   SOTR _____ P    [ kg  OD   / kWh]   (11)

Figure 11. Volumetric mass transfer coefficient as a function of U, from the homogeneous to the heterogeneous flow 
regime, (a) our experiments, (b) Krishna experiment’s [9].
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The power consumed for the injection of air through the aerator

  P = Q ⋅  (dp + 𝜌𝜌gH)  / 1000  [kW]   (12)

Figure 12 shows the pressure losses measured for all MPs, CPs, and GPs. The injection losses 
on MPs are 10 times inferior to the CPs and GPs. The losses decrease with increasing diameter 
of the orifice but in a reduced report compared to CPs and GPs. The arrangement of the holes 
plays a role, too, with the second series of MPs exhibiting smaller losses at the point of air 
injection.

Aeration parameters compared with CPs and GPs from the two series of MPs are presented 
in Figures 13–18. The ceramic plate has volume porosity in the range 45–50% and the fritted 
(sintered) glass plate has a porosity which is controlled in the range 0.25–0.315 μm.

These experiments show that increases in the air flow rate lead to increased dissolved oxygen 
transfer and Kla up to a certain value, after which Kla remains constant. Increasing the air 
flow rate induces the losses of air admission increases. In such as way the maximum aeration 
and minimum energy consumption is optimized, reflected by SAE (Figure 18).

Following this analysis, the MP gives the best results compared to the equivalent configura-
tions in CP or GP. The pressure losses are 10 times less important compared with the CP and 
GP. Reducing the distance between the holes from 10 to 7 diameters, increasing the number of 
holes for the same active surface, and thus reducing the bubble size lead to an increase in the 
air-water contact surface and the retention time in water and thereby improves the transfer 
of dissolved oxygen.

Figure 12. Pressure drop on the aerator variation for different types of plates (MP series 1, MP series 2, ceramic plate CP 
and glass plate GP).
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Experimental 2D particle image velocimetry (PIV) measurements, with uniform background 
lighting and laser-induced fluorescence (LIF) of the tracking particles, were performed in 
order to characterize the air-water biphasic flow and the 2D bubble column rising velocity in 
static water—see works by Murgan et al. [12]. For complete characterization of the flow, the 

Figure 13. Kla20 variation function of the air flow rate under standard conditions and comparison between the two MP 
series (right side).

Figure 14. Kla variation function of aerator pressure drop for MP and comparison with GP and CP.

Figure 15. Standard oxygen transfer rate (oxygenation capacity) variation function of injected air flow rate.
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velocity field induced by the column of bubbles and the bubbles features are simultaneously 
determined using image processing technics. The bubbles features include: ascension veloc-
ity, diameter variation, interfacial area and shape factor.

Figure 18. Standard aeration efficiency at different injection air flow rates. Comparison between the two series of MP 
(right side).

Figure 16. Standard oxygen transfer rate variation function of the power consumed for the air injection through the 
aerator.

Figure 17. Standard oxygen transfer rate variation function of the aerator pressure drop.
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5. Conclusions

This chapter presents an experimental study for the global optimization of aeration in the 
industrial configuration. For optimization two main parameters were considered: aeration 
performance (dissolved oxygen transfer) and energy consumption for the air injection.

Was considered many injection devices: two series of metallic plates with different designs 
(the arrangement of aeration holes, hole shapes, and diameter) and hole diameters between 
0.2 and 2.4 mm, ceramic plates, and glass plates in an air bubble column in water. The inves-
tigations where performed for the following air flow rates: Q = 180, 360, 480, 600, 720, 960, 
1140 l/h. The aeration performances were obtained, using the procedure of the standard 
procedure ASCE 2-91/1993 (Kla and SOTR), and compared with other literature results. The 
results are coherent for the tendencies and the differences were explained.

Based on these results and injection loss measurements, the SAE—standard aeration effi-
ciency—was calculated for all plates and global efficiency curves were plotted.

Taking into account these parameters in an aerator design, and optimizing the total efficiency, 
allows for an efficient deployment of aeration devices in industrial systems. As variations in 
efficiencies for dissolved oxygen transfer, or losses, in different aeration devices can be greater 
than a factor of 10, the findings of this optimization study are significant for achieving the best 
design of aeration systems for hydraulic turbines and in water treatment and so on in regula-
tion to the specific needs and capacity of each application (available air flow rate, pressure of 
injection, aeration need, etc.).

This study shows the importance of the optimization of the aerator device in terms of materi-
als, aperture arrangement, aperture shape, aperture dimension for the specific conditions of 
each application (air flow rate, pressure gradient, emplacement of the aeration device), and 
for the best global efficiency—best compromise between the energy needed for the injection 
of the air and the quantity of dissolved oxygen obtained by the aeration process.

In the next step, these results and the detailed bubble flow morphology [12] will be used to 
validate numerical simulations for dissolved air transfer, to realize the sparger optimization 
by numerical calculations.
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t [s] time

t0 [°C] air temperature at sampling time

tw [°C] water temperature at sampling time

T [s] air-water contact time

s [mm2] active area of intake of the air into the water (sum of the areas of all holes 
from a an MP)

s’ [%] active area of intake of the air into the water from an MP

SAE [kgO2/kWh] standard aeration efficiency

SOTE [−] standard oxygen transfer efficiency

SOTR [mg/min] standard oxygen transfer rate

U [m/s] theoretical ascending velocity of the bubbles

V [l] water volume in the tank (V = 72 l)

Vb [l] volume of an air bubble considered spherical

Vvoid [l] void volume from the system

WO2 [kg/s] mass flow rate of oxygen from the air stream (WO2 = 0.2765 Qs)

Δptot [Pa] total pressure drop (including hydrostatic head), Δptot = (Δp + H)ρg

ε [%] void fraction

τ = Cst/C20 [−] temperature correction factor

σ [N/m2] air-water surface tension coefficient

ρ [kg/m3] water density

 θ  [−] empirical temperature correction factor ( θ  = 1.024, unless another value is 
proven experimentally)

Ω [−] pressure correction factor,  Ω =   
 P  

b
  
 __  P  

s
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Abstract

The action of promoting the removal of particles in water requires coagulant substances, 
which destabilize the equilibrium of the mixture in aqueous solution; this is needed to 
perform the coagulation and flocculation operations, in the treatment of drinking water 
and wastewater; especially for the removal of solids with diameters smaller than 0.2 mm; 
this operation is carried out with chemical compounds capable of breaking the ionic 
stability of a mixture and segregating the solids that cannot be separated without this 
operation; The plants tested to be used as coagulants or flocculants have had a tradi-
tional use, which indicates their ability to carry out the separation of solids. The plants 
described in this chapter are Melocactus sp., Opuntia sp., Stenocereus griseus, Cereus forbesii, 
Aloe arborescens, Aloe vera, and Kabuli chickpea (Cicer arietinum L.), of these plants have 
been used different parts, either their stems, their fruits, or other parts of the plant that 
have demonstrated a coagulating or flocculating capacity.

Keywords: biopolymer, coagulation, flocculation, turbidity and color

1. Introduction

Conventional water treatment processes include coagulation and flocculation, especially that 
which is chemically assisted, for both drinking water and wastewater. The removal capacity of 
these operations is effective and with a speed that could have been used, especially with waters 
that have high concentrations of organic matter, for this purpose, reagents have been used such 
as aluminum sulfate, which is usually obtained from the reaction of aluminum hydroxide with 
sulfuric acid [1]. Another reagent used is ferric chloride, which is obtained by the reaction of 
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chlorine gas on heated iron [2]; and a reagent used in recent years is the aluminum polychlo-
ride obtained by the reaction of aluminum with hydrochloric acid in aqueous solution [1].

The reactions associated with the coagulants are determined by some parameters such as the 
pH, the temperature of the water, and the concentrations of the solids that are going to be 
complexed to form flocs that can be separated by density difference inside the mixture. When 
the flocs are separated from the mixture, sludge is generated that must be thickened and then 
disposed of, within a waste management plan; these residues will have a high concentration 
of aluminum and iron, respectively, according to the type of coagulant used, whether it be 
aluminum sulfate, aluminum polychloride, or ferric chloride. The final disposal of these slud-
ges is usually difficult, because of the load of aluminum or iron as they are considered toxic 
for the soil in high concentrations[3].

These disposal problems of the sludge, which generally has a high concentration of organic 
matter, generate environmental impacts when they are discharged into soils or bodies of 
water, changing the natural microbiota and affecting the species that have contact with 
high concentrations of aluminum and iron. To overcome this difficulty, different products 
of vegetable origin have been studied, which have properties similar to those of aluminum 
or iron compounds, generate coagulation and flocculation, but with organic compounds, 
are part of the natural components of plants come, as is the case of Melocactus sp., Opuntia 
dillenii, Stenocereus griseus, Cereus forbesii, Aloe arborescens, Aloe vera, and Kabuli chickpea 
(Cicer arietinum L.). These plants have shown an activity for the flocculation of substances 
with small particle size, below 0.2 mm, which generally cannot be separated by natural 
sedimentation [3].

