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Increasing population and environmental pollution are the main stress on freshwater 
sources. On the other hand, freshwater needs of human being increase dramatically 
every day. From agriculture to industry and from household to recreation, we need 

freshwater. In the near future, saltwater and brackish water bodies may be the 
main source of freshwater for our planet. Desalination phenomena are now being 

implemented with increasing interest. The book on desalination provides a valuable 
scientific contribution on freshwater production from saltwater sources. In this book, 

necessary theoretical knowledge and experimental results of different desalination 
processes are presented.
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Preface

The need for clean water is sharply increasing day to day. The main reasons for this need are
increasing population and increasing pollution of clean water sources. Although the preven‐
tion of pollution is a top priority for the protection of clean water resources, saltwater re‐
sources have also gained importance in meeting the increased water need. On the other
hand, salt is the main input of many industrial processes. For this reason, many industrial
wastewaters are discharged with high salt content. High saline wastewater also negatively
affects both the receiving environment and the soil. Because of these reasons, desalination
processes have become very important for the saltwater bodies both to be a potential water
source and to minimize the negative effects on the environment.

In this book, necessary theoretical knowledge and experimental results of different desalina‐
tion processes are presented. Prof. Kim and Dr. Kim discussed the thermodynamic ensem‐
bles and associated energy function using statistical variables. Similarly, Dr. Rouboa et al.
investigated the effects of a pulsating flow with a profile of a heartbeat on the hydrodynam‐
ics of feed channels of a desalination membrane filled with spacers in zigzag arrangements
and transverse to the flow. Dr. Aliku’s chapter provides a valuable review on the effects of
salinity on soil and crop growth and yield and some possible methods of desalinization of
water and soil resources for optimum utilization in a crop production system. Dr. Zaidi re‐
viewed recent activities in the field of layer-by-layer assembly particularly used in prepar‐
ing membrane for desalination. Specifically, thermodynamics and phase equilibria of
lithium containing saltwater are presented by Prof. Deng et al. Dr. Aydiner et al. studied six
different commercially available membranes for the investigation of the effects of different
operating conditions including cross flow rate, membrane type and pore size, solution tem‐
peratures and membrane trans-temperature differences on dissolved ion rejections, and per‐
meate flux of direct contact membrane distillation process. Dr.Ochando-Pulido and Dr.
Martinez-Ferez presented the use of membrane and ion adsorption technologies for the pu‐
rification of olive oil mill wastewater containing high amount of organics, oil, and phenolic
compounds. A novel water and solute full separation process using solar thermal energy is
introduced by Dr. Xu, Dr. Li and Dr. Guo. Dr.Arampatzis, Dr. Kartalidis, and Dr. Assimaco‐
poulos presented water-energy nexus with emphasis in remote areas such as the islands of
Syros and Patmos. Dr.Ahmed, Dr. Shaiban, Dr. Balkhair, and Dr. Albeiruttye reviewed the
history and future outlook of ultrafiltration/microfiltration (UF/MF) membrane for desalina‐
tion water pretreatment. The chapter by Dr. Sena describes an interesting case study (NER‐
EU project) providing for the rational and intelligent use of contaminated and hypersaline
water of the marine farms, from the production area of fish and seafood, in order to neutral‐
ize all pathogens and produce pure water, with energy cogeneration. Finally, Dr. Pak gives
the detailed results and cost of multieffect solar still for small-scale desalination.
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Abstract

In this chapter, we briefly review the thermodynamic ensembles and associated energy
functions using the seven thermodynamic variables. The energy E, the entropy S, and the
system volume V are used to derive the temperature T and pressure P. The chemical
potential μ is derived as the change of the system energy with respect to the number of
matters N in the isobaric-isothermal environment. A dilute solution is defined as a
homogeneous mixture of solvent and inert solutes, where the total number and volume
of solutes are much smaller than those of the solvent. Gibbs free energy of the dilute
solution is used to rigorously derive the osmotic pressure by equilibrating chemical
potentials of solutes and solvent. Nonequilibrium of the filtration systems is reviewed
by introducing the irreversible thermodynamic model with Onsager’s reciprocal theo-
rem. Direct applications of the irreversible thermodynamic model are currently limited
due to the absence of the exact nonequilibrium statistical mechanics. We hope this
chapter, containing a review of statistical mechanics, related to membrane separations
and osmosis phenomena, helps researchers and especially graduate students, who seek
an in-depth understanding of membrane separation from the theoretical statistical phys-
ics as applied to chemical and environmental engineering.

Keywords: membrane thermodynamics, statistical mechanics, thermodynamic ensem-
ble, Gibbs energy function, chemical potential, weak solution, osmotic pressure, Fick’s
law, solution-diffusion model, thermodynamic irreversible model

1. Introduction

A membrane is a selective barrier between two phases, i.e., a thin layer of material that
separates solute and solvent materials when a driving force is applied across it. On membrane
surfaces, flows of different thermodynamic phases are introduced and maintained quasi-
steady with respect to time. These separation processes require driving forces mainly for

© 2017 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.



I would like to give my special thanks to Ms. Romina Rovan for enabling me to publish this
book. I want to thank my wife Gonca Yonar and my children Burak and Beril for their sup‐
port throughout my life.

Dr. Taner Yonar
Associate Professor
Uludag University

Engineering Faculty, Environmental Engineering Department
Bursa, Turkey

PrefaceVIII
Chapter 1

Membrane Thermodynamics for Osmotic Phenomena

Albert S. Kim and Heyon‐Ju Kim

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68406

Abstract

In this chapter, we briefly review the thermodynamic ensembles and associated energy
functions using the seven thermodynamic variables. The energy E, the entropy S, and the
system volume V are used to derive the temperature T and pressure P. The chemical
potential μ is derived as the change of the system energy with respect to the number of
matters N in the isobaric-isothermal environment. A dilute solution is defined as a
homogeneous mixture of solvent and inert solutes, where the total number and volume
of solutes are much smaller than those of the solvent. Gibbs free energy of the dilute
solution is used to rigorously derive the osmotic pressure by equilibrating chemical
potentials of solutes and solvent. Nonequilibrium of the filtration systems is reviewed
by introducing the irreversible thermodynamic model with Onsager’s reciprocal theo-
rem. Direct applications of the irreversible thermodynamic model are currently limited
due to the absence of the exact nonequilibrium statistical mechanics. We hope this
chapter, containing a review of statistical mechanics, related to membrane separations
and osmosis phenomena, helps researchers and especially graduate students, who seek
an in-depth understanding of membrane separation from the theoretical statistical phys-
ics as applied to chemical and environmental engineering.

Keywords: membrane thermodynamics, statistical mechanics, thermodynamic ensem-
ble, Gibbs energy function, chemical potential, weak solution, osmotic pressure, Fick’s
law, solution-diffusion model, thermodynamic irreversible model

1. Introduction

A membrane is a selective barrier between two phases, i.e., a thin layer of material that
separates solute and solvent materials when a driving force is applied across it. On membrane
surfaces, flows of different thermodynamic phases are introduced and maintained quasi-
steady with respect to time. These separation processes require driving forces mainly for

© 2017 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.



mass transfer as gradients of physical quantities associated with the thermodynamic, flowing
phases.

Separation implies collecting masses of the same particles/molecules in specific spatial loca-
tions, which is strongly correlated to diffusion phenomena. Nature tends to move from a
higher energy to a lower energy state, or equivalently highly ordered to randomly disordered
phases. The diffusion of solutes in a free (solvent) medium is a spontaneous tendency, which
must be well understood to analyze the separation phenomena. On the other hand, if the
solutes are spatially confined by permeable interfaces, through which only solvent molecules
can pass, the solvents try to move from their high- to low-concentration sides. This phenomena
is called osmosis, which is equivalent to the solvent moving from low- to high-concentration
regions of solutes. Note that in the solute diffusion and the solvent osmosis processes, mass
transfer phenomena are from high- to low-concentration regions of the transferring masses. In
this light, diffusion and osmosis can be treated equivalently as energy-minimizing and
entropy-increasing phenomena of solutes and solvents, respectively.

Most pressure-driven membrane separations aim to produce clean water (solvent) from con-
centrated solutions. These include ultrafiltration (UF) and microfiltration (MF) for particulate
removal and reverse osmosis (RO) and nanofiltration (NF) for ion removal. UF uses a finely
porous membrane, which is usually antisymmetric, having a mean pore diameter between
1 and 100 nm. UF aims to separate water and microsolutes from macromolecules and colloids
[1–3]. MF uses porous membranes to separate suspended particles with diameters between 0.1
and 10 µm [1, 3, 4]. MF’s filtration capacity is therefore between UF and conventional filtration
methods. Based on the particle size, dominant diffusion mechanisms of these particulate
matters include Brownian diffusion [5–9] and shear-induced diffusion [10–12]. Ballistic motion
of non-Brownian particles (usually bigger than 10 µm) in MF can be treated as dynamics of
inelastic granules. RO is a desalting process for water production using nonporous membranes
that are permeable to water but essentially impermeable to salt. A pressurized feed stream
containing dissolved salts contacts the feed-side of the RO membrane, and salt-depleted water
is withdrawn as a low-pressure permeate stream [13–16]. NF membranes have lower rejection
ratio, i.e., 20–80% of sodium chloride, than that of RO, typically greater than 98–99%. NF
resides therefore between UF and RO in terms of salt rejection capability. High hydraulic
pressure is an essential component for RO and NF to overcome the osmotic pressure of
seawater and brackish water, respectively [17–21].

The concentration (equivalently, osmotic pressure) gradient can be used, however, as a driving
force for forward osmosis (FO) and pressure-retarded osmosis (PRO) processes. FO extracts a
solvent from the low- to high-concentration sides of the solutes in order to equilibrate the
concentrations [22–25]. PRO utilizes the extra gains of hydraulic pressure due to the amount of
the transferred solvent for power generation [26–29]. Both pressure-driven and osmosis-driven
processes aim to achieve a high flux, i.e., a large amount of water produced per unit time per
unit membrane surface area. In order to achieve a steady high flux, increases and decreases in
the osmotic pressure gradient need to be prevented in the pressure- and osmosis-driven
membrane processes, respectively. Therefore, maintaining a stable osmotic pressure is a pri-
mary issue in both types of processes.

Desalination2

The driving forces for membrane separations described above include gradients of the hydrau-
lic pressure, solute concentration, solution temperature, and external electromagnetic field. In
statistical mechanics, there are seven primary variables used to explain macroscopic thermo-
dynamic phenomena. An ensemble is made using a set of three selected variables, and a
specific energy function of the ensemble is described in terms of the three independent vari-
ables. As the membrane separations are coupled phenomena of momentum, mass, and heat
transfer, a holistic understanding of statistical mechanics can significantly enhance design,
analysis, and optimization of the membrane processes. In this chapter, we explain ensembles
and energy functions in statistical mechanics, represent the osmotic pressure using Gibbs
energy function of a weak (dilute) solution, and apply statistical laws to explain the separation
phenomena using a solution-diffusion model [30].

2. Thermodynamics to statistical mechanics

Statistical mechanics is the microscopic version of thermodynamics [31]. Macroscopic quanti-
ties, dealt within thermodynamics, can be fundamentally obtained at the microscopic level
in statistical mechanics. There are seven variables in thermodynamics, which are energy
E, entropy S, temperature T, pressure P, volume V, number of molecules N, and chemical
potential μ. An ensemble is defined as a set, in which three independent variables are used to
define a specific form of an energy and the other four variables are represented as functions of
the three master variables. For example, the elementary microcanonical ensemble has P, V, S,
and μ, represented as functions of three master variables of N, V, and E.

2.1. Primary macroscopic quantities

2.1.1. Temperature

Consider two boxes in contact containing a certain number of particles in equilibrium, forming
a closed system. Then, entropy S of the total system has its maximum value for a given system
energy, E, i.e.,

S ¼ Smax ð1Þ

Since the energy is an additive scalar, the total energy of the entire system is the sum of the
energies:

E ¼ E1 þ E2 ð2Þ

The total entropy can be similarly expressed, knowing that the entropy is a function of the
energy:

Smax ¼ S1ðE1Þ þ S2ðE2Þ ð3Þ

Since the entropy is already maximized in the equilibrium state, it is independent of the energy
variation, i.e.,
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The derivative of the entropy S with respect to its energy E is used to define temperature
as follows:

dS
dE

� 1
T

! 1
kBT

� �
ð6Þ

In the original definition, the magnitude of the temperature is too high so Boltzmann’s constant
kB is introduced as shown in the parenthesis of Eq. (6). Temperature T is now represented in
terms of the Kelvin unit. Substitution of Eq. (6) into Eq. (5) for each box provides

T1 ¼ T2 ð7Þ

as a condition for the equilibrium. It is worth noting that the internal energy E and entropy
S are the basic thermodynamic quantities, and the temperature is a derived variable propor-
tional to the variation of E with respect to S (specifically, in the microcanonical ensemble).