The sludge derived from the coagulation and flocculation processes with plant extracts 
has a completely organic composition, which means that they can be digested by micro-
organisms and transformed into carbon, nitrogen, and phosphorus substances that can be 
incorporated into the corresponding biogeochemical cycles, with absence of toxic metals 
for the soil [4], or with safe concentrations for this vital resource. This technological alter-
native transforms water treatment into a less aggressive process with the environment, 
taking into account that most of the waste generated in drinking water and domestic waste 
treatment is sludge.

The extraction systems of plant biopolymers have different methodologies, which are 
easy to apply, proven, and are part of already standardized unit operations. Taking into 
account that different parts are harvested from each plant, we must understand that for 
most of the plants, their use is of the majority of the biomass, whereas when we speak of 
Kabuli chickpea (Cicer arietinum L), we are using only their seed, which diminishes its use, 
taking into account the weight ratio of the plant and the mass used for the preparation of 
the coagulant.

The operations developed to determine the efficiency of each plant extract in the coagulation 
and flocculation are defined within the established for jar tests and some of them have Z 
potential measurements (measure of the magnitude of the repulsion or attraction between 
the particles).

Desalination and Water Treatment370

2. Selection of plants with the potential to produce biopolymers for 
coagulation and water flocculation

Plants with the capacity to generate biopolymers with coagulant and flocculant uses have 
been under study during the last decades, especially Moringa oleifera, Opuntia spp., Cicer 
 arietinum [5], and others that have demonstrated coagulant capacity, as part of the traditional 
empirical knowledge of indigenous communities [6].

Figure 1. Stenocereus griseus. Source: http://cactiguide.com/cactus/?genus=Stenocereus&species=griseus.

Figure 2. Cereus forbesii. Source: http://www.kakteensammlungholzheu.de/en/cereus_forbesii.html.
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The selected plants took a part of those referenced and others of those present in semi-
arid regions in Colombia, such as La Guajira in northern Colombia and the banks of the 
Chicamocha River, in the northeastern region. The species not studied are Stenocereus griseus 
(Figure 1), Cereus forbesii (Figure 2), Aloe arborescens, and Aloe vera; and one already studied is 
the Kabuli chickpea (Cicer arietinum L.) [6].

In the case of Opuntia sp., they are used to be present in the Colombian regions already 
named and sufficiently studied, in the same way Aloe vera and Aloe arborescens were selected 
(Figure 3). Kabuli chickpea (Cicer arietinum) is reviewed with studies already elaborated by 
other authors [7]. It should be noted that some species of Opuntia spp. are used as part of the 
animal and human diet in communities of northeastern Colombia, in semidesert areas [8].

To have a better selection, we reviewed the massive presence of these plants and that they were 
not part of the list of plants in danger of extinction, to be able to access their manipulation.

3. Biopolymer extraction methodologies

3.1. Extraction of the plants Melocactus sp., Opuntia dillenii, Stenocereus griseus, 
Cereus forbesii, Aloe arborescens, and Aloe vera

The extractions of each plant have particularities, taking into account the usable parts in the 
search of their coagulating capacity. The extractions are segregated into two types: the plants 
that are used in all their foliage are Melocactus sp. (Figure 4), Opuntia dillenii (Figure 5) [9], 
Stenocereus griseus, Cereus forbesii, being belonging to the family Cactaceae and the other part 
corresponds to Aloe arborescens and Aloe vera, belonging to the Xanthorrhoeaceae family, with 
superior Aloe classification.

Figure 3. Aloe arborescens.
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For the Cactus and Aloe species, an extraction methodology was used with different opera-
tions that are:

• Selection of parts of the plant for cutting: The operation of cutting parts of the plant is done 
taking into account mature parts, with the presence of thorns in the case of cacti, with a 
hard external surface, similar to the criteria used for the animal or human consumption of 

Figure 4. Opuntia sp. Source: http://www.fichas.suculentas.es/Almacenfichas/903/903.html.

Figure 5. Aloe vera. Source: http://www.fichas.suculentas.es/Almacenfichas/903/903.html.
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Opuntia spp. [10]. In the case of Aloe species, the maturity of the leaves is considered, with the 
presence of perimeter spines. This shows the possibility of isolating the crystals of the plant.

Figure 5 shows a part of the penca or cladodes of a cactus Opuntia sp., with skin and thorns, but 
the part to be used is the vascular tissue of the plant, eliminating skin and spines [11].

For the sampling of the species of Aloe (Figure 6), garden plants were considered, which are 
cultivated in a homemade way, taking into account the age of the plant, as it must have enough 
leaves with enough crystals, and it must not present any evidence of contamination or parasites, 
especially the characteristics of the green color of the leaves, absence of external insects, and 
total absence of organisms associated with diseases of the plant.

• Cut and transport to the laboratory: The cutting of the parts of the plant takes measurements 
(Figure 7), to then make a transport to the site of obtaining the coagulant. The transport 
must be carried out in refrigeration, to avoid possible contamination with environmental 
fungi or other organisms that can significantly change the composition of the parts obtained.

• Weighing of the gross material: The weighing of the material is carried out on a 25-kg scale, 
to determine the weight of the sample taken and then determine its performance according 
to its humidity.

• Cutting of thorns and removal of the bark: To perform the extraction of the coagulant, the 
cut parts are taken and the thorns are removed (Figure 8), and the skin of the cacti, also 

Figure 6. Melocactus sp. Source: http://www.tephroweb.ch/kuas/melo.htm.
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called epidermis, which is the external hard part of the pads or cladodes, in the case of 
cactus and leaves in the case of Aloe species.

• Cutting of clean material: In order to follow the extraction process, the tissue of the plants 
is cut. This is done to improve the moisture loss of the plant, increasing the contact surface 
with the atmosphere (Figure 9).

Figure 7. Opuntia sp. and Cereus forbesii samples. Source: authors.

Figure 8. Removal of thorns. Source: authors.
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• Drying the pieces: The drying of the material is carried out outdoors (Figure 10). It is 
important to note that the region in which these operations are carried out is of a warm 
tropical climate with low humidity, in which the temperature ranges between 20 and 35°C 
with relative humidities between 50 and 70% on average.

• Weighing of dehydrated material: The material is kept outdoors, taking care that it is not 
hydrated by rain, the drying time is between 48 and 96 h depending on the temperature 
and relative humidity of the place where they are dried.

• Grinding of the material: The grinding of the dried material is done with a food processing 
device and then it is passed through a mill that pulverizes the material.

Figure 10. Desiccation of the specimens. Source: authors.

Figure 9. Cutting of the plants. Source: authors.
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The final characteristics of the material are similar to the raw materials used in the coagu-
lation and flocculation process, that is, a presentation similar to the presentation of type A 
and B aluminum sulfate and aluminum polychloride, in their solid presentations, the liquid 
presentation is not sought because it is an organic material with nutritional characteristics for 
filamentous fungi and bacteria, which would require a procedure for its sterilization, and any 
application of excessive heat, a degradation of the biopolymers will be carried out, condition 
that impairs its performance in coagulation.

• Material screening: The material after being macerated is taken to a 1-mm sieve (Figure 11), 
which separates the thick parts that cannot be diluted efficiently in aqueous solution. This 
characteristic is based on the solubility of complex organic substances, such as the vascular 
tissue of these cacti and Aloe plants.

• Weighing of the material of interest: The material obtained from the plants Melocactus sp., 
Opuntia dillenii, Stenocereus griseus, Cereus forbesii, Aloe arborescens, and Aloe vera is weighed 
to have a reference of its performance in relation to weight to weight, with respect to its use.

3.2. Extraction of Kabuli chickpea coagulant (Cicer arietinum L.)

The seeds of the anionic coagulant Kabuli Garbanzo (Cicer arietinum L.) were selected and 
then the following procedures were performed.

• Washed: The seeds selected without evidence of the presence of fungi or yeasts were 
washed with large amounts of water to eliminate impurities related to bulk handling and 
then in their fractionation and packaging that can take other materials such as small sand 
stones or other grain waste.

Figure 11. Maceration of the material. Source: authors.
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• Drying: After washing, it was dried for 2 days in the sun, taking into account that they 
cannot be wetted by rain or other water source.

• Crushed: The material was crushed using a mixer (Oster). The resulting powder was sieved 
with a No. 200 sieve to obtain a very fine powder for storage in plastic containers to avoid 
hydration and subsequent use in the preparation of the solutions of the coagulant.

4. Tests of the biopolymers obtained

After obtaining the biopolymers, we proceed to prepare solutions of these extracts, to perform 
jar tests, and thus to determine the coagulant and flocculant capacity of natural biopolymers.

The tests are carried out with water of natural characteristics with different types of solids, 
which include natural tannins, solids smaller than 0.2 mm, organic matter, and other sub-
stances typical of raw or residual waters.

4.1. Preparation of the solutions for coagulation and flocculation of Melocactus sp., 
Opuntia dillenii, Stenocereus griseus, Cereus forbesii, Aloe arborescens, and Aloe vera

After obtaining the biopolymers of the plants Melocactus sp., Opuntia dillenii, Stenocereus gri-
seus, Cereus forbesii, Aloe arborescens, and Aloe vera, the preparation of the solutions is carried 
out to realize the tests of jars, which prove the action of coagulant and flocculant.

The flocculant preparation process was weighed 1 g of biopolymer, then 1000 ml of distilled 
water was added and manual agitation was carried out until completely diluted.

4.2. Preparation of coagulation solutions of Kabuli chickpea (Cicer arietinum L.)

About 1% solution was prepared by adding 10 g of the anionic coagulant in 1000 ml with 
Milli-Q® water, obtaining a solution of 10,000 mg/l, after which stirring was carried out for 1 h 
to homogenize the mixture. In this solution, the tests were carried out to know the adequate 
doses to treat the synthetic water prepared in the laboratory.

To prepare the synthetic water, laboratory clay was used for the preparation of samples of 
turbid water for all the experiments. About 20 g of clay were added to 1 l of distilled water. 
The suspension was gently stirred for 1 h on a magnetic stirrer in order to achieve a uniform 
dispersion of the clay particles. The suspension was allowed to stand for 24 h to achieve 
complete hydration of the clay. This clay suspension served as a stock solution using distilled 
water to prepare water samples with a turbidity of 200 NTU.

4.3. Control parameters in rockrose tests

To test the coagulating and flocculating effect of the biopolymers of Melocactus sp., Opuntia 
dillenii, Stenocereus griseus, Cereus forbesii, Aloe arborescens, Aloe vera, and Kabuli chickpea (Cicer 
arietinum L.), jug tests were performed as provided in ASTM D2035: 08 [12].
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The control parameters normally used in the efficiency of a coagulant are pH, turbidity, and 
color, which are governed by standardized methodologies [13], which determine the ability 
to remove solids from water based on their behavior, pH, and with its spectrophotometric 
absorbance, turbidity and color at different wavelengths.

In accordance with the regulations in force in Colombia, the tests were carried out taking into 
account the technical standards adopted by the country for each test [14].

The removal obtained is processed in terms of percentages, to be able to compare. In the case 
of pH, it is observed that it complies with the provisions of the national standard for this 
parameter [15]; and in the case of turbidity and color, the percentage of removal is taken into 
account, which is directly proportional to the decrease in absorbance in each test.

5. Results of jar tests with natural coagulant biopolymers

The results of the tests of the biopolymers, natural coagulants, are collected in four main tests, 
the first ones refer to the pH, the turbidity, and the color; the last one takes the coagulants 
with good performance and measures the Z potential.

Turbidity and color in water is related to the presence of substances or microorganisms, which 
is directly related to its quality to be consumed or used in other ways; the results offer an 
overview of the potentialities of all the plants for the coagulation and flocculation processes, 
with different degree of efficiency.

To control the efficiency of coagulation and flocculation as a function of pH, the pH was taken 
after coagulation, taking into account that the initial pH of the water is 7.2. The pH results 
are shown in Graph 1, showing that the coagulant that most affected the final pH was the 
biopolymer of Melocactus sp., which brought the pH up to 6.2. The data show a standard 
deviation of 0.3.

Graph 1 shows that the only one that did not affect the pH in the jar test was Stenocereus spp.; 
the others lowered the pH moderately to values of 7 or 6.8.

The turbidity results (Graph 2) showed that the best biopolymers to remove these solids asso-
ciated with turbidity were Melocactus spp. and Kabuli chickpea (Cicer arietinum L.), which 
showed turbidity removals greater than 95 and 97%, respectively. The data show a standard 
deviation of 3.1.

The results of the other biopolymers showed a removal capacity greater than 88 and up to 
92%, which shows the effectiveness of these biopolymers with water that has a neutral pH.

All the biopolymers tested showed effective action in the removal of turbidity, in a range 
between 88 and 97%, with some differences and affectations to the pH of the sample at the 
final moment of the jar test.

For the case of the color results (Graph 3), we can see a good activity of all the biopolymers, 
taking into account that the one that showed the best performance in the removal of the 
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color was the biopolymer of Melocactus sp., with a performance greater than 96%, and then it 
was appreciated that the two species of Aloe sp. with a removal greater than 95%; then there 
are Opuntia sp., Stenocereus sp., and Kabuli chickpea (Cicer arietinum L.), with performances 
greater than 94% and the last one was evidenced by Cereus forbesii with a performance greater 
than 92%. The data show a standard deviation of 1.4.

Graph 1. Results of the pH test for studied coagulants. Source: authors.

Graph 2. Turbidity removal with each coagulant studied. Source: authors.
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The results show a greater efficiency in the removal of color. The best performance of these 
tests lies in the Melocactus that was the best removing species in case of both turbidity and 
color, but with the highest incidence in the pH. The other biopolymer with high performance 
is the Kabuli chickpea (Cicer arietinum L.), which showed a good turbidity and color removal 
capacity with very little pH affectation.

Z potential measurements were made to the biopolymers with better performance, which 
showed the following results.

Table 1 shows the results of the Z potential of the Melocactus sp. and Kabuli chickpea (Cicer 
arietinum L.), with pH between 3 and 10.

Graph 3. Color removal with each coagulant studied. Source: authors.

pH Zeta potential (mv) Melocactus sp. Zeta potential (mV) Kabuli chickpea

3 −1.7 15.1

4 −3.9 −2.5

5 −12.9 −11.8

6 −19.6 −19.8

7 −22.9 −21.9

8 −22.9 −21.9

9 −27.1 −24.5

10 −29.4 −27.1

Source: authors.

Table 1. Z potential of Melocactus sp. and Kabuli chickpea (Cicer arietinum L.).
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The Zeta potential of the biopolymers shows similar values in the range of pH 4 and 10, which 
may indicate a similar activity with solid particles of small size, such as those that generate 
turbidity and color in the water.

It is important to note that all plants used have the potential to treat water; and that the efficiency 
differences can be associated to the affinity for different particles and their extraction form.

6. Conclusions

All the extracts showed turbidity and color removal, with efficiencies higher than 88%, which 
indicates that the extraction methodologies conserve the coagulant and flocculant capacity of 
each plant.

The biopolymers of Melocactus sp., Opuntia sp., Stenocereus griseus, Cereus forbesii, Aloe arbore-
scens, Aloe vera, and Kabuli chickpea (Cicer arietinum L.) have an activity for coagulation and 
water flocculation.

The plants with the best performance in the removal of turbidity and color were Melocactus 
sp., and Kabuli chickpea (Cicer arietinum L.), with the best percentages of elimination of solids 
of small size of water.

The Z potential measured to the extracts of Melocactus sp. and Kabuli chickpea (Cicer arieti-
num L.) has similar values in the range of pH 4–10, which shows a similar activity for the 
suspended particles of the water used in the tests.

The biopolymers of the plants Melocactus sp., Opuntia sp., Stenocereus griseus, Cereus forbesii, 
Aloe arborescens, Aloe vera, and Kabuli chickpea (Cicer arietinum L.) can be a viable alterna-
tive for the treatment of drinking and residual water, in replacement of sulfate of aluminum, 
aluminum polychloride, and ferric chloride; decreasing the amounts of dissolved metals in 
drinking water of humans and animals, especially with the aluminum residues associated 
with diseases such as autism and Alzheimer [16-23].
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Abstract

In this study, the biosorption performance of banana floret was assessed as a new biosorbent
for the removal of Cu(II) ions (a model heavy metal) from aqueous solutions. Batch experi-
ments were conducted to assess the effects of agitation, particle size, pH, temperature and
initial concentration. Kinetic and equilibrium data were modeled, and mass transfer studies
were conducted to elucidate the mechanisms of biosorption. Kinetic data were best simu-
lated using the diffusion-chemisorption model while equilibrium data were best represented
by the Sips isotherm. The dominant transport mechanism was attributed to intraparticle
diffusion while the dominant attachment mechanism was chemical sorption. A predictive
model was successfully developed using an artificial neural network (ANN) and optimized
using a genetic algorithm (GA). The accuracy of the ANN-GA prediction was validated by
laboratory experiments, which revealed a residual error of 1.3% and thus underscores the
applicability of the model. This new biosorbent exhibited a remarkable affinity for the heavy
metal ion and compared well to other reported biosorbents in the literature.
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[1]. Various technologies have been used for the removal of heavy metals including filtration,
chemical precipitation, ion exchange, electrodeposition, membrane processes and adsorption
using activated carbon [2]. Biosorption of heavy metals has attracted much attention recently
due to its simplicity, efficiency, and availability of biomass and waste bioproducts [3]. Of keen
interest are agricultural by-products such as peat [4], coconut shell [5], wood [6], banana trunk
[7], rice husk [8], peanut shells [9], guava leaves [10] and banana stem [11]. A survey of the
literature showed that no work had been reported on the use of banana floret as a biosorbent. In
this study, Cu(II) is used as a model metal ion to assess the biosorptive potential of banana floret.