2.1.2. Pressure

In fluid mechanics, pressure is often defined as the ratio of applied force per unit surface area
of an object [32]:

P ¼ 〈Fn〉
Area

ð8Þ

where 〈Fn〉 is the mean normal component of the force vector F
!
applied to the object’s surface

area. A conservative force can be represented as a negative gradient of the total energy
E ¼ K þU, as a sum of kinetic energy K and potential energy U. Suppose the applied force
causes an infinitesimal change in the volume of the body from V to V þ δV as shown in
Figure 1. Then, the compressed volume is equal to the surface area multiplied by the thickness

variation, i.e., δV ¼ A δs, which is in general, A ¼n! �∇V . Using the chain rule, one can repre-
sent the normal component of the applied force as a product of the energy density and the total
surface area, which is

F
!¼ �∇E ¼ � ∂E

∂V

� �

S
∇V ð9Þ

Desalination4

where, without losing generality, ∂E=∂Vð ÞS can be interpreted as the isentropic (i.e., of constant
entropy) energy density inside the body volume V. One can operate the dot product by the

normal vector n! on the left side of Eq. (9) to have

F
! � n!¼ Fn ¼ � ∂E

∂V

� �

S
A ð10Þ

and dividing both sides of Eq. (10) by the area A gives the conceptual definition of the
pressure:

P ¼ � ∂E
∂V

� �

S
ð11Þ

Here, pressure definition can be extended from the normal force per unit area to the energy
density in magnitude. Because energy E is a scalar quantity, the direction of the force vector
does not need to be considered in the pressure calculation.

2.2. Ensembles and energy functions

2.2.1. Internal energy in microcanonical ensemble

In the previous section, we used three thermodynamic variables of energy E, entropy S, and
volume V to generally define temperature T at a constant volume:

Figure 1. External forces applied to the surface of a body.
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T ¼ ∂E
∂S

� �

V
ð12Þ

and pressure P at a constant entropy:

P ¼ � ∂E
∂V

� �

S
ð13Þ

Because the derivative operand of both Eqs. (12) and (13) is the internal energy E, the total
derivative of E can be written in terms of T and P:

dE ¼ ∂E
∂S

� �

V
dSþ ∂E

∂V

� �

S
dV ¼ T dS� PdV ð14Þ

which indicates that E is an exact function of S and V, i.e., E ¼ E S;Vð Þ.
If the system consists of different molecular species, i.e., k ¼ 1; 2;…;nK, where nK is the total
number of species, then the total molecule number N is the sum of the number of molecules of
all the species, i.e.,

N ¼
X
k

Nk ¼ N1 þN2 þ⋯þNnK ð15Þ

where, for example, N2 is the total molecule number of species 2. Then, the infinitesimal
change of E includes the effect of the particle exchange, using the chemical potential μk, as

dE ¼ T dS� PdV þ
X
k

μk dNk ð16Þ

In a closed system, the molecule numbers of multiple species can change simultaneously,
keeping the total molecule number invariant. If the two systems in contact are at an equilib-
rium and molecules in the boxes can be exchanged, then the change of energy as per the
number of exchanged molecules is equivalent to the chemical potential of the species. From
Eq. (16), we can represent an extended version E as an exact function of S, V, and Nk:

E ¼ E S;V;{Nk}ð Þ ð17Þ

If a thermodynamic system is completely controlled by the three variables of N, V, and S, the
system is said to be a microcanonical ensemble.

2.2.2. Helmholtz free energy in canonical ensemble

Since the temperature is a more convenient variable to measure than the entropy S, one can use
the mathematical identity of T dS ¼ d TSð Þ � SdT to rewrite Eq. (16) as

Desalination6

dE ¼ d TSð Þ � SdT � PdV þ μk dNk ð18Þ

where the notation of the summation over the molecular species k,
X

k
is omitted for simplic-

ity. The total derivative, dðTSÞ, is subtracted from both sides of Eq. (18) to have

dA ¼ �SdT � PdV þ μk dNk ð19Þ

where A is the Helmholtz free energy defined as

A ¼ E� ST ð20Þ

If a thermodynamic system is completely described using T, V, and {Nk} (for k ¼ 1; 2…), this
ensemble is called canonical, and the Helmholtz free energy, AðT;V;{Nk}Þ, is the representative
energy function.

2.2.3. Enthalpy in isentropic-isobaric ensemble

Similar to how we derived the Helmholtz free energy, we start from the infinitesimal difference
of the internal energy E of Eq. (16) using the mathematical identity of PdV ¼ d PVð Þ � V dP to
have

dE ¼ T dS� d PVð Þ þ V dPþ μk dNk ð21Þ

We add d PVð Þ in the both sides of the above equation and obtain

dH ¼ T dSþ V dPþ μk dNk ð22Þ

where

H S;P;{Nk}ð Þ ¼ Eþ PV ð23Þ

is defined as the enthalpy as a function of S, P, and {Nk}. Eq. (22) indicates that the enthalpy is
independent of T unlike other energy functions (see the next sections for detailed discussion).

2.2.4. Thermodynamic potential in grand canonical ensemble

To have an ensemble that is independent of the number of particles, one can start from the
infinitesimal change of Helmholtz free energy and use the identity of μk dNk ¼ d μkNk

� ��
Nk dμk to have

dA ¼ �SdT � PdV þ d μkNk
� ��Nk dμk ð24Þ

Subtracting d μkNk
� �

from each side of Eq. (24) gives
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dΦ ¼ �SdT � PdV þNk dμk ð25Þ

where

Φ T;V;{μk}
� � ¼ A� μkNk ð26Þ

is defined as the thermodynamic potential, varying with respect to T, V , and μk. An ensemble
described using μ, V, and T is called a grand canonical ensemble. The thermodynamic poten-
tial is further derived such that Φ ¼ �PV if the thermodynamic system is homogeneous.

2.2.5. Gibbs energy in isothermal-isobaric ensemble

Finally, we replace PdV in the infinitesimal change of A in Eq. (19) by d PVð Þ � V dP to have

dG ¼ �SdT þ V dPþ μk dNk ð27Þ

where

G T;P;{Nk}ð Þ ¼ Aþ PV ¼ E� TSþ PV ð28Þ

is defined as the Gibbs free energy varying with respect to T, P, and {Nk}. Now we assume that
G is a homogeneous (i.e., linear) function of Nk such that G∝Nk. In this case, the chemical
potential of species k is represented in terms of T and P only as

μk ¼
∂G
∂Nk

� �

T;P
¼ μk T;Pð Þ ð29Þ

For the fixed number of particles, the infinitesimal change of the total chemical potential is

dμ ¼ 1
N

dG ¼ �SdT þ V dP ð30Þ

where S ¼ S=N and V ¼ V=N are the entropy and the volume per molecule, respectively, of the
entire system. In practice, it is often convenient to use the entropy and energy per mole of
molecules in engineering applications, but for basic study here we will keep using quantities
divided by the number of molecules. For species k, we have the representation of the infinites-
imal change in the chemical potential of species k:

dμk ¼ �Sk dT þ Vk dP ð31Þ

Keeping the homogeneity assumption, the Gibbs energy function is written as a sum of
products of the chemical potentials and the particle numbers:

G ¼
X
k

∂G
∂Nk

� �

T;P
Nk ¼

X
k

μk T;Pð ÞNk ð32Þ

Desalination8

The thermodynamic potential is generally derived as Φ ¼ A�
X

k
μkNk using the Legendre

transformation from the previous section. If and only if the Gibbs energy function
Gð¼ Aþ PVÞ is homogeneous such as Eq. (32), Φ can be further simplified to

Φ ¼ A� G ¼ �PV ð33Þ

If the molecular interactions are strong, then Eq. (32) requires an extra coupling term propor-
tional to NiNj, and Eq. (26) should be revisited as a general definition for Φ (see Section 1.3 for
details). Dependences of the energy functions on thermodynamic variables in specific ensem-
bles are summarized in Table 1.

2.3. Gibbs energy and anisothermal equilibrium

2.3.1. Thermodynamics variables: extensive and intensive

Consider a thermodynamic system in equilibrium, shown in Figure 2. The system is made by
adding two identical systems, which are now in contact with each other. In this case, the seven
thermodynamic variables change as follows:

• Additive (extensive): N ! 2N, V ! 2V, S ! 2S, and E ! 2E

• Nonadditive (intensive): T ! T, P ! P, and μk ! μk

As expected, the number of particles, volume, entropy, and energy are doubled by adding the
two identical systems, and they are called additive. On the other hand, temperature, pressure,
and chemical potential remain invariant, and they are called nonadditive.

The independence of the temperature to the system size can be understood using its basic
definition of Eq. (12) as the change ratio of E to S as they are additive quantities. The pressure is
defined in Eq. (13) as the negative ratio of changes of E to V. The chemical potential,

Ensemble Energy functions and relationships

Microcanonical (NVS) Internal energy E N;V;Sð Þ
dE ¼ TdS� PdV þ μdN

Canonical (NVT) Helmholtz energy A N;V;Tð Þ ¼ E� TS

dA ¼ �SdT � PdV þ μdN

Grand canonical (μVT) Thermodynamic potential Φ μ;V;T
� � ¼ A�

X
k
μkNk

dΦ ¼ �SdT � PdV �Ndμ

Isothermal-isobaric (NPT) Gibbs energy G N;P;Tð Þ ¼ Aþ PV ¼ μN

dG ¼ �SdT þ VdPþ μdN

Isentropic-isobaric (NPS) Enthalpy H N;P;Sð Þ ¼ Eþ PV

dH ¼ TdSþ VdPþ μdN

Table 1. Specific ensembles and associated energy functions.
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interpreted as the ratio of the internal energy change with respect to creation/disappearance of
a molecule, must be independent of the number of molecules. Among the seven master vari-
ables in thermodynamics, additive quantities are E, S, N, and V, called extensive, and nonaddi-
tive ones are T, P, and μk, called intensive. Note that the intensive quantities are defined as
ratios of extensive quantities.

In the previous sections, we reviewed the five standard ensembles with their energy functions
derived from three independent variables as

• Internal energy E S;V; Nkf gð Þ
• Helmholtz energy A T;V; Nkf gð Þ
• Thermodynamic potential Φ T;V; μk

� �� �

• Enthalpy H S;P; Nkf gð Þ
• Gibbs energy G T;P; Nkf gð Þ
Among these energy functions, E, A, Φ, and H depend on at least one extensive variable, S or
V. Gibbs energy function is the only one that depends on two intensive variables, T and P.
Although G basically varies with Nk, if the system is homogeneous, the chemical potential
μk T;Pð Þ is independent to the number of particles Nk. In many engineering applications
dealing with mass transfer phenomena, temperature and pressure are often maintained as
(pseudo-) constants. Molecules and particles translate spatially from one location to other, or
are converted to another species (i.e., created or annihilated through physical and chemical
reactions). In this light, the Gibbs energy G T;P; Nkf gð Þ is the most convenient representation of
the system undergoing mass and/or heat transfer in the isobaric and isothermal environment.

Figure 2. A closed system consisting of two identical boxes in a thermal equilibrium. The outer boundaries (gray) insulate
mass and energy transfer from the environment, and each box has the same T, P, and N. If the central wall is removed,
then the two identical systems are combined.

Desalination10

Enthalpy H S;P; Nkf gð Þ is often used to characterize mass transfer phenomena under an iso-
baric-isentropic environment between two different temperatures, allowing volume expansion
or compression. H is mainly used to link two temperature-dependent quantities such
as equilibrium constants of chemical reactions in the NPT ensemble because it does not vary
with T.

2.3.2. Anisothermal equilibrium

Consider two heterogeneous systems in equilibrium. This is similar to the case shown in
Figure 2, but boxes 1 and 2 are not thermodynamically identical. In each box, the internal
energy is fully represented using Ni, Vi, and Si of box i for i ¼ 1 and 2. Assume their volumes
do not change so that dVi ¼ 0. We express the infinitesimal change of the entropy from
Eq. (16) as

dSi ¼ dEi

Ti
� μi

Ti
dNi ð34Þ

If the total number of particles N ¼ N1 þN2ð Þ is constant, we simply derive

∂N2

∂N1
¼ ∂

∂N1
N �N1ð Þ ¼ �1 ð35Þ

In equilibrium, the total entropy S ¼ S1 þ S2 must be already maximized, having a constant
value Smax:

∂S
∂N1

¼ ∂Smax

∂N1
¼ 0 ¼ ∂S1

∂N1
þ ∂N2

∂N1

∂S2
∂N2

¼ ∂S1
∂N1

� ∂S2
∂N2

ð36Þ

As the internal energy of each box, Ei, is kept invariant in Eq. (34), we derive

∂S1
∂N1

¼ � μ1

T1
and

∂S2
∂N2

¼ � μ2

T2
ð37Þ

Substitution of Eq. (37) into (36) gives

μ1 T1;P1ð Þ
T1

¼ μ2 T2;P2ð Þ
T2

ð38Þ

which is simplified, if T1 ¼ T2, to

μ1ðP1Þ ¼ μ2ðP2Þ ð39Þ

for an isothermal environment. Note that Eqs. (38) and (39) consist of only intensive thermo-
dynamic quantities. The chemical potential can be readily derived using Eq. (29) if the Gibbs
energy is known.
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� �� �
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Figure 2. A closed system consisting of two identical boxes in a thermal equilibrium. The outer boundaries (gray) insulate
mass and energy transfer from the environment, and each box has the same T, P, and N. If the central wall is removed,
then the two identical systems are combined.
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Enthalpy H S;P; Nkf gð Þ is often used to characterize mass transfer phenomena under an iso-
baric-isentropic environment between two different temperatures, allowing volume expansion
or compression. H is mainly used to link two temperature-dependent quantities such
as equilibrium constants of chemical reactions in the NPT ensemble because it does not vary
with T.