Kinetic and equilibrium studies are critical to determining the applicability of biosorbents as well
as for the successful design of biosorption systems. These analyses provide an indication of
sorption capacity, mechanisms as well as give some insight into the affinity of the biosorbent for
the metal ion species [12]. Additionally, the development of predictive models can save time and
improve efficiency in experimentation and enable the effectual upgrade to full-scale systems [13].

The objectives of this study are: (i) to determine the biosorption efficiency of banana floret as a
new biosorbent; (ii) to elucidate the transport and attachment mechanisms of biosorption
through batch kinetic, equilibrium, thermodynamic and desorption studies; and (iii) through
single-variable kinetic and equilibrium analysis and ANN-GA modeling simulate batch pro-
cess, which will enable process design and upscaling.

2. Materials and methods

2.1. Preparation of the biosorbent

Batch biosorption experiments were conducted using banana flower. The flower was first dried
at 378 K for 24 h, washed and separated into three fractions which comprised the bract, the floret
and the stem. The fractions were subsequently crushed and sieved into different sizes. The
average particle size retained on a sieve was calculated as the geometric mean of the diameter
openings in two adjacent sieves in the stack. The geometric mean size (GMS) is expressed as
(diameter of upper sieve � diameter of lower sieve)0.5 [14].

2.2. Determination of metal ions concentration

Stock solutions were prepared from analytical-grade copper(II) sulfate in distilled water (pre-
pared by a Thermo Scientific Still of pH approximately 7 and conductivity <5 μS/cm). Cu(II)
ions were analyzed by the cuprethol method using a Shimadzu UV-1800 Spectrophotometer
and verified periodically using an Analytik-Jena contra 700 AAS.

2.3. SEM combined with EDS analysis

The biosorbent was characterized using a scanning electron microscope (SEM) (Hitachi S-
3000 N) and an energy dispersive spectroscopy (EDS) analyzer (IXRF Systems) at a voltage of

Desalination and Water Treatment386

20 kV. The SEM and EDS were used to investigate the changes in the surface microstructures
and the elemental composition of the biosorbent before and after biosorption.

2.4. Biosorption kinetics

2.4.1. Kinetic studies

Batch biosorption studies were conducted using the parallel method according to EPA OPPTS
method 835.1230 [15]. The study of metal uptake was done in duplicate at room temperature
(300 � 2 K) with an adsorbent mass 1.0 g/L and spiked with 50 mg/L of synthetic metal ion
solution. Biosorbent masses were accurate to�0.001 g and solution volumes to�0.5 ml. Identical
reaction mixtures were prepared for each time interval, agitated on a mechanical shaker and
removed at predetermined time intervals [16]. The banana flower was first subjected to kinetic
screening. Kinetic tests revealed the stem sorbed 14% more Cu(II) ions than the bract, while the
floret sorbed 44% more than the stem. Consequently, a detailed analysis was performed on the
banana floret and is reported in this study.

2.4.2. Adsorption yield

The ratio of adsorbed metal ion concentration to the initial metal ion concentration was calcu-
lated from Eq. (1).

%Adsorption ¼ Co � Ct

M
� 100 (1)

2.5. Equilibrium study

The effect of initial concentration was studied by equilibrating 1.0 g/L of adsorbent in synthetic
Cu(II) solution of varying concentrations (within the range of 10–100 mg/L to ensure
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Table 1. Error functions.

Artificial Neural Network-Genetic Algorithm Prediction of Heavy Metal Removal Using a Novel Plant-Based…
http://dx.doi.org/10.5772/intechopen.74398

387



[1]. Various technologies have been used for the removal of heavy metals including filtration,
chemical precipitation, ion exchange, electrodeposition, membrane processes and adsorption
using activated carbon [2]. Biosorption of heavy metals has attracted much attention recently
due to its simplicity, efficiency, and availability of biomass and waste bioproducts [3]. Of keen
interest are agricultural by-products such as peat [4], coconut shell [5], wood [6], banana trunk
[7], rice husk [8], peanut shells [9], guava leaves [10] and banana stem [11]. A survey of the
literature showed that no work had been reported on the use of banana floret as a biosorbent. In
this study, Cu(II) is used as a model metal ion to assess the biosorptive potential of banana floret.

Kinetic and equilibrium studies are critical to determining the applicability of biosorbents as well
as for the successful design of biosorption systems. These analyses provide an indication of
sorption capacity, mechanisms as well as give some insight into the affinity of the biosorbent for
the metal ion species [12]. Additionally, the development of predictive models can save time and
improve efficiency in experimentation and enable the effectual upgrade to full-scale systems [13].

The objectives of this study are: (i) to determine the biosorption efficiency of banana floret as a
new biosorbent; (ii) to elucidate the transport and attachment mechanisms of biosorption
through batch kinetic, equilibrium, thermodynamic and desorption studies; and (iii) through
single-variable kinetic and equilibrium analysis and ANN-GA modeling simulate batch pro-
cess, which will enable process design and upscaling.

2. Materials and methods

2.1. Preparation of the biosorbent

Batch biosorption experiments were conducted using banana flower. The flower was first dried
at 378 K for 24 h, washed and separated into three fractions which comprised the bract, the floret
and the stem. The fractions were subsequently crushed and sieved into different sizes. The
average particle size retained on a sieve was calculated as the geometric mean of the diameter
openings in two adjacent sieves in the stack. The geometric mean size (GMS) is expressed as
(diameter of upper sieve � diameter of lower sieve)0.5 [14].

2.2. Determination of metal ions concentration

Stock solutions were prepared from analytical-grade copper(II) sulfate in distilled water (pre-
pared by a Thermo Scientific Still of pH approximately 7 and conductivity <5 μS/cm). Cu(II)
ions were analyzed by the cuprethol method using a Shimadzu UV-1800 Spectrophotometer
and verified periodically using an Analytik-Jena contra 700 AAS.

2.3. SEM combined with EDS analysis

The biosorbent was characterized using a scanning electron microscope (SEM) (Hitachi S-
3000 N) and an energy dispersive spectroscopy (EDS) analyzer (IXRF Systems) at a voltage of

Desalination and Water Treatment386

20 kV. The SEM and EDS were used to investigate the changes in the surface microstructures
and the elemental composition of the biosorbent before and after biosorption.

2.4. Biosorption kinetics

2.4.1. Kinetic studies

Batch biosorption studies were conducted using the parallel method according to EPA OPPTS
method 835.1230 [15]. The study of metal uptake was done in duplicate at room temperature
(300 � 2 K) with an adsorbent mass 1.0 g/L and spiked with 50 mg/L of synthetic metal ion
solution. Biosorbent masses were accurate to�0.001 g and solution volumes to�0.5 ml. Identical
reaction mixtures were prepared for each time interval, agitated on a mechanical shaker and
removed at predetermined time intervals [16]. The banana flower was first subjected to kinetic
screening. Kinetic tests revealed the stem sorbed 14% more Cu(II) ions than the bract, while the
floret sorbed 44% more than the stem. Consequently, a detailed analysis was performed on the
banana floret and is reported in this study.

2.4.2. Adsorption yield

The ratio of adsorbed metal ion concentration to the initial metal ion concentration was calcu-
lated from Eq. (1).

%Adsorption ¼ Co � Ct

M
� 100 (1)

2.5. Equilibrium study

The effect of initial concentration was studied by equilibrating 1.0 g/L of adsorbent in synthetic
Cu(II) solution of varying concentrations (within the range of 10–100 mg/L to ensure

Expression Equation number

RPE% ¼ 1
N

PN
i¼1

qeið Þpred� qeið Þ exp

���
���

h i

qeið Þ exp

� 100
(3)

MPSD ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N�P

P
i¼1

qeið Þexp� qeið Þpred
qeið Þexp

� �2s
(4)

HYBRID ¼ 100
N�P

PN
i¼1

qeið Þexp� qeið Þpred
� �2

qeið Þpred

2
4

3
5

(5)

R2 ¼
PN

i¼1
qeið Þ exp

�qeexp ,mean

� �2

�
PN

i¼1
qeið Þ exp

� qeið Þpred
� �2

PN

i¼1
qeið Þ exp

� qeið Þpred
� �2

(6)

MSE ¼ 1
N

PN
i¼1 qei

� �
exp � qei

� �
pred

h i2� �
(7)

Table 1. Error functions.

Artificial Neural Network-Genetic Algorithm Prediction of Heavy Metal Removal Using a Novel Plant-Based…
http://dx.doi.org/10.5772/intechopen.74398

387



maximum sorption capacity was attained) in a shaking water bath (Julabo SW23) at tempera-
tures varying from 300 � 2 to 328 � 2 K. The concentration of metal ions on the biosorbent was
determined using the following mass balance equation:

qe ¼
Co � Ceð Þ

M
� V (2)

2.6. Error analysis

The goodness of fit by the various models to the experimental data was evaluated using the
coefficient of determination, R2, the Marquardt’s percent standard deviation (MPSD), hybrid
error function (HYBRID), mean square error (MSE) and relative percent error (RPE) and is
presented in Table 1.

3. Results and discussion

3.1. Kinetic modeling

Kinetic simulation of banana floret biosorption was carried out using four models: Lagergren
pseudo-first order (PFO) model; pseudo-second order (PSO) model; Weber and Morris
intraparticle diffusion (ID) model; and the diffusion-chemisorption (DC) model.

In 1898, Lagergren developed a first-order rate equation which was subsequently described as
pseudo-first order [17]. The linear and nonlinear forms are:

qt ¼ qe 1� exp �KPFOt
� �

(8)

and

log qe � qt
� � ¼ log qe �

KPFO

2:303
t (9)

The PSO equation is represented by Eqs. (10) and (11) [18]. The model is based on PSO
chemical reaction kinetics [19].

qt ¼
KPSOq2e t

1þ KPSOqet
(10)

and

t
qt

¼ 1
KPSOq2e

þ t
qe

(11)

Weber and Morris [20] proposed that the rate of ID varies proportionally with the half power
of time and is expressed as Eq. (12). If the rate-limiting step is ID, a plot of solute adsorbed
against the square root of time should yield a straight line passing through the origin [20].
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qt ¼ Kid t1=2
� �

þ c (12)

The DC kinetic model was developed to simulate sorption of heavy metals onto heterogeneous
media [21]. It is based on the assumption that both diffusion and chemisorption control the
biosorption process. Linear and nonlinear forms are as follows:

qt ¼
1

1
qe
þ t0:5�1

KDC

(13)

and

t0:5

qt
¼ 1

qe
� t0:5 þ 1

KDC
(14)

Assuming, a linear region as t !0, the initial rate is given as:

ki ¼ K2
DC=qe (15)

3.1.1. Linear regression

Table 2 shows the results of the linear regression analysis. The goodness of fit was assessed
using error functions presented in Table 1. First, the experimental data were modeled using
each of the kinetic models through linear regression. The highest coefficient of determination
(R2 = 0.9981) was produced by the PSO model. This was followed by the DC model
(R2 = 0.9972), PFO model (R2 = 0.9831) and finally the ID model (R2 = 0.9435). The equation
parameters obtained from linear regression were subsequently used to construct the theoretical

Kinetic model Linear plot Nonlinear plot

R2 RPE MPSD HYBRID R2

Linear regression

PFO 0.9831 59.9038 75.6477 898.5153 0.8270

PSO 0.9981 6.7008 13.1281 21.2823 0.9743

ID 0.9435 4.8812 7.1356 7.4810 0.9864

DC 0.9972 1.6146 2.4843 0.9845 0.9981

Nonlinear regression

PFO 11.4339 15.1570 34.5790 0.9380

PSO 6.2754 8.3444 10.3636 0.9813

ID 12.9165 17.8090 49.6369 0.9864

DC 1.6035 2.4244 0.9607 0.9981

Table 2. Results of linear and nonlinear regression analysis.
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nonlinear curves, i.e. the form of the curve used for system design. These nonlinear plots were
then compared to the primary experimental data using the error functions (RPE, MPSD,
HYBRID, and R2). The nonlinear R2 values in Table 2 show the correlation of the PSO model
fell off significantly (R2 = 0.9743) while that of the DC model and ID model improved. The
other error functions also support this trend. This type of occurrence has been reported by
Motulsky and Christopoulos [22], where the authors explicated that the transformation of
experimental data to linear forms causes some assumptions of linear regression to be violated
(e.g. distortion of the experimental error) and consequently the derived slope and intercept of
the regression line are not the most accurate determinations of the parameters of a model.

3.1.2. Nonlinear regression

Amore robust simulation was performed using nonlinear regression by the Levenberg-Marquardt
algorithm. The results of this analysis were assessed using error functions which revealed that the
DC model produced the highest R2 and the lowest RPE, MPSD, and HYBRID values. Figure 1a–d
shows the comparison of the experimental data to the nonlinear plots generated by both linear
regression and nonlinear regression parameters. The accuracy of the DCmodel is confirmed by the

Figure 1. Comparison of experimental data to nonlinear kinetic curves by (a) PFO model, (b) ID model, (c) PSO model
and (d) DC model.
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superior simulation. What is most significant is the high precision of the DC model curves which
demonstrates minimal violation as the data was transformed from linear to nonlinear forms.

3.2. Effect of mixing speed on biosorption

The DC model was used to assess the kinetic effect of mixing speed on the biosorption of Cu(II)
onto banana floret and is presented in Table 3. The overall rate of biosorption increased with
increasing agitation. This was expected as agitation promotes good contact between media and
liquid and maintains a high-ion concentration gradient between the inner and outer regions of
the particle. Further, the solvent film thickness, which surrounds the particle, reduces, and by
extension, the resistance to film diffusion. This is supported by the significant increase in initial
rate as agitation is increased.

3.3. Effect of pH on biosorption

To elucidate the impact of changing pH on biosorption, the pH was varied as presented in
Figure 2. Maximum removal was observed at pH 5.3, followed by a significant decrease.
Figure 3 shows the results of the point of zero charge (pHPZC) of the banana floret, which was
found to be 6.2. At pH values far below the pHPZC, functional groups on the surface of the
biosorbent become highly protonated, which can result in reduced efficiency. At pH 6.0, there
exist three species, Cu2+ in very small quantity and Cu(OH)+ and Cu(OH)2 in large quantities
[23]. The reduction in sorption observed at pH 5.6 may indicate a preference by floret for the
Cu2+ ions over that of the other species. The maximum biosorption at pH 5.3 (below pHPZC)
may in part be due to the greater preference of the higher valency Cu2+ ions over H+ ions.

3.4. Effect of particle size on biosorption

The influence of particle size was studied and is also presented in Table 3. It is observed that as
particle size decreased, both the overall rate and the initial rate increased. The reduction in

Operational conditions Values Overall rate, KDC (mg/g-t0.5) Initial rate ki (mg/g-t)

pH 3.2 6.4836 4.8743

4.1 7.6858 4.1949

5.3 13.3577 6.3379

5.6 13.1258 9.7131

Agitation (RPM) 250 12.0172 5.0386

350 13.3577 6.3379

400 16.7028 9.8186

Particle, GMS (mm) 0.17 13.3873 6.3447

0.35 11.2768 4.5407

0.6 8.6429 3.0784

Table 3. DC model rate parameters for different operational conditions.
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superior simulation. What is most significant is the high precision of the DC model curves which
demonstrates minimal violation as the data was transformed from linear to nonlinear forms.

3.2. Effect of mixing speed on biosorption

The DC model was used to assess the kinetic effect of mixing speed on the biosorption of Cu(II)
onto banana floret and is presented in Table 3. The overall rate of biosorption increased with
increasing agitation. This was expected as agitation promotes good contact between media and
liquid and maintains a high-ion concentration gradient between the inner and outer regions of
the particle. Further, the solvent film thickness, which surrounds the particle, reduces, and by
extension, the resistance to film diffusion. This is supported by the significant increase in initial
rate as agitation is increased.