2.3.2. Anisothermal equilibrium

Consider two heterogeneous systems in equilibrium. This is similar to the case shown in
Figure 2, but boxes 1 and 2 are not thermodynamically identical. In each box, the internal
energy is fully represented using Ni, Vi, and Si of box i for i ¼ 1 and 2. Assume their volumes
do not change so that dVi ¼ 0. We express the infinitesimal change of the entropy from
Eq. (16) as

dSi ¼ dEi

Ti
� μi

Ti
dNi ð34Þ

If the total number of particles N ¼ N1 þN2ð Þ is constant, we simply derive

∂N2

∂N1
¼ ∂

∂N1
N �N1ð Þ ¼ �1 ð35Þ

In equilibrium, the total entropy S ¼ S1 þ S2 must be already maximized, having a constant
value Smax:

∂S
∂N1

¼ ∂Smax

∂N1
¼ 0 ¼ ∂S1

∂N1
þ ∂N2

∂N1

∂S2
∂N2

¼ ∂S1
∂N1

� ∂S2
∂N2

ð36Þ

As the internal energy of each box, Ei, is kept invariant in Eq. (34), we derive

∂S1
∂N1

¼ � μ1

T1
and

∂S2
∂N2

¼ � μ2

T2
ð37Þ

Substitution of Eq. (37) into (36) gives

μ1 T1;P1ð Þ
T1

¼ μ2 T2;P2ð Þ
T2

ð38Þ

which is simplified, if T1 ¼ T2, to

μ1ðP1Þ ¼ μ2ðP2Þ ð39Þ

for an isothermal environment. Note that Eqs. (38) and (39) consist of only intensive thermo-
dynamic quantities. The chemical potential can be readily derived using Eq. (29) if the Gibbs
energy is known.
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3. Dilute solution

3.1. Chemical potentials

Now we consider a dilute (or weak) solution, in which the number of dissolved molecules in
the solvent is much less than that of the solvent molecules. Without losing generality for
environmental engineering purposes, we set water as the solvent. Gibbs free energy of the
weak solution of a single solute species is [31]

G ¼ Nμ0 P;Tð Þ þ nkBT ln
n
Ne

� �
þ nψ P;Tð Þ ð40Þ

where N and n are the numbers of solvent and solute molecules, respectively, μ0 is the
chemical potential of the pure solvent, and ψ P;Tð Þ is an arbitrary function for the chemical
potential of the pure solute. Euler’s number e ¼ 2:71828218… in the denominator of the
logarithmic function on the right-hand side of Eq. (40) stems from Starling’s formula, used for
entropy calculations: ln n! ≃ n ln n� n ¼ n ln n=eð Þ
If the weak solution contains multiple species of solutes, then the Gibbs energy function is
generalized as

G ¼ Nμ0 P;Tð Þ þ kBT
X
i

ni ln
ni
Ne

� �
þ
X
i

niψi P;Tð Þ ð41Þ

One can easily calculate the chemical potentials for the solvent μw and solute μs as partial
derivatives of G in Eq. (41) with respect to N and n, respectively. The former and latter are

μw ¼ ∂G
∂N

¼ μ0 P;Tð Þ � kBTx ð42Þ

and

μs ¼
∂G
∂n

¼ ψ P;Tð Þ þ kBT lnx ð43Þ

respectively, where x ¼ n=Nð Þ is the number (or mole) fraction of solute molecules to solvent
molecules. In a dilute solution, x≪ 1.

3.2. Osmotic pressure

Let’s consider an isothermal system consisting of two boxes (1 and 2) of the same size in
contact. Box 1 (and 2) has the solute mole fraction x1 (and x2) and pressure P1 (and P2). Since
the total system is in isothermal equilibrium, the two boxes have the same temperature:
T1 ¼ T2 ¼ T.

Desalination12

3.2.1. Using solvent chemical potential

In this thermodynamic environment, the chemical potentials of water in the two boxes should
be equal to each other from Eq. (39):

μw;1 ¼ μw;2 ð44Þ

μ0 P1;T
� �� x1kBT ¼ μ0 P2;Tð Þ � x2kBT ð45Þ

We assume that the pressure difference is small enough to use the weak solution approxima-
tion without drastic thermodynamic changes but large enough to maintain the balance
between the two boxes. Then, we expand μ0 P2;Tð Þ around P1 using Taylor’s series

μ0 P2;Tð Þ≃μ0 P1;Tð Þ þ ∂μ0

∂P

� �

T
ΔP ð46Þ

at a fixed temperature T. We substitute Eq. (46) into Eq. (45) to obtain

∂μ0

∂P

� �

T
ΔP ¼ x2 � x1ð ÞkBT ð47Þ

where ΔP ¼ P2 � P1 and Δx ¼ x2 � x1 are differences of pressure and solute mole fraction,
respectively, between box 1 and 2. Using Eq. (31), the fundamental representation of the infini-
tesimal chemical potential, we replaced ∂μ0=∂P with the volume per solvent, V=N. Then, the
pressure difference ΔP is calculated as

ΔP ¼ kBT
NΔx
V

¼ RT
Δn
NAV

ð48Þ

and finally denoted as

Δπ ¼ RTΔC ð49Þ

using

Δn ¼ NΔx ¼ Nx2 �Nx1 ¼ n2 � n1 ð50Þ
ΔC ¼ Δn=NA ¼ C2 � C1 ð51Þ

where ni and Ci ¼ ni=NAVð Þ are the (absolute) number and the mole concentration of solutes in
box i for i ¼ 1 and 2, NA is Avogadro’s number, and R is the universal gas constant. Eq. (49) is
called the van’t Hoff equation,1 which resembles the ideal gas law [33]. If the solution contains
multiple species of solutes, Eq. (49) can be easily extended to

1Jacobus H. van’t Hoff received the first Nobel Prize in Chemistry in 1901 for the discovery of osmotic pressure in
solutions. https://www.nobelprize.org/nobel_prizes/chemistry/laureates/1901/
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Δπ ¼
X
i

Ci;2 � Ci;1
� �

RT ¼ RTΔC ð52Þ

where ΔC ¼
X

i
Ci;2 � Ci;1
� �

is, in general, the difference of total mole concentration of solutes.

If the total mass concentration of multiple species is known, then it should be carefully converted to total
mole concentration using molecular weights of the contained species. The underlying assumptions of
the van’t Hoff equation (49) are summarized as follows:

1. The solute concentration is much smaller than the solvent concentration.

2. Temperature gradient between the two boxes is zero.

3. The Gibbs free energy of a dilute solution is described using the weak solution approach.

3.2.2. Using solute chemical potential

If the solvent chemical potentials of boxes 1 and 2 are equal, then the solute chemical potentials
should be also the same:

μs;1 ¼ μs;2 ð53Þ

which leads to

ψ P1;T
� �þ kBT lnx1 ¼ ψ P2;Tð Þ þ kBTln x2 ð54Þ

Using the same approximation for the pressure difference, we derive

� ∂ψ
∂P

� �

T
ΔP ¼ kBTΔðlnxÞ ð55Þ

¼ kBTln
x2
x1

� �
ð56Þ

where Δlnx ¼ lnx2 � lnx1 is the logarithmic difference between concentrations in two boxes.
Eq. (56) can further be approximated as follows:

�kBTln
x2
x1

� �
¼ �kBTln 1þ Δx

x1

� �
⋍� kBT

Δx
x1

ð57Þ

We treat the negative derivative of ψ with respect to P as the volume per each solute
molecule, i.e.,

� ∂ψ
∂P

� �

T
¼ V

n1
� V

n2
� V

n̄
ð58Þ

where n ¼ ðn1 þ n2Þ=2, implicitly assuming N≫ ni ≫Δn for i ¼ 1; 2. The pressure difference is
then calculated as
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ΔP ¼ n1
V

Δx
x1

kBT ¼ n1=N
x1

NΔx
V

kBT ¼ 1 � Δn
V

kBT ¼ Δn=NA

V
RT ð59Þ

which reduces to the identical result of Eq. (49):

Δπ ¼ RTΔC ð60Þ

The same result can be obtained in a slightly more mathematical way by directly using
Eq. (55):

ΔP ¼ kBT
�ð∂ψ ∂p½ ÞT

dlnx
dx

� �
Δx ð61Þ

¼ kBT
�ð∂ψ ∂p½ ÞT

Δx
x

ð62Þ

where

ΔðlnxÞ ⋍ dlnx
dx

� �
Δx ¼ Δx

x
ð63Þ

is used. If Δx is finite, a similar approximation can be suggested:

ΔðlnxÞ ¼ Δlnx
Δx

Δx
� �

¼ Δx
〈x〉ln

ð64Þ

where

〈x〉ln ¼ Δx
Δlnx

ð65Þ

is the logarithmic average of the solute mole fraction across the membrane interior. Employing
Eq. (58) and Δx=x ¼ ΔC=C, we confirm that the osmotic pressure of the dilute concentration is

Δπ ¼ RT
�NA ð∂ψ ∂p½ ÞT

Δx
x

¼ RT
n

NAV

� �
ΔC
C

¼ RTΔC ð66Þ

In this section, we mathematically proved that the osmotic pressure (of Eqs. (49), (60), and (66))
is valid for dilute solution consisting of weakly interacting molecules. Without losing general-
ity, the absolute value of the osmotic pressure can be expressed as (similar to the ideal gas law)

π ¼ CRT ð67Þ

Finally, it is worth noting that in Eq. (58), the negative sign of the partial derivative indicates that the
gradients of solvent and solute concentrations have opposite signs. If the middle wall between the
two boxes in Figure 3 is partially removed, then solvent and solutes will diffuse in opposite
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directions. This should be treated in principle as a binary diffusion of two species (i.e., solvent
and solute) by exchanging their positions.

4. Solution-diffusion model revisited

4.1. Solvent (water) transport

For pressure-driven membrane processes such as RO and NF, the applied pressure should
overcome the osmotic pressure difference across the membrane. In feed and permeate solu-
tions, salts are dissolved as solutes in the solvent water. The hydraulic pressure generates
solvent flow through the membrane, which may contribute to solute transport through the
membrane surface. Water molecules, however, dissolve as solutes in the membrane material
(as solvent). Due to the high density of the membrane, water molecules can migrate via
diffusion from a higher concentration region to a lower concentration region. This normal
diffusion is reversed by applying hydraulic pressure to the feed solution with a high concen-
tration such as seawater. Water permeation through a RO membrane can be pictured as
diffusion driven by the external hydraulic pressure, which allows us to neglect convective
transport of solutes through the membrane. The phenomenological phase of water in the
membrane leads to solute transport as Fickian, which is also closely related to the osmotic
pressure gradient between two subsystems. The above-mentioned mechanisms are included in
solution-diffusionmodel, proposed by Lonsdale et al. [30]. An extensive overview of RO models
can be found elsewhere [34–39].

Consider a semipermeable membrane of thickness δm, with high and low concentrations on
two sides. The solvent flux through the membrane is assumed to be Fickian [40, 41]:

Jw ¼ �Dw
dCw

dx
ð68Þ

Figure 3. Osmotic pressure schematic: two boxes separated by the semipermeable wall in the isothermal environment.
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where Cw is the concentration of water dissolved in the membrane. Assuming that the dissolved
water in the membrane material can be treated as a Henrian solution, the chemical potential of
the pure water (in the membrane solvent) is

μw ¼ constant þRTlnCw ð69Þ

In this model, the underlying assumptions are:

1. The water and solute molecules dissolve into a membrane material.

2. The solution is considered as Henrian for water.

3. The feed and permeate streams are immiscible with the membrane.

Substitution of Eq. (69) into Eq. (68) gives

Jw ¼ �Dw
Cw

RT
dμw

dx
≈
DwCw

RTδm
Δμw ð70Þ

where Δμw is the transmembrane difference of μw at a constant temperature T, which can be
written as

Δμw ¼
ð
∂μw

∂Cs
dCs þ VwΔP ð71Þ

where Cs is the solute concentration. In the previous section, we proved that the chemical
potential difference between two subsystems should vanish in the isothermal equilibrium (i.e.,
ΔT ¼ 0): Δμw ¼ 0. In this case, the transmembrane pressure difference is equal to the osmotic
pressure difference, i.e., ΔP ¼ Δπ, which gives

ð
∂μw

∂Cs
dCs ¼ �VwΔπ ð72Þ

Then, Eq. (71) is simplified to

Δμw ¼ Vw ΔP� Δπð Þ ð73Þ

Substitution of Eq. (73) into Eq. (70) provides

Jw ¼ A ΔP� Δπð Þ ð74Þ

which is the governing equation of solvent transport through the membrane as a medium in
which water and solutes can dissolve. Here, A is the water permeability through the membrane:

A ¼ DwCwVw

RTδm
ð75Þ
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which is a characteristic value of the membrane. It is challenging to predict or measure the
diffusion coefficient Dw and dissolved concentration Cw of water molecules in the membrane
material. Therefore, the water permeability A is often experimentally estimated by a linear
regression plot of Jw versus ΔP using fresh water as a solute-free feed solution.

4.2. Solute transport

The solute transport through the membrane is also assumed to follow Fick’s law:

Js ¼ �Ds
dCs

dx
⋍ Ds

ΔCs

δm
ð76Þ

where Cs and Ds are the concentration and diffusivity of solutes dissolved in the membrane,
respectively, and ΔCs is the solute concentration difference across the membrane interior. Simi-
larly to Cw, Cs is hard to measure. Therefore, ΔCs is assumed to be proportional to that between
membrane surfaces ΔCm. The partition coefficient K is then defined as

K ¼ ΔCs

ΔCm
< 1ð Þ ð77Þ

where ΔCm is often approximated as the difference between feed concentration Cf and perme-
ate concentration Cp in the RO processes. Substitution of Eq. (77) into Eq. (76) provides

Js ¼ BΔCm ð78Þ

where

B ¼ DsK
δm

ð79Þ

is the solute permeability through the membrane. Note that B conventionally has the same
dimension as Jw. Similarly to A, B can be macroscopically measured by independent experi-
ments, providing a Js versus ΔCm graph. The slope of the graph, estimated using linear
regression, is equal to B.

5. Thermodynamic irreversibility of filtration

A thermodynamic system has three types: open, closed, and isolated. In the open system, mass
and heat can pass in and out of the system in contact with the environment. Only heat can be
transferred between the closed system and the environment, and neither mass nor heat can be
exchanged in the isolated system. Rigorously saying, all the filtration processes are
open systems, having entering feed streams to be treated. Temperature gradients across the
membrane are often negligible in the pressure- or osmosis-driven filtration processes, but
significant in thermal membrane processes such as membrane distillation processes [42–45].
To address the open filtration processes, nonequilibrium statistical mechanics (NESM) should

Desalination18

be used [46–48]. To the best of our knowledge, the NESM still burgeons in pure theoretical
physics. Therefore, general solutions for irreversible engineering processes are barely found.
The minimum condition for us to use equilibrium filtration theory is that the filtration system
is already in a steady state, in which no physical quantities vary explicitly with respect to time,
i.e., mathematically,

∂½ �
∂t

¼ 0 ð97Þ

where [ ] can hold any variables associated to the filtration system. The steady state is, in
principle, far away from static equilibrium. Note that the osmotic pressure is derived from a
pure equilibrium state, especially for the isobaric-isothermal ensemble. This implies that the
solution-diffusion model becomes less accurate if fluid flows in the membrane channels are
fast enough or almost turbulent.

To investigate the intrinsically nonequilibrium filtration processes, the irreversible thermody-
namic models were developed using the Onsager2 reciprocal theorem [49]. Kedem and
Katchalsky represented the local dissipation rate of free energy per unit volume as dissipation
function for isothermal, nonelectrolyte systems in a steady state [50]:

φ ¼
Xn

k¼1

J
!
k � ∇ �μk

� �
> 0 ð80Þ

for species k, having a constant flux J
!

k. In the irreversible (i.e., nonequilibrium) process,
entropy must increase and therefore the dissipation rate is positive-definite, i.e., φ > 0. The
dissipation function for RO is

φ ¼ JvΔPþ JDΔπ ð81Þ

where Jv and JD are the total volumetric flux and the solute velocity relative to the solvent
velocity, respectively. One can write

Jv ¼ L11ΔPþ L12Δπ ð82Þ
JD ¼ L21ΔPþ L22Δπ ð83Þ

where Lij are coupling coefficients of the phenomenological fluxes, Jv and JD. In order to satisfy
Eq. (81), the following two conditions must be met

L11; L22 > 0 ð84Þ

and

2Lars Onsager received the Nobel Prize in Chemistry in 1968 for the discovery of the reciprocal relations in the funda-
mental thermodynamics of irreversible processes. http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1968/
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L11 L22 ≥ L12L21 ¼ L212 ð85Þ

where L12 ¼ L21.

After some theoretical steps, Kedem and Katchalsky [50] derived

Jv ¼ L11 ΔP� σΔπð Þ ð86Þ
Js ¼ Cs 1� σð ÞJv þ ωΔπ ð87Þ

where Cs is the logarithmic average of concentrations on the two membrane sides,
σ ¼ �L12=L11 assuming L11 > 0 and L12 < 0, and

ω ¼ Cs
L11L22 � L212

L11
¼ Cs L22 � σjL12jð Þ ð88Þ

Here, σ is defined as the “filtration coefficient,” representing the solute rejection property.
Kedem and Katchalsky [50] interpret the physical meaning of σ as follows: when σ ¼ 1:0, the
membrane is completely impermeable to solute and rejection is 100%, and when σ ¼ 0:0, the
membrane is completely permeable to solute and rejection is zero. It is worth noting that the
irreversible thermodynamic theory includes the solution-diffusion model as a special case. If
σ ¼ 1:0, then Eqs. (86) and (87) reduce to

Jv ¼ L11 ΔP� Δπð Þ ! A ΔP� Δπð Þ ð89Þ
Js ¼ Cs L22 � jL12jð ÞΔπ ! BΔC ð90Þ

where L11 ¼ A and B ¼ ωΔπ=ΔC, assuming the osmotic pressure is linearly proportional to the
solute concentration.

In our opinion, σ ¼ 1 can be interpreted in a different way. Because the unity σ in Eqs. (86)
and (87) indicates that the effect of Δπ is maximized, the thermodynamic state of the mem-
brane surface is quite close to the static equilibrium state. The solvent flux can be considered
as the barometric diffusion of water as Jv increases with ΔP, overcoming Δπ across the mem-
brane. The solute flux in this case is purely Fickian, which is dominated by only ωΔπ ∝ΔCð Þ
in Eq. (87). The limiting value of σ ! 1, however, does not guarantee the perfect rejection of
solutes because it does not satisfy Js ¼ 0 in Eq. (90). Knowing L12 < 0, one can rewrite Eq. (85)
to give

L22 � jL12j ≥ L212
L11

þ L12 ¼ σ2L11 þ L12 ¼ L11σ σ� 1ð Þ ð91Þ

which indicates that the solute flux Js may vanish if σ ¼ 0 or 1. Here, we have to discard σ ¼ 0
because Js in Eq. (87) reaches its maximum at σ ¼ 0. Then, the condition σ ¼ 1 applied to
Eq. (91) must be only a necessary condition for Js ¼ 0. The inequality relationship in Eq. (91)

Desalination20

indicates that the perfect rejection can be achieved if L22 � jL12j ¼ 0 in addition to σ ¼ 0. In
membrane separations, the perfect rejection is related not only to the thermodynamic state of
the membrane surface, but also to the specific membrane materials having salt rejecting
capabilities.

Furthermore, variations of Jv and Js with respect to σ can be investigated by calculating

1
L11

∂Jv
∂σ

¼ �Δπ ð92Þ

1
CsL11

∂Js
∂σ

¼ �½ΔPþ Δπ� þ Δπσ ð93Þ

and substitution of Eq. (92) into Eq. (93) gives

1
CsL11

∂Js
∂σ

� σΔπ ¼ 1
L11

∂Jv
∂σ

� ΔP ð94Þ

which is valid for an arbitrary σ between 0 and 1. Eq. (92) indicates that Jv monotonously
decreases with respect to σ. If the filtration system is in a transient, nonequilibrium state far
from the pure static equilibrium, the volumetric flux Jv must be higher than that in the
quasiequilibrium state. The left-hand side of Eq. (93) is �ΔP at σ ¼ 1 and �½ΔPþ Δπ� at
σ ¼ 0: as σ decreases, the magnitude of ∂Js=∂σ increases.

Overall, σ can be physically interpreted not only as the filtration coefficient, but also as the
equilibrium coefficient. When σ ! 1, the effect of the osmotic pressure difference reaches its
maximum of the quasiequilibrium state, but the zero solute flux is not automatically
guaranteed. The perfect rejection is achieved if the additional condition L22 ¼ jL12j is satisfied,
which is, however, independent of σ. The difference of σ indicates how much the filtration
system is phenomenologically close to the static equilibrium. On the other side, if σ ! 0, then
the filtration system can be in a steady state, but it is far from the static equilibrium. Jv and Js
approach their theoretical maximum values, and the solute transport is significantly
influenced by convection. Although σ is a fundamentally and practically important parameter,
to the best of our knowledge, there are no standard theories to directly predict σ. This is
because the irreversible thermodynamic model relaxes the equilibrium restriction, but the
NESM has not been fully developed yet.
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Abstract

A previously developed and validated two-dimensional computational fluid dynamics
(CFD) model to study the hydrodynamics in a desalination membrane filled with spacers
in zig-zag arrangements has been further developed to include the effects of a pulsating
flow with the profile of a heartbeat. Numerical solutions were obtained with Fluent for
pulsating laminar flows in channels filled with four different spacers and four lengths of
cells. Hydrodynamics was investigated for unsteady state, using a characteristic function
of a heartbeat, in order to study the influence of temporal variation in the hydrodynamic
behavior. The results show the velocities distribution, streamlines, pressure drop and the
wall shear stress on the impermeable wall of the membrane, for Reynolds numbers up to
100. The reduction in the distance between the filaments of the spacers, leads to the
appearance of more active recirculation zones that can promote mass transfer and decreas-
ing concentrations layers. On the other hand, this reduction increases the pressure drop
and consequently the energy expended in the process. Further, the characteristic function
of heartbeat demonstrates promising results, with regard to the energy consumption in the
process and optimization of the recirculation zones.

Keywords: desalination, membrane, reverse osmosis, zig-zag spacers, heartbeat
flow profile

1. Introduction

The planet has not only freshwater, but from the enormous volume of water available on our
planet, only 3% is not salty. This resource is limited and finite, vital for the existence of life on
earth and for the economic and social development [1].
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The exploitation of natural water resources combined with the increase in the world popula-
tion, the changes in the life style, the inefficient use of water and its contamination, among
other factors, leads to scarcity of natural freshwater to respond the necessities of the popula-
tion [2]. Due to these factors, the demand for potable water, has led to an increasing need to
find new alternative sources of drinking water.

Desalination provides a good alternative to reduce the problem of the scarcity of drinking
water, once it provides clean water which otherwise would not be accessible for agricultural,
industrial and services supply [3, 4].

Membrane systems are widely used in water treatment processes. Depending on the pore size,
membrane processes can be classified as microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF) and reverse osmosis (RO). The MF and UF are used to remove small colloidal particles and
bacteria. For removal of viruses and large molecules such as proteins, the UF is only used. The
NF and RO are capable of removing the smallest particles and components, like salts dissolved
in water. In the case of RO, it is possible to remove almost all the components dissolved in the
water [4].

The RO is the most used membrane separation method. This is applied at chemical, textile,
petrochemical, electrochemical and paper industry, as well as in the treatment of municipal
wastewaters [5]. But, the major application of RO process is the desalination of brackish and
salty water to obtain potable water [6]. This is due to its versatility to operate over a wide range
of feed water salinities, lower intake and pumping costs, minimal space requirements and
operation at ambient temperatures [7]. Spiral wound modules (SWMs) have been largely used
in industrial applications to obtain potable water, due to their low cost and high membrane
area to volume ratio [8]. The performance of a SWM is affected by many factors such as leaf
geometry (number and dimensions), spacers, fouling propensity, cleaning ability and operat-
ing conditions [9]. Despite several benefits of membrane technology over other separation
techniques, the phenomena inherent to any membrane separation method are concentration
polarization and fouling. As the filtration process occurs though the semipermeable mem-
brane, the rejected impurities begin to accumulate on the membrane surface. After a certain
period of time, a concentration layer is formed on the membrane surface due to the solute. This
phenomenon, in which, the concentration of solute is higher in the vicinity of the membrane as
compared with the observed in the fluid, is known as concentration polarization [10, 11]. This
phenomenon can significantly affect the performance of the membrane, for example, the
permeate water quality and productively are affected by fouling deposited on the membrane
surface. On the other hand, from the literature it is well known that spacers are essential to
separate the sheets of membranes in both spiral wound modules based thin rectangular
channels (slits). Spacers are also important in the optimization of the mass transfer enhance-
ment and pressure loss minimization [12, 13].

One important way by which the efficiency of module can be enhanced is to modify the
hydrodynamics in membrane channel, which can be done by improving feed channel spacers
design and using the unsteady state to induce a temporal variation in the feed velocity. This
can prevent the accumulation of solutes near the membrane surface, thereby lowering the
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concentration gradient between the bulk fluid and the membrane surface, and reducing foul-
ing phenomenon [7].