3.3. Effect of pH on biosorption

To elucidate the impact of changing pH on biosorption, the pH was varied as presented in
Figure 2. Maximum removal was observed at pH 5.3, followed by a significant decrease.
Figure 3 shows the results of the point of zero charge (pHPZC) of the banana floret, which was
found to be 6.2. At pH values far below the pHPZC, functional groups on the surface of the
biosorbent become highly protonated, which can result in reduced efficiency. At pH 6.0, there
exist three species, Cu2+ in very small quantity and Cu(OH)+ and Cu(OH)2 in large quantities
[23]. The reduction in sorption observed at pH 5.6 may indicate a preference by floret for the
Cu2+ ions over that of the other species. The maximum biosorption at pH 5.3 (below pHPZC)
may in part be due to the greater preference of the higher valency Cu2+ ions over H+ ions.

3.4. Effect of particle size on biosorption

The influence of particle size was studied and is also presented in Table 3. It is observed that as
particle size decreased, both the overall rate and the initial rate increased. The reduction in

Operational conditions Values Overall rate, KDC (mg/g-t0.5) Initial rate ki (mg/g-t)

pH 3.2 6.4836 4.8743

4.1 7.6858 4.1949

5.3 13.3577 6.3379

5.6 13.1258 9.7131

Agitation (RPM) 250 12.0172 5.0386
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Table 3. DC model rate parameters for different operational conditions.
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particle size is accompanied by an increase in surface area which can account for the increase
in initial rate. Also, if the characteristics of the active sites on the surface of the biosorbent are
the same as those within the pores, then this increase in overall rate with decreased particle
size is expected.

3.5. Equilibrium modeling

The equilibrium capacity of banana floret for Cu(II) was assessed by nonlinear regression
using two- and three-parameter equilibrium models, namely, the Langmuir isotherm, the
Freundlich isotherm, the Redlich-Peterson isotherm and the Sips isotherm.

Figure 2. Effect of solution pH on Cu(II) uptake.

Figure 3. Point of zero charge of banana floret.
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The Langmuir model (Eq. (16)) is a theoretical equilibrium isotherm originally developed to
relate the amount of gas adsorbed on a surface to the pressure of the gas [24].

qe ¼
qLKLCe

1þ KLCe
(16)

Firth as cited in [25], explained that the equation of the form x = kc1/n was first applied to
adsorption of gases by De Saussure in 1814. Its application was further extended to solutions
by Boedecker in 1859 [25]. In 1906, Freundlich described the adsorption isotherm mathemati-
cally as a special case for nonideal and reversible adsorption [26]. This equation is presented as:

qe ¼ KF Ceð Þ1=nF (17)

The Redlich-Peterson isotherm (Eq. (23)) is a hybrid isotherm that incorporates the features of
the Langmuir and Freundlich isotherms [27]:

qe ¼
KRPCe

1þ αRPC
gRP
e

(18)

The Sips isotherm (Eq. (19)) is also a combined form of the Langmuir and Freundlich isotherms
[28]. The model was developed for predicting heterogeneous adsorption systems [29].

qe ¼
qS αSCeð ÞnS
1þ αSCeð ÞnS (19)

Table 4 shows that among the two-parameter models, the Langmuir isotherm best represented
the equilibrium data. Approximately 34% increase in sorption capacity occurred as tempera-
ture was increased from 300 to 328 K. Hall et al. [30] postulated that the constant separation
factor, RL, may be used to further describe the nature of the adsorption process and to assess
the suitability of the biosorbent for column applications.

RL ¼ 1
1þ KLCoð Þ (20)

The authors went on to explain that equilibrium conditions have an interesting effect on the
shape of column breakthrough curves whereby for 0 < RL < 1 (favorable equilibrium) the curve of
the mass transfer zone tends to attain a constant pattern and thus become relatively self-
sharpening as it advances through the column. Figure 4 presents a plot of RL vs. Co for varying
reaction temperatures. In all cases, the value of RL was between 0 and 1 indicating a favorable
equilibrium and by extension confirms the applicability of banana floret for column application.

Equilibrium data are also useful for batch design whereby attainable levels of treatment can be
explained. Therefore, the importance of challenging the experimental data against various
models and obtaining an accurate simulation cannot be overemphasized. Table 4 shows the
results of the nonlinear regression of the Redlich-Peterson and the Sips model. The Sips model
produced the highest R2 among all tested equilibrium models (R2 0.9947–0.9982). According to
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Models Solution temperature (K)

300.15 308.15 318.15 328.15

Langmuir

qL 33.37 34.42 39.98 44.86

KL 0.0526 0.0521 0.0425 0.0402

R2 0.9913 0.9900 0.9883 0.9929

Freundlich

KF 4.2153 4.3226 3.9603 4.1283

nF 2.2753 2.2691 2.0508 1.9877

R2 0.9575 0.9572 0.9607 0.9679

Redlich-Peterson

KRP 1.3514 1.3783 1.2902 1.3398

aRP 0.0110 0.0106 0.0052 0.0037

gRP 1.2948 1.3024 1.4153 1.4750

R2 0.9962 0.9949 0.9937 0.9981

Sips

qs 28.06 28.86 32.12 37.43

as 0.0756 0.0749 0.0663 0.0585

ns 1.4127 1.4226 1.4622 1.3098

R2 0.9974 0.9962 0.9949 0.9982

Table 4. Biosorption isotherm constants for various temperatures.

Figure 4. Variation in separation factor.
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the Sips isotherm, banana floret exhibited a maximum adsorption capacity of 28.06 mg/g. This
compared well with other biosorbents reported in the literature including peanut shells [31],
Irish peat moss [32] and the fungal biomass Cladosporium cladosporioides [33] and banana stem
[11], which exhibit capacities of 25.39, 17.6, 19.5 and 19.7 mg/g, respectively.

3.6. Thermodynamic studies

Thermodynamic effects were assessed at four different temperatures (300, 308, 318, and 328 K).
Parameters such as standard Gibb’s free energy change (ΔG�), enthalpy change (ΔH�) and
entropy change (ΔS�) were calculated using Eqs. (21) and (22) [34]:

ΔG
� ¼ �RTlnKd (21)

The following form of the van’t Hoff equation was applied whereby Kd is the distribution
coefficient under equilibrium conditions calculated from the relationship (qe/Ce).

ln Kdð Þ ¼ ΔS0

T
� ΔH0

RT
(22)

Table 5 presents the results of the thermodynamic analysis. The ΔG� values for the range of
temperature and concentration were negative, indicating a spontaneous feasible reaction and
varied from �12.39 to �7.75 kJ/mol. Values of ΔG� lower than �20 kJ/mol signify the involve-
ment of physisorption in the biosorption process [35]. Oepen et al. as cited in [34], highlighted
that the association of energy (ΔH�) are as follows: van der Waals interactions (4–8 kJ/mol);
hydrophobic bonding (4 kJ/mol); hydrogen bonding (2–40 kJ/mol); charge transfer, ligand-
exchange and ion bonding (40 kJ/mol); direct and induced ion-dipole and dipole-dipole inter-
actions (2–29 kJ/mol). In this study, ΔH� ranged from 1.5 to 9.38 kJ/mol, and consequently, the
involvement of one or all of these mechanisms of attachment cannot be discounted.

The negative values of ΔH� are indicative of an exothermic sorption process. The positive ΔS�

reveals increasing randomness at the solid/liquid interface during sorption or structural changes
among the active sites of the biosorbent. The values of activation energy, Ea, varied according to
initial concentration and ranged from 3000 to 94,000 kJ/mol. As initial concentration increases, Ea

Co (mg/L) △H� (kJ/mol) △S� (kJ/mol/K) △G� Ea (kJ/mol) S*

300 K 308 K 318 K 328 K

10 �5.1147 0.0529 �10.84 �11.19 �11.45 �12.39 93.6905 0.2073

20 �1.5114 0.0399 �10.51 �10.78 �11.06 �11.66 52.0972 0.1863

40 �3.6217 0.0459 �10.13 �10.54 �11.02 �11.42 26.0112 0.1867

60 �8.7953 0.0597 �9.16 �9.54 �10.15 �10.82 15.5156 0.2086

80 �8.6914 0.0565 �8.38 �8.66 �9.19 �9.96 10.2670 0.2364

100 �9.3850 0.0569 �7.75 �8.07 �8.75 �9.30 3.3152 0.1975

Table 5. Thermodynamic parameters.
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ln Kdð Þ ¼ ΔS0

T
� ΔH0

RT
(22)

Table 5 presents the results of the thermodynamic analysis. The ΔG� values for the range of
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reveals increasing randomness at the solid/liquid interface during sorption or structural changes
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Co (mg/L) △H� (kJ/mol) △S� (kJ/mol/K) △G� Ea (kJ/mol) S*

300 K 308 K 318 K 328 K

10 �5.1147 0.0529 �10.84 �11.19 �11.45 �12.39 93.6905 0.2073

20 �1.5114 0.0399 �10.51 �10.78 �11.06 �11.66 52.0972 0.1863

40 �3.6217 0.0459 �10.13 �10.54 �11.02 �11.42 26.0112 0.1867
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Table 5. Thermodynamic parameters.
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decreases resulting in an increase in the number collision as well as an increase in reaction rate.
Activation energy values between 5 and 20 kJ/mol infer physisorption is the predominant
adsorption mechanism. Values greater than 20 kJ/mol and up to 40 kJ/mol generally indicate a
diffusion-controlled process, and a higher value represents a reaction controlled by chemical
process [36]. It can, therefore, be surmised that the mechanisms of biosorption of Cu(II) onto
banana floret were significantly influenced by the initial Cu(II) concentration. The values of the
sticking probability (S* < 1) reveal that the process was favorable.