The hydrodynamics inside the feed channel using computational fluid dynamics (CFD) has
been investigated awhile. Cao et al. [14] investigated, trough CFD, the effect of three different
cylindrical spacers arrangements: spacers touching the same channel wall, spacers touching
opposite channel walls and spacers suspended in the channel. The flow simulations, in the
spacer-filled channels, showed the distribution of velocity and turbulent kinetic energy as well
as the detailed flow patterns. It was found that the presence of the spacer in the membrane is
responsible for the local shear stress distribution on the membrane surface and improves the
production of the eddy activities. It is also found that spacer configuration, geometry and
position in the channel are crucial in the distribution of eddies and high shear stress on the
membrane surface. The investigation also suggests that transverse spacer cylinders suspended
in the channel are more desirable. Furthermore, decrease in the distance between transverse
spacer cylinders can produce more active eddies and reduce the distance between shear stress
peaks and consequently improve the mass transfer at the membrane surfaces. Besides that, it
was demonstrated that the pressure drop is significantly increased by reduction in the distance
between transverse cylinders which increase the operating costs. Schwinger et al. [15] perform
CFD studies on how the use of spacers in membrane systems can affect its hydrodynamics.
The flow fluid was studied in three different spacer configurations, the cavity, zig-zag, and
submerged spacers. Were considered, in a cell, a single filament adjacent to the wall and
centered in the channel for Reynolds numbers from 90 to 768 for different values of the length
of the mesh and filament diameter. The results obtained show that the flow around the
filament increases the wall shear stress and promotes the formation of large recirculation zones
behind the filaments. Furthermore, under the same conditions, identical Reynolds number and
filament diameter, a single filament adjacent to a membrane wall produced a larger
recirculation zone than a single filament in the center of the channel. According to the authors,
the utilization of the spacer in a SWM should enhance the mass transfer and reduce the
accumulation of solute in the membrane surface while maintaining a low pressure loss along
the channel. Saeed et al. [16] used a CFD tool to investigate the flow patterns associated with
fluids within the membrane module. The effects on flow patterns through a spacer filled RO
membrane with the secondary structure of the membranes (feed spacer filaments) at various
angles with the inlet flow are analyzed. The results revealed that the alignment of the filaments
in the direction of flow has a great influence on the generation of recirculation streams in
channels filled with spacers. The optimization of the orientation of the filaments can lead to
desirable recirculation patterns inside the modulus, and therefore, may increase the perfor-
mance of the membrane. Sousa et al. [17] studied the hydrodynamics in a desalination mem-
brane. CFD techniques were used to study the hydrodynamics of feed channels of a
desalination membrane filled with elliptical spacers in zig-zag arrangements and transverse
in relation to the flow, for four spacers and four cell lengths. They used Re values between 10
and 300 and the inlet velocity profiles are considered fully developed. The results showed that
for Re values above 100, are formed recirculation zones downstream of the spacers. When the
spacers are closer, there is a formation of more active recirculation zones. The authors state that
these can increase the mass transfer and together with the pressure drop, there may be an
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in the direction of flow has a great influence on the generation of recirculation streams in
channels filled with spacers. The optimization of the orientation of the filaments can lead to
desirable recirculation patterns inside the modulus, and therefore, may increase the perfor-
mance of the membrane. Sousa et al. [17] studied the hydrodynamics in a desalination mem-
brane. CFD techniques were used to study the hydrodynamics of feed channels of a
desalination membrane filled with elliptical spacers in zig-zag arrangements and transverse
in relation to the flow, for four spacers and four cell lengths. They used Re values between 10
and 300 and the inlet velocity profiles are considered fully developed. The results showed that
for Re values above 100, are formed recirculation zones downstream of the spacers. When the
spacers are closer, there is a formation of more active recirculation zones. The authors state that
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increase in process efficiency [17]. Amokrane et al. [18] used a model based on CFD which
combines the fluid dynamics and the mass transfer in SWMs with zig-zag spacers, to investi-
gate the impact of new spacers design. They affirm that zig-zag arrangement appears to have
more advantages in the performance of RO membranes, in comparison, with submerged
spacers. The results highlight that the incorporation of new spacer designs, such as elliptic
and oval shapes, generates lower pressure drop (Δp) compared to conventional geometries.
However, concentration polarization layer thickness, induced by elliptic and oval spacers, is
higher compared to that of a circular spacer, while the mass transfer coefficient obtained with
circular spacer is higher [18]. Al-Bastaki and Abbas [19] used a cyclic feed flow to improve the
performance of membrane modules. The operation in cyclic mode generates flow instabilities,
which in turn disturbs the fouling layer and increases the permeation rates. The cyclic opera-
tion can, however, need additional devices such as pulsation generator, oscillating pistons, and
pneumatic valves. Lau et al. [20] performed a tri-dimensional study of the unsteady flow in
order to optimize the spacer mesh angle for the SWM feed spacer. The results show that the
presence of unsteady flow can significantly interrupt the development of the concentration of
solute in the membrane surface. Filaments with different geometries and different angles may
lead to different degrees of disruption in the concentration of the membrane layer. The fila-
ments can be optimized in terms of concentration polarization and power consumption.

In the present investigation, a previously developed and validated two-dimensional CFD
model to study the hydrodynamics in a desalination membrane filled with spacers in zig-zag
arrangements [17], is further developed to include a characteristic function of a heartbeat
within a cell of a semipermeable desalination membrane, in order to study the global and local
impact of hydrodynamic behavior on the velocity, pressure drop, and wall shear stress for
different spacer arrangements. The numerical approach used allows uncoupling of several
phenomena and contributes to a better understanding of the mechanisms through which the
shape of the flow profiles can affect membrane performance.

2. Governing equations and boundary conditions

An incompressible Newtonian fluid was used to simulate the bi-dimensional unsteady state
flow in a feed channel of a SWM with zig-zag spacers (Figure 1). The governing equations are
the continuity and Navier-Stokes equations. For a bi-dimensional flow, the governing equa-
tions can be written as:
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where x and y are the spatial coordinates, ρ is the fluid density, μ is the dynamic viscosity, p is
the static pressure, and g is the gravitational acceleration. The velocity components in x and y
directions are vx and vy, respectively.

In the present study, the Reynolds number is defined as

Re ¼ ρ v h
μ

ð3Þ

where h is the height of the cell and v is the average inlet velocity in a cell, see Figure 1.

2.1. Inlet velocity profiles

In order to obtain a better numerical approach taking into account the flow periodicity, it was
necessary to determine the velocity profile at the inlet and outlet of the cell [21]. As far as our
knowledge in previous investigations, for example Refs. [8, 17, 22], it was considered a fully
developed velocity profile at inlet. However, the velocity profiles between the filaments are not
fully developed because there is no enough distance between filaments to allow the full
development of the fluid flow. Therefore, for a given average velocity, the inlet velocity profile
was obtained using the following procedure: for the value of Re studied, the corresponding
average velocity is imposed at the inlet boundary. On the outlet boundary was considered the
outflow option present in Fluent. With this condition, it is assumed that there are no diffusive
fluxes of all variables at the exit in the flow direction, or a zero diffusion flux at the exit is
expected to have a small impact on your flow solution.

For the case of impermeable walls, when the solution is achieved, the boundary condition at
the inlet is replaced by the solution obtained for the velocity profile at the outlet boundary. This
process was repeated until the differences between the inlet and outlet profiles were less than
0.15%. Similarly, in order to verify the permeability influence on the flow, a study was also
done for a semipermeable membrane. To this, the bottomwall was considered permeable, with
a constant flow rate of permeate. The value of permeate velocity (vp) was 0.1 mm/s, value taken

Figure 1. Schematic representation of a membrane cell with elliptical zig-zag filaments.
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increase in process efficiency [17]. Amokrane et al. [18] used a model based on CFD which
combines the fluid dynamics and the mass transfer in SWMs with zig-zag spacers, to investi-
gate the impact of new spacers design. They affirm that zig-zag arrangement appears to have
more advantages in the performance of RO membranes, in comparison, with submerged
spacers. The results highlight that the incorporation of new spacer designs, such as elliptic
and oval shapes, generates lower pressure drop (Δp) compared to conventional geometries.
However, concentration polarization layer thickness, induced by elliptic and oval spacers, is
higher compared to that of a circular spacer, while the mass transfer coefficient obtained with
circular spacer is higher [18]. Al-Bastaki and Abbas [19] used a cyclic feed flow to improve the
performance of membrane modules. The operation in cyclic mode generates flow instabilities,
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lead to different degrees of disruption in the concentration of the membrane layer. The fila-
ments can be optimized in terms of concentration polarization and power consumption.
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different spacer arrangements. The numerical approach used allows uncoupling of several
phenomena and contributes to a better understanding of the mechanisms through which the
shape of the flow profiles can affect membrane performance.
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where x and y are the spatial coordinates, ρ is the fluid density, μ is the dynamic viscosity, p is
the static pressure, and g is the gravitational acceleration. The velocity components in x and y
directions are vx and vy, respectively.

In the present study, the Reynolds number is defined as
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where h is the height of the cell and v is the average inlet velocity in a cell, see Figure 1.

2.1. Inlet velocity profiles

In order to obtain a better numerical approach taking into account the flow periodicity, it was
necessary to determine the velocity profile at the inlet and outlet of the cell [21]. As far as our
knowledge in previous investigations, for example Refs. [8, 17, 22], it was considered a fully
developed velocity profile at inlet. However, the velocity profiles between the filaments are not
fully developed because there is no enough distance between filaments to allow the full
development of the fluid flow. Therefore, for a given average velocity, the inlet velocity profile
was obtained using the following procedure: for the value of Re studied, the corresponding
average velocity is imposed at the inlet boundary. On the outlet boundary was considered the
outflow option present in Fluent. With this condition, it is assumed that there are no diffusive
fluxes of all variables at the exit in the flow direction, or a zero diffusion flux at the exit is
expected to have a small impact on your flow solution.

For the case of impermeable walls, when the solution is achieved, the boundary condition at
the inlet is replaced by the solution obtained for the velocity profile at the outlet boundary. This
process was repeated until the differences between the inlet and outlet profiles were less than
0.15%. Similarly, in order to verify the permeability influence on the flow, a study was also
done for a semipermeable membrane. To this, the bottomwall was considered permeable, with
a constant flow rate of permeate. The value of permeate velocity (vp) was 0.1 mm/s, value taken
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from the literature [7, 8]. Since there is permeability, part of the flow is lost through the
permeable wall and, thus for the conservation of mass principle be satisfied, the permeate flow
rate has to be added to the outflow to obtain the inlet velocity profile. That is,

vyð0, yÞ ¼ vyðL, yÞ ð4aÞ

vxð0, yÞ ¼ vxðL, yÞ þ L
h� hf

vpðL, yÞ ð4bÞ

where the second term on the right-hand side of Eq. (4b) is the velocity profile in the outlet
boundary obtained for the case of impermeable walls, when the imposed inlet flow rate is
equal to the permeate flow rate.

The time-dependent velocity at the inlet was obtained from Doppler ultrasound images for a
heartbeat, in the abdominal aorta, with a period of T = 1.53 s. Figure 2 shows the normalized
inlet velocity as function of time, vh(t), obtained from a polynomial fit of the Doppler data.
Once given, the normalized velocity of the heartbeat was necessary to make an adjustment
thereof, in order to encompass the typical velocities of a desalination membrane. Thus, the
inlet velocity profile is given by

vxð0, y, tÞ ¼ vxð0, yÞ � vhðtÞ ð5Þ

Then the normalized velocity vh(t) was multiplied by the velocity profiles, already determined
for steady-state flow and so we obtained the inlet velocity profiles used in the present study,
Eq. (5). For the impermeable membrane vxð0, yÞ ¼ vxðL, yÞ.
The no-slip condition was applied at the wall boundaries.

Note that in the presence of permeability, it is needed to differentiate inlet and outlet profiles
because some fluid is permeated through the permeable wall, see Eq. (4b).

Figure 2. Normalized velocity for a heartbeat with a period T = 1.53 s.
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3. Results and discussion

In this study, two-dimensional simulations using different feed channel geometries filled with
spacers (different cells lengths and different shape of the elliptical filaments) were performed.
We studied the impact on the velocity field, streamlines, average wall shear stress (WSS), and
pressure drop for the cells lengths, L = 4, 6, 8, and 10 mm (Figure 3) and height of 0.7 mm. Four
elliptical filaments configurations (F1, F2, F3, and F4) were also tested.

3.1. Inlet velocity profiles

Since for normal operation of the SWM, the velocity profiles inside the cell cannot be fully
developed due to the filaments periodicity, so that the inlet profiles used in this study were
determinate by the aforementioned procedure. As example, Figure 4 shows the profiles deter-
mined for the four elliptical filaments with L = 4 and Re = 100, for the membrane with
impermeable walls. Since permeable velocity is 0.1 mm/s, the inlet velocity profiles are practi-
cally unaltered by the permeability of the membrane when compared with the impermeable
case, therefore they are not shown in Figure 4.