3.7. Development of a predictive model

3.7.1. Artificial neural network

In this study, a multilayer feed-forward backpropagation ANN model [37, 38] was developed
for predicting the biosorption of copper onto banana floret. A total of 60 experimental data
points was used to train and test the performance of the ANN. Each set contained four input
variables comprising pH (3.2–5.6), particle size (GMS 0.17–0.06 mm), mixing speed (250–400
RPM), contact time (0–60 min), and one output variable, namely, the adsorbed concentration
(4.06–23.28 mg/g). The dataset was divided into three parts, 70% for training the network, 15%
for validation and 15% for testing the accuracy of the neural network model and its prediction.

The optimum architecture of the ANN was developed by first assessing the impact of 13
training backpropagation algorithms whereby the Levenberg-Marquardt algorithm produced
the lowest MSE of 0.4030 and highest R2 of 0.9938. The lowest MSE and highest R2 within two
training runs revealed the Tansig transfer function at the hidden layer and the Tansig transfer
function at the outer layer were most optimal. A schematic representation of the architecture is
shown in Figure 5. In this protocol, the number of neurons was varied from 2 to 20, and its

Figure 5. Optimized ANN-GA architecture.

Desalination and Water Treatment396

impact on performance assessed using the MSE as shown in Figure 6. The lowest MSE (0.0025)
was obtained using 20 neurons. The figure also reveals fluctuations in MSE as the number of
neurons increased. This may have resulted from the network being trapped into the local
minima [39]. Figure 7 shows a comparison of the ANN predicted data and the experimental
data, which reveals a significantly high correlation (R2 = 0.9972) and underscores the accuracy
of the ANN prediction.

Figure 6. Effect of the number of neurons and training on ANN performance.

Figure 7. Comparison of experimental and ANN model prediction.
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3.7.2. Formulation of empirical equation

The weights of the optimized ANN and the fitness function were used to develop an empirical
expression for predicting biosorption kinetics without the ANN software using Eqs. (23), (24)
and (25) [39].

Fi ¼ 2
1þ exp �2�Eið Þ� �� 1 (23)

where Fi is the Tansig transfer function used at the hidden layer. The input data are normalized
in the range �1 to 1 using Eq. (24):

Xnorm ¼ 2
Xi � Xmin

Xmax � Xmin

� �
� 1 (24)

where Xi is the input or output variable X, and Xmin and Xmax are the minimum and maximum
value of variable X. Ei is the weighted sum of the normalized input calculated whereby Wi

represents the weights and bi is the biases and is defined as follows:

Ei ¼ Wi1 � tþWi2 � RPMþWi3 � dp þWi4 � pH þ bi (25)

The predicted adsorbed concentration is therefore given by the following equation:

qt predictedð Þ ¼
2

ð�2∗ð�1:6177F1� 0:5105F2� 0:4558F3þ 2:5298F4þ 1:1608F5þ 0:6342F6� 0:7647F7þ 1:0149F8� 0:8711F9
þ0:7553F10� 0:2475F11� 0:4772F12� 0:6349F13� 0:3057F14þ 2:2585F15� 0:0421F16þ 1:219F17þ 1:7408F18
þ0:1456F19þ 0:2931F20� 1:0660Þ

1þ e

2
6664

3
7775

� 1

(26)

3.7.3. Sensitivity analysis

A sensitivity analysis was carried out to determine the effect of each variable on the perfor-
mance of the ANN model. Using the MSE and R2, an evaluation of the performance of various
possible combinations of variables was investigated [40]. The variables were combined to form
four groups as presented in Table 6. The input variables are defined as follows: p1 is time, p2 is
agitation, p3 is particle size and p4 is solution pH. The table shows p4 (pH) to be the most
influential parameter in the group of one variable, while p1 (time) and p4 (pH) were the most
influential in the group of two variables, which produced the most significant improvement in
the network. The greatest performance occurred with the inclusion of all four variables, which
produced the lowest MSE (0.0025) and highest R2 (0.9972). Consequently, it is resolved that pH
and time have the greatest influence on the ANN structure.

3.8. Genetic algorithm (GA) optimization

Following the development of the ANN model, the GA technique was applied using the
optimization toolbox of Matlab 2012a to determine the value of the operational parameters
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(pH, particle size, agitation and time) necessary for maximizing biosorption. The equation
obtained from the ANN model was used as the objective function as follows [41]:

Objective function ¼ tansig LW∗tansig IW∗ x 1ð Þ; x 2ð Þ; x 3ð Þ; x 4ð Þ½ � þ b1ð Þ þ b2ð Þ (27)

where IW and b1 are the weight and bias of the hidden layer, and LW and b2 are the weight and
bias of output layer.

The optimized structure was achieved by a double vector population type, and the population
size, population generation, crossover fraction and mutation rate were set to be 200, 100, 0.7
and 0.01, respectively. The selection, crossover and mutation operators were chosen as stochas-
tic uniform, scattered and uniform, respectively. The fitness values versus generation are
presented in Figure 8. The value of fitness reached to a minimum after approximately 30
generations. The ANN-GA optimization revealed that maximum removal could be obtained
using pH 5.2, particle size 0.211 mm, agitation 388 rpm, and contact time 55 min. The model
prediction of relative sorption capacity under these conditions was 23.25 mg/g. Laboratory
experiments were subsequently conducted to validate these findings. The tests produced a

No. Combination MSE R2

Group of one variable

1 p1 11.6000 0.3264

2 p2 14.4100 0.1692

3 p3 34.9900 0.0052

4 p4 10.2250 0.4445

Group of two variables

5 p1 + p2 8.3300 0.5329

6 p1 + p3 23.2000 0.2916

7 p1 + p4 0.1900 0.9052

8 p2 + p3 9.4400 0.1600

9 p2 + p4 7.6580 0.5476

10 p3 + p4 5.3254 0.5806

Group of three variables

11 p1 + p2 + p3 74.2140 0.0062

12 p1 + p2 + p4 0.2770 0.8879

13 p1 + p3 + p4 1.0400 0.5184

14 p2 + p3 + p4 9.9110 0.5685

Group of four variables

15 p1 + p2 + p3 + p4 0.0025 0.997202

Table 6. Performance evaluation of combinations of ANN input variables.
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relative sorption capacity of 22.95 mg/g, which revealed a residual error of 1.3% and therefore
validate the ANN-GA structure.

3.9. Elucidation of mechanisms of biosorption

3.9.1. Biosorbent characteristics and performance

The surface morphology of floret biomass was observed by SEM before and after biosorption of
Cu(II) ions (Figure 9a and b). Prior to biosorption, a rough irregular surface with a high amount
of protuberance was observed. The protuberance on the biomass surface can be attributed to
potassium and other salts deposition [42]. After biosorption, there was not a significant change in
biomass surface morphology. However, a reduction in protuberance was observed. The EDS
analysis (Figure 10a and b) reveals that banana floret contains mainly C, O and K with trace
amounts of Mg, S, Si, P and Cl. After biosorption, the K, Mg and Cl peaks were removed. Similar
results were reported for the biosorption of Cr3+ and Pb2+ using Pistia stratiotes biomass [43]. The
authors explained that the adsorbate ions might have replaced some of the ions initially present
in the cell wall matrix and created stronger cross-linking. The removal of K during Cu(II)
biosorption may be attributed to ion exchange [44]. The appearance of a Cu peak after
biosorption confirms that Cu(II) was successfully sorbed onto floret.

3.9.2. Desorption using various eluents

The desorption performance of a material can aid in assessing its reuse applicability, metal
recovery potential and provide some valuable insight related to the mechanism of biosorption.
The desorbing solutions selected were distilled water, 0.1 M EDTA, 0.1 M HCl and 0.1 M
CaCl2. The distilled water wash revealed only 1% of the Cu(II) was weakly bound by physical
forces. The secondary ion exchange cation, Ca2+, recovered 11% of the sorbed ions after 60 min.
The chelating agent, EDTA, known to form soluble complexes with metals ions [45] recovered

Figure 8. Fitness values versus generation.
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60% of the sorbed ions. The harsh HCl wash, which is capable of destroying surface functional
groups, released 87% of the sorbed ions after 60 min. Consequently, ion exchange and chemical
bonding are confirmed attachment mechanisms of Cu(II) binding to banana floret.