The width profiles decrease from F1 to F4 corresponding to the increase of flow obstruction by
the spacers (Figure 3). Note that for the impermeable walls, the inlet and outlet profiles, for
each configuration, are the same.

Figure 3. Cell filled with zig-zag spacers for (a) L = 4 mm and F1; (b) L = 4 mm and F2; (c) L = 4 mm and F3; (d) L = 4 mm
and F4; (e) L = 6 mm and F4; (f) L = 8 mm and F4; (g) L = 10 mm and F4.
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Note that in the presence of permeability, it is needed to differentiate inlet and outlet profiles
because some fluid is permeated through the permeable wall, see Eq. (4b).

Figure 2. Normalized velocity for a heartbeat with a period T = 1.53 s.

Desalination32

3. Results and discussion

In this study, two-dimensional simulations using different feed channel geometries filled with
spacers (different cells lengths and different shape of the elliptical filaments) were performed.
We studied the impact on the velocity field, streamlines, average wall shear stress (WSS), and
pressure drop for the cells lengths, L = 4, 6, 8, and 10 mm (Figure 3) and height of 0.7 mm. Four
elliptical filaments configurations (F1, F2, F3, and F4) were also tested.

3.1. Inlet velocity profiles

Since for normal operation of the SWM, the velocity profiles inside the cell cannot be fully
developed due to the filaments periodicity, so that the inlet profiles used in this study were
determinate by the aforementioned procedure. As example, Figure 4 shows the profiles deter-
mined for the four elliptical filaments with L = 4 and Re = 100, for the membrane with
impermeable walls. Since permeable velocity is 0.1 mm/s, the inlet velocity profiles are practi-
cally unaltered by the permeability of the membrane when compared with the impermeable
case, therefore they are not shown in Figure 4.

The width profiles decrease from F1 to F4 corresponding to the increase of flow obstruction by
the spacers (Figure 3). Note that for the impermeable walls, the inlet and outlet profiles, for
each configuration, are the same.

Figure 3. Cell filled with zig-zag spacers for (a) L = 4 mm and F1; (b) L = 4 mm and F2; (c) L = 4 mm and F3; (d) L = 4 mm
and F4; (e) L = 6 mm and F4; (f) L = 8 mm and F4; (g) L = 10 mm and F4.
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3.2. Velocity field

Figure 5 illustrates the velocity field for Re = 100 and L = 4 mm when F1 and F4 are used for
both impermeable and semipermeable cases. A comparison between impermeable and semi-
permeable cases shows that the maximum velocity decreases by 0.2 and 3.1% for F1 and F4,
respectively. This difference can be explained by the smaller useful area of permeable wall for
F1 spacer, see Ref. [21]. Note that the average velocity in all cell is higher for F1 than for F4
because the inlet area is bigger for F1 spacer, however the average inlet velocity is the same for
the two spacers.

From Figure 5, it can be seen that the well-known velocity behavior, that is, for each instant,
the maximum velocity inside the membrane is located in the zones between the filament and
the adjacent wall, for example Refs. [17, 23, 24]. This behavior is explained by the channel
narrowing due to the spacers, with the consequent velocity increase to ensure the mass
conservation. From general analysis of Figure 5, we can see that the maximum of velocity
occurs at T/8. From this instant, velocity decreases until reaches approximately half of the
period (T/2) and after that remains almost constant until the start of a new cycle. A more
detailed analysis reveals that the permeability has a very little impact in the velocity. For
instance, at 5T/8, velocity achieves the minimum value of 0.213 m/s for F1 to vp = 0 mm/s
while for vp = 0.1 mm/s is 0.212 m/s. For F4, this value is 0.214 m/s for vp = 0 mm/s and 0.208
m/s for vp = 0.1 mm/s. Figure 6 shows the velocity field for F1, L = 10 mm and impermeable
membrane.

With increasing distance between the spacers, it is verified that for each instant, the average
velocity within the cell decreases with increases of L, this observation are in line with previous
studies (e.g. Ref. [17]). On the other hand, as in previous cases, the maximum velocity occurs at

Figure 4. Inlet velocity profiles for F1, F2, F3, and F4, with L = 4 mm and Re = 100.
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the t = T/8 and its value is 0.297 m/s. For both L = 10 mm and L = 4 mm, from T/2, looking only
at the Figures 5 and 6, it appears that from that instant, the velocity remains constant. A more
detailed analysis indicates that there are fluctuations, although small, and for t = 5T/8 is when
the velocity takes the lowest value, equal to 0.213 m/s.

3.3. Average velocity inside the cell

Figure 7 shows the average velocity inside the cell for both cases, impermeable and semiper-
meable membrane, for a cell with length L = 4 mm, for all instants and spacers analyzed. The
results presented are in concordance with Figure 5. The average velocity decreases from F1 to
F4. It is also noteworthy that the highest average velocity occurs at instant T/8 undergoing a
decrement up to the minimum value of average velocity at 5T/8. After 5T/8, the velocity
remains almost constant but with small fluctuations in concordance with inlet velocity
(Figures 2, 5, and 6).

A comparison between average velocities for impermeable and semipermeable cases also
shows that the biggest difference is of 4.49% and occurs at 3T/8, for F4. The smallest difference
between the two cases is verified for F2 at t = T/2, with a velocity decrease of 0.40%. On the
other hand, for L = 10 mm, the corresponding biggest difference is of 4.13% for F4 at T/4 and
smallest difference is of 1.71% for F1 at 7T/4, see Figure 8.

Figure 5. Velocity field during a period at t = T/8, T/4, 3T/8, T/2, 5T/8, 3T/4, 7T/8, and T, for L= 4 mm: (a) F1 and vp = 0 mm/
s; (b) F1 and vp = 0.1 mm/s; (c) F4 and vp = 0 mm/s; (d) F4 and vp = 0.1 mm/s.
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3.2. Velocity field
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the t = T/8 and its value is 0.297 m/s. For both L = 10 mm and L = 4 mm, from T/2, looking only
at the Figures 5 and 6, it appears that from that instant, the velocity remains constant. A more
detailed analysis indicates that there are fluctuations, although small, and for t = 5T/8 is when
the velocity takes the lowest value, equal to 0.213 m/s.

3.3. Average velocity inside the cell

Figure 7 shows the average velocity inside the cell for both cases, impermeable and semiper-
meable membrane, for a cell with length L = 4 mm, for all instants and spacers analyzed. The
results presented are in concordance with Figure 5. The average velocity decreases from F1 to
F4. It is also noteworthy that the highest average velocity occurs at instant T/8 undergoing a
decrement up to the minimum value of average velocity at 5T/8. After 5T/8, the velocity
remains almost constant but with small fluctuations in concordance with inlet velocity
(Figures 2, 5, and 6).

A comparison between average velocities for impermeable and semipermeable cases also
shows that the biggest difference is of 4.49% and occurs at 3T/8, for F4. The smallest difference
between the two cases is verified for F2 at t = T/2, with a velocity decrease of 0.40%. On the
other hand, for L = 10 mm, the corresponding biggest difference is of 4.13% for F4 at T/4 and
smallest difference is of 1.71% for F1 at 7T/4, see Figure 8.

Figure 5. Velocity field during a period at t = T/8, T/4, 3T/8, T/2, 5T/8, 3T/4, 7T/8, and T, for L= 4 mm: (a) F1 and vp = 0 mm/
s; (b) F1 and vp = 0.1 mm/s; (c) F4 and vp = 0 mm/s; (d) F4 and vp = 0.1 mm/s.
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Figure 6. Velocity field during a period at t = T/8, T/4, 3T/8, T/2, 5T/8, 3T/4, 7T/8, and T, for L = 10 mm, F1 and vp = 0 mm/s.

Figure 7. Average velocity during a period for L = 4 mm with vp = 0 and 0.1 mm/s, for all spacers.
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3.4. Streamlines

Figures 9 and 10 show the streamlines for L = 4 mm and the four types of spacers. Since the
streamlines’ differences for impermeable and semipermeable cases are insignificant, only the
results for impermeable case are shown.

The recirculation zones are visible in all instants analyzed for all studied cell geometries. These
zones are generally located downstream of the filaments, however, under specific conditions,
small upstream recirculation zones can occur as shown in Figure 9 (a) at t = T/8 and Figure 9 (d)
at t = T/8, T/4, and 5T/8. At t = T/8, the eddies occupy the largest area, since this instant is when
the average velocity have the maximum value (Figures 7 and 9). From T/8 until T/2, the flow is
in deceleration; consequently, the velocity decreases and the recirculation zones are reduced.
After t = T/2, the velocity suffers small oscillations. These oscillations are responsible for the
oscillations of the eddies length. This behavior is most easily seen in Figure 9 (a). When t = T, it
starts a new cycle and the fluid enters into a new stage of acceleration, leading to an increase in
velocity which in turn causes a new increase in the recirculation zones. That behavior was
observed in all geometrical configurations represented in Figures 9 and 10. Comparing the
behavior of the different spacers, it should be noted that there is an increase in the area of eddies
from F1 to F4. This increase can be explained by the shape of the spacer filaments. Note that F4 is
the filament with biggest perpendicular area to the flow. In the present study, the distance between
filaments is not sufficiently small to inhibit the growth of eddies. Figure 10 shows the effects of the
cell length, L, on the eddy length for the F4 configuration and maximum average velocity.

We can infer that the length between filaments has no influence on the eddies formation.
Therefore, for all conditions studied, L does not affect the length of the recirculation zones.

The variation of the length eddies during a pulsatile flow modeled by a heartbeat shape
combined with spacer arrangement may lead to better performance of the desalination mem-
brane. Thus, the formation of desirable flow patterns within the membrane can lead to its
better performance, which are in line with literature, for example, Saeed et al. [16].

Figure 8. Average velocity during a period for L = 10 mm with vp = 0 and 0.1 mm/s, for all spacers.
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Figure 6. Velocity field during a period at t = T/8, T/4, 3T/8, T/2, 5T/8, 3T/4, 7T/8, and T, for L = 10 mm, F1 and vp = 0 mm/s.

Figure 7. Average velocity during a period for L = 4 mm with vp = 0 and 0.1 mm/s, for all spacers.
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3.4. Streamlines

Figures 9 and 10 show the streamlines for L = 4 mm and the four types of spacers. Since the
streamlines’ differences for impermeable and semipermeable cases are insignificant, only the
results for impermeable case are shown.

The recirculation zones are visible in all instants analyzed for all studied cell geometries. These
zones are generally located downstream of the filaments, however, under specific conditions,
small upstream recirculation zones can occur as shown in Figure 9 (a) at t = T/8 and Figure 9 (d)
at t = T/8, T/4, and 5T/8. At t = T/8, the eddies occupy the largest area, since this instant is when
the average velocity have the maximum value (Figures 7 and 9). From T/8 until T/2, the flow is
in deceleration; consequently, the velocity decreases and the recirculation zones are reduced.
After t = T/2, the velocity suffers small oscillations. These oscillations are responsible for the
oscillations of the eddies length. This behavior is most easily seen in Figure 9 (a). When t = T, it
starts a new cycle and the fluid enters into a new stage of acceleration, leading to an increase in
velocity which in turn causes a new increase in the recirculation zones. That behavior was
observed in all geometrical configurations represented in Figures 9 and 10. Comparing the
behavior of the different spacers, it should be noted that there is an increase in the area of eddies
from F1 to F4. This increase can be explained by the shape of the spacer filaments. Note that F4 is
the filament with biggest perpendicular area to the flow. In the present study, the distance between
filaments is not sufficiently small to inhibit the growth of eddies. Figure 10 shows the effects of the
cell length, L, on the eddy length for the F4 configuration and maximum average velocity.

We can infer that the length between filaments has no influence on the eddies formation.
Therefore, for all conditions studied, L does not affect the length of the recirculation zones.

The variation of the length eddies during a pulsatile flow modeled by a heartbeat shape
combined with spacer arrangement may lead to better performance of the desalination mem-
brane. Thus, the formation of desirable flow patterns within the membrane can lead to its
better performance, which are in line with literature, for example, Saeed et al. [16].

Figure 8. Average velocity during a period for L = 10 mm with vp = 0 and 0.1 mm/s, for all spacers.
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3.5. Pressure drop per length unit

Figure 11 shows the pressure drop per unit of length (Δp/L) in a cell membrane of desalination
to the both cases, impermeable and semipermeable (vp = 0.1 mm/s) for all spacers and L = 4 mm.

The maximum value of Δp/L occurs at T/8 when the average velocity has its higher value. From
there, the flow goes to a deceleration phase, and thus, there is a decrease in Δp/L until t = 5T/8.
As already mentioned, from that moment, there are small variations in the velocity, which lead

Figure 9. Streamlines during a period T at t = T/8, T/4, 3T/8, T/2, 5T/8, 3T/4, 7T/8 and T for vp = 0 mm/s and L = 4 mm: (a)
F1; (b) F2; (c) F3 and (d) F4.