3.9.3. Mass transfer studies

Mass transfer studies were conducted using the external film diffusion model, the intraparticle
diffusion model and the particle diffusion model.

The external mass transfer model is expressed as [46]:

dq
dt

¼ �kf So C� Cið Þ (28)

Since Ci approaches zero and C approaches Co, as t !0, Eq. (28) becomes:

Figure 9. SEM micrograph of banana floret (a) before Cu(II) biosorption and (b) after Cu(II) biosorption.
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Figure 10. EDS of banana floret (a) before Cu(II) biosorption and (b) after Cu(II) biosorption.
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d C=Coð Þ
dt

� �

t¼o
¼ �kf So (29)

where

S0 ¼ 6ms

dpr 1� εp
� � (30)

The particle diffusion is described by Boyd et al. [47]:

X tð Þ ¼ 1� 6
π2

X∞
Z¼1

1
Z2 exp

�Z2π2Det
r2

� �
(31)

where X(t) is the fractional attainment at time t, given by:

X tð Þ ¼ qt
qe

(32)

Vermeulen’s [48] approximation of Eq. (31) is given as:

X tð Þ ¼ 1� exp �π2Det
r2

� �� �1
2

(33)

A linear plot of ln[1/1 – X2(t)] vs. t enables De to be calculated [49]:

ln
1

1� X2 tð Þ

� �
¼ π2

r2
Det (34)

The Biot number (Bi) is given by [50]:

Bi ¼ kf r
De

(35)

A plot of qt versus t
0.5 in accordance with the Weber and Morris model for two sorbent sizes,

namely, GMS 0.17 and 0.6 mm is shown in Figure 11. As the particle size decreased (which
accompanies an increase in surface area and a reduction in pore length), the plots move further
from the origin. Such deviation from the origin infers that intraparticle transport is not the only
rate-limiting step [51].

The plot of 0.17 mm GMS reveals two distinct slopes. The first slope, which occurs within the
first 30 min of the reaction, reveals the impact of intraparticle diffusion. Some researchers have
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reported that the final slope corresponds to the slowing of the reaction, possibly due to a
reduction in concentration gradient as the reaction approaches equilibrium [52, 53]. The plot
of 0.6 mm GMS depicts the dominance of intraparticle diffusion for most of the reaction.

In order to explicate the degree of involvement of external and intraparticle diffusion, the
resulting mass transfer coefficients obtained from the external and particle diffusion models
were used to calculate the Bi. For Bi values <1.0, external mass transfer dominates while for
Bi > 30, surface diffusion controls and for values between 1 and 30, both external and
intraparticle mass transfer rates contribute [54]. The results presented in Table 7 confirm that
within the range of particle sizes studied both external and intraparticle mass transfer rates
contribute to the adsorption rate. Further, as particle size increased, particle diffusivity also
increased while the film diffusion coefficient decreased.

3.10. Design of batch biosorption system from isotherm data

Laboratory-scale equilibrium studies are used to predict batch adsorber size and performance.
Figure 12 shows the schematic of a single-stage batch adsorber with a solution volume of V (L)
and the initial Cu(II) concentration, Co is reduced to Ct as the reaction proceeds. The Cu(II)
loading on the adsorbent in the reactor of mass M (g) changes from qo to qt with increased
reaction time. The mass balance for the reactor is given by the following [55, 56]:

V C0 � Ctð Þ ¼ M qt � q0
� � ¼ Mqt (36)

The adsorption process at 300 K was best represented by the Sips isotherm, thus the mass
balance under equilibrium condition (Ct ! Ce and qt ! qe) is arranged as follows:

M
V

¼ C0 � Ce

qe
¼ Co � Ce

qs αsCeð Þns
1þ αsCeð Þnsð Þ

(37)

Figure 11. Kinetic plot of ID model for various particle size.
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Figure 13 presents a series of plots of the predicted values of M (g) versus V (L) for 60, 70, 80
and 90% Cu(II) ion removal at the initial concentration of 50 mg/L and 300 K. As an example,
the mass of adsorbent required for 60% Cu(II) removal from aqueous solution was 10 and 15 g,

Figure 12. Design of single-stage batch system for Cu(II) biosorption.

GMS (mm) kf (cm/min) R2 De (cm
2/min) R2 Bi

0.17 6.44E�03 0.8332 5.40E�5 0.9751 10.1454

0.35 1.65E�02 0.8995 1.72E�04 0.9609 16.8203

0.6 2.14E�02 0.9241 4.35E�04 0.9573 14.7441

Table 7. Mass transfer coefficients and Bi for the biosorption of Cu(II).

Figure 13. Biosorbent mass (M) versus volume of Cu(II) solution treated (V).
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reported that the final slope corresponds to the slowing of the reaction, possibly due to a
reduction in concentration gradient as the reaction approaches equilibrium [52, 53]. The plot
of 0.6 mm GMS depicts the dominance of intraparticle diffusion for most of the reaction.

In order to explicate the degree of involvement of external and intraparticle diffusion, the
resulting mass transfer coefficients obtained from the external and particle diffusion models
were used to calculate the Bi. For Bi values <1.0, external mass transfer dominates while for
Bi > 30, surface diffusion controls and for values between 1 and 30, both external and
intraparticle mass transfer rates contribute [54]. The results presented in Table 7 confirm that
within the range of particle sizes studied both external and intraparticle mass transfer rates
contribute to the adsorption rate. Further, as particle size increased, particle diffusivity also
increased while the film diffusion coefficient decreased.
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� � ¼ Mqt (36)
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1þ αsCeð Þnsð Þ

(37)

Figure 11. Kinetic plot of ID model for various particle size.
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for Cu(II) solution volumes of 6 and 9 L, respectively. This evaluation becomes relevant for
pilot-batch system design as well as large-scale batch applications.

4. Conclusion

The adsorption performance of banana floret was assessed as a new biosorbent for heavy
metal removal. Cu(II) was used as a model heavy metal. Banana floret exhibited a maximum
adsorption capacity of 28.06 mg/g which compares well to biosorbents reported in the litera-
ture. Operational parameters were varied and analyzed using a series of kinetic and equilib-
rium models. Nonlinear regression produced a more robust simulation of the kinetic data
which best followed the DC model. Equilibrium data were best simulated using the three-
parameter Sips isotherm. Mass transfer studies indicated that both film and intraparticle
diffusion were responsible for the transport of Cu(II) to biosorption sites, while ion exchange
and chemisorption were the most influential attachment mechanisms. A predictive model was
successfully developed using ANN and optimized using GA. The accuracy of the ANN-GA
prediction was validated by laboratory experiments, which revealed a residual error of 1.3%
and therefore highlights the applicability of the model.

Nomenclature

as Sips affinity constant

C uniform concentration of the solute in the bulk of the liquid (mg/L) (Eq. 28)

Ce equilibrium concentration in solution (mg/L)

Ci concentration of the solute at the particle/liquid interface (mg/L) (Eq. 28)

Co initial metal ion concentration (mg/L)

Ct concentration of metal ion at any time (mg/L)

dp average particle diameter (cm) (Eq. 30)

De particle diffusion coefficient (cm2/min)

gRP Redlich-Peterson exponent

ki DC initial rate (mg/g-t)

kf film mass transfer coefficient (cm/min)

KDC DC overall rate constant (mg/g-t0.5)

Kid ID rate constant (mg/g-t0.5)
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KF Freundlich constant related to adsorption affinity (mg/g)

KL Langmuir adsorption equilibrium constant (L/mg)

KPFO PFO rate constant (min�1)

KPSO PSO rate constant (g/mg-min)

KRP Redlich-Peterson equilibrium constant

ms mass of biosorbent particles per unit volume (g/cm3) (Eq. 30)

M biosorbent mass (g)

nF Freundlich constant related to heterogeneity

ns Sips index of heterogeneity

N the number of experimental points

P number of parameters in the regression model

qe equilibrium adsorption capacity (mg/g)

qL Langmuir monolayer sorption capacity (mg/g)

qt adsorption capacity at any time (mg/g)

R universal gas constant, 8.314 J/K-mol

So surface area for mass transfer (cm�1) (Eq. 30)

t reaction time (min)

T absolute temperature in K

V volume (L)

Greek symbols

αRP Redlich-Peterson constant

ɛp biosorbent porosity (Eq. 30)

r true biosorbent solid phase density (g/cm3) (Eq. 30)
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