Figure 10. Streamlines at t = T/8 for F4, vp = 0 mm/s and all values of L.
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to the fluctuation in Δp/L until t = T, when starts a new cycle which will lead to a further
increase in Δp/L. However, Δp/L has a reverse behavior to that observed for velocity, i.e., Δp/L
increases from F1 to F4. This increase can be explained by the geometric shape of the spacer
filaments, that is, F4 is the spacer with bigger transverse area to the flow and consequently
have the geometry with higher resistance to the flow, for that reason is needed a bigger spent
of energy to overcome the resistance forces, due to the higher value of Δp/L.

On the other hand, vp appears to have a small influence in Δp/L. The higher effect is verified for
F4, when t = T/4, with a difference between the impermeable and semipermeable cases of
7.24%. The smallest influence is verified for F2, when t = 5T/8, with a difference of 2.45%
between the two cases under study.

Figure 12 shows the pressure drop per unit of length (Δp/L) in a cell of the desalination
membrane under impermeable and semipermeable (vp = 0.1 mm/s) conditions for all spacers.
From Figure 12, it is possible to infer that with the increase of the distance between the

Figure 12. Pressure drop per unit length for L = 10 mm with vp = 0 and 0.1 mm/s, for all spacers.

Figure 11. Pressure drop per unit length for L = 4 mm with vp = 0 and 0.1 mm/s, for all spacers.
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filaments there is a decrease in Δp/L. This phenomenon can be explained by the increased
distance between filaments, that is, as the spacers are further apart, these offer a smaller
resistance to the flow which is reflected in a smaller value of Δp/L (see e.g. Ref. [17]).

The behaviors and conclusions seen in Figure 11, on the pressure drop per unit length, are also
observed for this case, where L = 10 mm and for the other values of L not shown here. The main
distinction between Figures 11 and 12, which is worth noting, is the difference in the values of
Δp/L for the different filaments. For instance for T/8 and L = 4 mm, the difference of Δp/L
between F1 and F4 is about five times higher than that for L = 10 mm, under the same
conditions.

The results also show that vp have a small influence on Δp/L. The differences observed are due
to the shape of the filaments. The higher relative difference is verified for F2, when t = T/2, with
a difference between the impermeable and semipermeable cases of 4.95%. The lowest relative
difference is verified for F4, at t = 5T/8, with a difference of 1.01% between the two cases under
study.

In general, an energy gain is expected when an inlet heartbeat function is used, compared to
sinusoidal functions because in heartbeat function the flow keeps small fluctuations, at least,
during half cycle, so in this case the pressure gradients developed during a cycle are smaller
than that for a sinusoidal function.

3.6. Wall shear stresses per unit length

Figure 13 presents, for L = 4 mm, the average wall shear stress per unit length (WSS/L) in the
upper wall (impermeable wall) of a desalination membrane for impermeable (vp = 0 mm/s) and
semipermeable cases (vp = 0.1 mm/s). From Figure 13, one can see that for vp = 0.1 mm/s, the
values of WSS/L decrease from F1 to F4, at all instants analyzed. For the impermeable case,

Figure 13. Average wall shear stress per unit length for L = 4 mm with vp = 0 and 0.1 mm/s, for all spacers.
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WSS/L only decreases from F1 to F3. The maximum values are verified at t = T/8, when the
average velocity reaches its maximum values (Figure 5). From that instant WSS/L decreases in
concordance with the average velocity. From T/2, the wall shear stress also presents small
fluctuations.

For studied conditions, vp appears to have small influence in WSS/L. The higher effect is
verified for F4, at t = T/2, with a difference between the impermeable and semipermeable cases
of 5.59%. The smaller influence occurs for F2, at t = T/2, with a difference between the two cases
of 0.57%.

Figure 14 presents, for L = 10 mm, the average wall shear stress per unit length in the upper
wall (impermeable wall) of a desalination membrane to the impermeable and semipermeable
cases for conditions studied. In general, comparing Figures 13 and 14, the behavior ofWSS/L is
similar, with the exception of that for cell length (L = 10 mm), both impermeable and semiper-
meable cases show the same behavior of WSS/L with the type of spacers filaments, that is, for
all instant, analyzed WSS/L decreases from F1 to F4.

TheWSS/L for L = 10 mm also shows that permeability causes a decrease inWSS/L. The higher
effect is verified for F4, at t = T/8, with a difference between the impermeable and semiperme-
able cases of 4.80%. The lesser influence is verified for F1, at t = 5T/8, with a difference between
the two cases of 2.30%.

Comparing the results obtained by Cao et. al. [14] and Sousa et al. [17] with the present results,
one can infer that the use of inlet flux with heartbeat profiles can benefit the membrane
performance because the concentration polarization may be reduced, improving the mass
transfer, once it dynamically changes the boundary layer concentrations and prevents clogging
of the membrane surface.

Figure 14. Average wall shear stress per unit length for L = 10 mm with vp = 0 and 0.1 mm/s, for all spacers.
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4. Conclusions

In this chapter, CFD techniques were used to study the hydrodynamics inside the feeding
channel of a semipermeable membrane in spiral wound configuration. The main goal of this
research was to investigate the effects of a pulsating flow with a profile of a heartbeat on the
hydrodynamics of feed channels of a desalination membrane filled with spacers in zig-zag
arrangements and transverse to the flow. Both membrane impermeable and semipermeable
cases were analyzed. For the semipermeable case, we considered the membrane bottom wall
with a typical permeation rate of 0.1 mm/s. The comparison between the two cases shows that
the permeability has no significant influence on hydrodynamics. On the other hand, the
permeability implies that there is a slight decrease in average velocity, Δp and WSS.

Due to the existence of the filaments in the cell, the velocity profiles are not fully developed. Thus,
depending on spacer type (F1, F2, F3, or F4) and cell length, there is a different characteristic
velocity profile. Analyzing the obtained velocity fields is possible to confirm that the maximum
velocity occurs in themembrane regionbetween the filament and the oppositewall. For F3 andF4,
the shortest distance between consecutive filaments (L = 4 mm) provides eddies that sweep
practically the entire membrane wall downstream of the filament, at t = T/8. The imposed eddies
fluctuation by the pulsatile inflow can promote a reduction in the concentration polarization effect
and reduce the concentration of solute at themembrane surface, which consequently increases the
mass transfer. The reduction in the distance between the filaments increasesWSS/L. The fluctua-
tion inWSS/L can dynamically change the boundary layer concentrations and prevent clogging of
themembrane surface. On the other hand, decreasing thedistance between the filaments increases
Δp/L and this should increase the energy consumption. Thus, a combination of the distance
between filaments, pulsatile inflowandΔp/L is important to optimize separation process.

In summary, this study suggests that the inter-filaments length combined with the flow varia-
tion characteristic of a heartbeat can control the development of concentration polarization,
and thus reduce the probability of fouling and energy consumption in the process, through an
optimization of the recirculation zones.

Nomenclature

F Filament

h Cell height (m)

hf Filament height (m)

g Gravitational acceleration (m s�2)

L Cell length (m)

p Static pressure (Pa)

Δp Pressure drop (Pa)

Re Reynolds number

v Average inlet velocity (m s�1)

vp Permeate velocity (m s�1)
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vh(t) Normalized inlet velocity

vx Velocity component in x-direction (m s�1)

vy Velocity component in y-direction (m s�1)

Desalination42

Author details

Armando A. Soares1,2, João Silva1,2, Eliseu Monteiro2,3 and Abel Rouboa1,2,4*

*Address all correspondence to: rouboa@utad.pt

1 UTAD, University of Trás-os-Montes and Alto Douro, Vila Real, Portugal

2 CIENER-INEGI/University of Porto, Porto, Portugal

3 C3i - Interdisciplinary Center for Research and Innovation, Polytechnic Institute of
Portalegre, Portalegre, Portugal

4 Mechanical Engineering and Mechanics Department, University of Pennsylvania,
Philadelphia, Pennsylvania, USA

References

[1] Tsiourtis NX. Desalination and the environment. Desalination. 2001;141(3):223–236. DOI:
10.1016/s0011-9164(01)85001-3

[2] Baalousha H. Desalination status in the Gaza Strip and its environmental impact. Desali-
nation. 2006;196(1-3):1–12. DOI: 10.1016/j.desal.2005.12.009

[3] Marcovecchio MG, Mussati SF, Aguirre PA, Nicolás JS. Optimization of hybrid desalina-
tion processes including multi stage flash and reverse osmosis systems. Desalination.
2005;182(1):111–122. DOI: 10.1016/j.desal.2005.03.011

[4] Fritzmann C, Löwenberg J, Wintgens T, Melin T. State-of-the-art of reverse osmosis
desalination. Desalination. 2007;216(1-3):1–76. DOI: 10.1016/j.desal.2006.12.009

[5] Bódalo-Santoyo A, Gomez-Carrasco JL, Gomez-Gomez E, Máximo-Martín MF, Hidalgo-
Montesinos AM. Spiral-wound membrane reverse osmosis and the treatment of indus-
trial effluents. Desalination. 2004;160(2):151–158. DOI: 10.1016/S0011-9164(04)90005-7

Pulsating Flow Effects on Hydrodynamics in a Desalination Membrane Filled with Spacers 17

x Longitudinal rectangular coordinate (m)

y Transverse rectangular coordinate (m)

Greek letters

ρ Fluid density (kg m�3)

µ Dynamic viscosity (Pa s)

Acknowledgements

This work was supported by the Portuguese Foundation for Science and Technology under 
UID/SEM/04252/2013

.

Pulsating Flow Effects on Hydrodynamics in a Desalination Membrane Filled with Spacers
http://dx.doi.org/10.5772/intechopen.68777

43



4. Conclusions

In this chapter, CFD techniques were used to study the hydrodynamics inside the feeding
channel of a semipermeable membrane in spiral wound configuration. The main goal of this
research was to investigate the effects of a pulsating flow with a profile of a heartbeat on the
hydrodynamics of feed channels of a desalination membrane filled with spacers in zig-zag
arrangements and transverse to the flow. Both membrane impermeable and semipermeable
cases were analyzed. For the semipermeable case, we considered the membrane bottom wall
with a typical permeation rate of 0.1 mm/s. The comparison between the two cases shows that
the permeability has no significant influence on hydrodynamics. On the other hand, the
permeability implies that there is a slight decrease in average velocity, Δp and WSS.

Due to the existence of the filaments in the cell, the velocity profiles are not fully developed. Thus,
depending on spacer type (F1, F2, F3, or F4) and cell length, there is a different characteristic
velocity profile. Analyzing the obtained velocity fields is possible to confirm that the maximum
velocity occurs in themembrane regionbetween the filament and the oppositewall. For F3 andF4,
the shortest distance between consecutive filaments (L = 4 mm) provides eddies that sweep
practically the entire membrane wall downstream of the filament, at t = T/8. The imposed eddies
fluctuation by the pulsatile inflow can promote a reduction in the concentration polarization effect
and reduce the concentration of solute at themembrane surface, which consequently increases the
mass transfer. The reduction in the distance between the filaments increasesWSS/L. The fluctua-
tion inWSS/L can dynamically change the boundary layer concentrations and prevent clogging of
themembrane surface. On the other hand, decreasing thedistance between the filaments increases
Δp/L and this should increase the energy consumption. Thus, a combination of the distance
between filaments, pulsatile inflowandΔp/L is important to optimize separation process.

In summary, this study suggests that the inter-filaments length combined with the flow varia-
tion characteristic of a heartbeat can control the development of concentration polarization,
and thus reduce the probability of fouling and energy consumption in the process, through an
optimization of the recirculation zones.

Nomenclature

F Filament

h Cell height (m)

hf Filament height (m)

g Gravitational acceleration (m s�2)

L Cell length (m)

p Static pressure (Pa)

Δp Pressure drop (Pa)

Re Reynolds number

v Average inlet velocity (m s�1)

vp Permeate velocity (m s�1)

Desalination16

vh(t) Normalized inlet velocity

vx Velocity component in x-direction (m s�1)

vy Velocity component in y-direction (m s�1)

Desalination42

Author details

Armando A. Soares1,2, João Silva1,2, Eliseu Monteiro2,3 and Abel Rouboa1,2,4*

*Address all correspondence to: rouboa@utad.pt

1 UTAD, University of Trás-os-Montes and Alto Douro, Vila Real, Portugal

2 CIENER-INEGI/University of Porto, Porto, Portugal

3 C3i - Interdisciplinary Center for Research and Innovation, Polytechnic Institute of
Portalegre, Portalegre, Portugal

4 Mechanical Engineering and Mechanics Department, University of Pennsylvania,
Philadelphia, Pennsylvania, USA

References

[1] Tsiourtis NX. Desalination and the environment. Desalination. 2001;141(3):223–236. DOI:
10.1016/s0011-9164(01)85001-3

[2] Baalousha H. Desalination status in the Gaza Strip and its environmental impact. Desali-
nation. 2006;196(1-3):1–12. DOI: 10.1016/j.desal.2005.12.009

[3] Marcovecchio MG, Mussati SF, Aguirre PA, Nicolás JS. Optimization of hybrid desalina-
tion processes including multi stage flash and reverse osmosis systems. Desalination.
2005;182(1):111–122. DOI: 10.1016/j.desal.2005.03.011

[4] Fritzmann C, Löwenberg J, Wintgens T, Melin T. State-of-the-art of reverse osmosis
desalination. Desalination. 2007;216(1-3):1–76. DOI: 10.1016/j.desal.2006.12.009

[5] Bódalo-Santoyo A, Gomez-Carrasco JL, Gomez-Gomez E, Máximo-Martín MF, Hidalgo-
Montesinos AM. Spiral-wound membrane reverse osmosis and the treatment of indus-
trial effluents. Desalination. 2004;160(2):151–158. DOI: 10.1016/S0011-9164(04)90005-7

Pulsating Flow Effects on Hydrodynamics in a Desalination Membrane Filled with Spacers 17

x Longitudinal rectangular coordinate (m)

y Transverse rectangular coordinate (m)

Greek letters

ρ Fluid density (kg m�3)

µ Dynamic viscosity (Pa s)

Acknowledgements

This work was supported by the Portuguese Foundation for Science and Technology under 
UID/SEM/04252/2013

.

Pulsating Flow Effects on Hydrodynamics in a Desalination Membrane Filled with Spacers
http://dx.doi.org/10.5772/intechopen.68777

43



[6] Wangnick K. IDAWorldwide Desalting Plants Inventory. Report No. 17 ed. Gnarrenburg,
Germany: Wangnick Consulting GMBH; 2002

[7] Shakaib M. Pressure and concentration gradients in membrane feed channels: Numerical
and experimental investigations [thesis]. Karachi, Pakistan: University of Engineering
and Technology; 2008. p. 271. Available from: http://prr.hec.gov.pk/Thesis/353S.pdf

[8] Geraldes V, Semião V, Pinho MN. Flow management in nanofiltration spiral wound
modules with ladder-type spacers. Journal of Membrane Science. 2002;203(1.2):87–102.
DOI: 10.1016/s0376-7388(01)00753-0

[9] Schwinge J, Neal PR, Wiley DE, Fletcher DF, Fane AG. Spiral wound modules and
spacers: Review and analysis. Journal of Membrane Science. 2004;242(1-2):129–153. DOI:
10.1016/j.memsci.2003.09.031

[10] Baker RW. Membrane Technology and Applications. 2nd ed. Menlo Park, CA: John Wiley
& Sons, Ltd; 2004. p. 538. DOI: 10.1002/0470020393

[11] Kim S, Hoek EMV. Modeling concentration polarization in reverse osmosis processes.
Desalination. 2005;186(1-3):111–128. DOI: 10.1016/j.desal.2005.05.017

[12] Zimmerer CC, Kottke V. Effects of spacer geometry on pressure drop,mass transfer,
mixing behavior, and residence time distribution. Desalination. 1996;104(1-2):129–134.
DOI: 10.1016/0011-9164(96)00035-5

[13] Ahmad AL, Lau KK. Impact of different spacer filaments geometries on 2D unsteady
hydrodynamics and concentration polarization in spiral wound membrane. Journal of
Membrane Science. 2006;286(1-2):77–92. DOI: 10.1016/j.memsci.2005.06.056

[14] Cao Z, Wiley DE, Fane AG. CFD simulations of net-type turbulence promoters in a
narrow channel. Journal of Membrane Science. 2001;185(2):157–176. DOI: 10.1016/S0376-
7388(00)00643-8

[15] Schwinge J, Wiley DE, Fletcher DF. Simulation of the flow around spacer filaments
between channel walls. 1. Hydrodynamics. Industrial & Engineering Chemistry
Research. 2002;41(12):2977–2987. DOI: 10.1021/ie010588y

[16] Saeed A, Vuthaluru R, Yang Y, Vuthaluru HB. Effect of feed spacer arrangement on flow
dynamics through spacer filled membranes. Desalination. 2012;285:163–169. DOI:
10.1016/j.desal.2011.09.050

[17] Sousa P, Soares A, Monteiro E, Rouboa A. A CFD study of the hydrodynamics in a
desalination membrane filled with spacers. Desalination. 2014;349:22–30. DOI: 10.1016/j.
desal.2014.06.019

[18] Amokrane M, Sadaouia D, Dudeckb M, Koutsouc CP. New spacer designs for the perfor-
mance improvement of the zigzag spacer configuration in spiral-wound membrane mod-
ules. Desalination and Water Treatment. 2015;57(12):5266–5274. DOI: 10.1080/19443994.2
015.1022003

Desalination44

[19] Al-Bastaki N, Abbas A. Use of fluid instabilities to enhance membrane performance: a
review. Desalination. 2001;136(1-3):255–262. DOI: 10.1016/S0011-9164(01)00188-6

[20] Lau KK, Bakar AMZ, Ahmad AL, Murugesan T. Feed spacer mesh angle: 3D modeling,
simulation and optimization based on unsteady hydrodynamic in spiral wound mem-
brane channel. Journal of Membrane Science. 2009;343(1):16–33. DOI: 10.1016/j.
memsci.2009.07.001

[21] Silva JC, Soares AA, Rouboa A. A numerical study of the hydrodynamics in feed chan-
nels of spiral-wound membrane modules. MEFTE. 2014; 227–232. In: APMTAC, editor.
MEFTE 2014—V Conferência Nacional de Mecânica dos Fluidos, Termodinâmica e
Energia; 11-12 Set 2014; Porto, Portugal. Porto: FEUP; 2014. p. 227–232

[22] Subramani A, Kim S, Hoek E. Pressure, flow, and concentration profiles in open and
spacer-filled membrane channels. Journal of Membrane Science. 2006;277(1):7–17. DOI:
10.1016/j.memsci.2005.10.021

[23] Fimbres-Weihs GA, Wiley DE. Review of 3D CFD modeling of flow and mass transfer in
narrow spacer-filled channels in membrane modules. Chemical Engineering and
Processing: Process Intensification. 2010;49(7):759–781. DOI: 10.1016/j.cep.2010.01.007

[24] Radu AI, Bergwerff L, Loosdrecht MCM, Picioreanu C. A two-dimensional mechanistic
model for scaling in spiral wound membrane systems. Chemical Engineering Journal.
2014;241(1):77–91. DOI: 10.1016/j.cej.2013.12.021

Pulsating Flow Effects on Hydrodynamics in a Desalination Membrane Filled with Spacers
http://dx.doi.org/10.5772/intechopen.68777

45



[6] Wangnick K. IDAWorldwide Desalting Plants Inventory. Report No. 17 ed. Gnarrenburg,
Germany: Wangnick Consulting GMBH; 2002

[7] Shakaib M. Pressure and concentration gradients in membrane feed channels: Numerical
and experimental investigations [thesis]. Karachi, Pakistan: University of Engineering
and Technology; 2008. p. 271. Available from: http://prr.hec.gov.pk/Thesis/353S.pdf

[8] Geraldes V, Semião V, Pinho MN. Flow management in nanofiltration spiral wound
modules with ladder-type spacers. Journal of Membrane Science. 2002;203(1.2):87–102.
DOI: 10.1016/s0376-7388(01)00753-0

[9] Schwinge J, Neal PR, Wiley DE, Fletcher DF, Fane AG. Spiral wound modules and
spacers: Review and analysis. Journal of Membrane Science. 2004;242(1-2):129–153. DOI:
10.1016/j.memsci.2003.09.031

[10] Baker RW. Membrane Technology and Applications. 2nd ed. Menlo Park, CA: John Wiley
& Sons, Ltd; 2004. p. 538. DOI: 10.1002/0470020393

[11] Kim S, Hoek EMV. Modeling concentration polarization in reverse osmosis processes.
Desalination. 2005;186(1-3):111–128. DOI: 10.1016/j.desal.2005.05.017

[12] Zimmerer CC, Kottke V. Effects of spacer geometry on pressure drop,mass transfer,
mixing behavior, and residence time distribution. Desalination. 1996;104(1-2):129–134.
DOI: 10.1016/0011-9164(96)00035-5

[13] Ahmad AL, Lau KK. Impact of different spacer filaments geometries on 2D unsteady
hydrodynamics and concentration polarization in spiral wound membrane. Journal of
Membrane Science. 2006;286(1-2):77–92. DOI: 10.1016/j.memsci.2005.06.056

[14] Cao Z, Wiley DE, Fane AG. CFD simulations of net-type turbulence promoters in a
narrow channel. Journal of Membrane Science. 2001;185(2):157–176. DOI: 10.1016/S0376-
7388(00)00643-8

[15] Schwinge J, Wiley DE, Fletcher DF. Simulation of the flow around spacer filaments
between channel walls. 1. Hydrodynamics. Industrial & Engineering Chemistry
Research. 2002;41(12):2977–2987. DOI: 10.1021/ie010588y

[16] Saeed A, Vuthaluru R, Yang Y, Vuthaluru HB. Effect of feed spacer arrangement on flow
dynamics through spacer filled membranes. Desalination. 2012;285:163–169. DOI:
10.1016/j.desal.2011.09.050

[17] Sousa P, Soares A, Monteiro E, Rouboa A. A CFD study of the hydrodynamics in a
desalination membrane filled with spacers. Desalination. 2014;349:22–30. DOI: 10.1016/j.
desal.2014.06.019

[18] Amokrane M, Sadaouia D, Dudeckb M, Koutsouc CP. New spacer designs for the perfor-
mance improvement of the zigzag spacer configuration in spiral-wound membrane mod-
ules. Desalination and Water Treatment. 2015;57(12):5266–5274. DOI: 10.1080/19443994.2
015.1022003

Desalination44

[19] Al-Bastaki N, Abbas A. Use of fluid instabilities to enhance membrane performance: a
review. Desalination. 2001;136(1-3):255–262. DOI: 10.1016/S0011-9164(01)00188-6

[20] Lau KK, Bakar AMZ, Ahmad AL, Murugesan T. Feed spacer mesh angle: 3D modeling,
simulation and optimization based on unsteady hydrodynamic in spiral wound mem-
brane channel. Journal of Membrane Science. 2009;343(1):16–33. DOI: 10.1016/j.
memsci.2009.07.001

[21] Silva JC, Soares AA, Rouboa A. A numerical study of the hydrodynamics in feed chan-
nels of spiral-wound membrane modules. MEFTE. 2014; 227–232. In: APMTAC, editor.
MEFTE 2014—V Conferência Nacional de Mecânica dos Fluidos, Termodinâmica e
Energia; 11-12 Set 2014; Porto, Portugal. Porto: FEUP; 2014. p. 227–232

[22] Subramani A, Kim S, Hoek E. Pressure, flow, and concentration profiles in open and
spacer-filled membrane channels. Journal of Membrane Science. 2006;277(1):7–17. DOI:
10.1016/j.memsci.2005.10.021

[23] Fimbres-Weihs GA, Wiley DE. Review of 3D CFD modeling of flow and mass transfer in
narrow spacer-filled channels in membrane modules. Chemical Engineering and
Processing: Process Intensification. 2010;49(7):759–781. DOI: 10.1016/j.cep.2010.01.007

[24] Radu AI, Bergwerff L, Loosdrecht MCM, Picioreanu C. A two-dimensional mechanistic
model for scaling in spiral wound membrane systems. Chemical Engineering Journal.
2014;241(1):77–91. DOI: 10.1016/j.cej.2013.12.021

Pulsating Flow Effects on Hydrodynamics in a Desalination Membrane Filled with Spacers
http://dx.doi.org/10.5772/intechopen.68777

45



Chapter 3

Desalination: A Means of Increasing Irrigation Water

Sources for Sustainable Crop Production

OrevaOghene Aliku

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69312

Abstract

Globally, water resources for agricultural production have been on the decline. This is 
associated with increase in water demand over limited resources and poor quality water 
that adversely affects crop quality and yield and deteriorates soil properties. Even though 
soil salinity has been affecting agriculture for thousands of years, significant research has 
been conducted only in the past 100 years. Desalination, which is the process of reduc‐
ing the salt content in water to an acceptable level, could be an alternative for improving 
water quality, thereby increasing water sources and reducing the competition among 
various users of water. Thus, desalination could lead to improved crop quality, improved 
crop yield, enhanced all‐year round crop production, and as such become an important 
tool for effective agricultural water management.

Keywords: salinity, reverse osmosis, forward osmosis, irrigation water, crop production

1. Introduction

As more than 60% of rainfall, the primary source of water for agriculture is lost to evapotrans‐
piration [1], with the continuous increase in human population and its resultant increase in 
water demand which is expected to nearly double its size in the next 50 years, the exploitation 
of the available water resources and the advent of climate change with its global warming 
effect on available water for crop production, the search for new, sustainable and drought‐
proof water resources is inevitable [2]. He further stated that since agricultural activities con‐
sume more than 60% of the total water demand, using treated wastewater for irrigation can 
reduce depletion of groundwater significantly. In Refs. [1, 3], it was stated that water‐scarce 
countries especially the Middle East countries located in the arid and semi‐arid zones will 
have to rely more on the use of non‐conventional irrigation water resources such as saline 
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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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aquifers to partly alleviate water scarcity. Although, the present freshwater resources may 
soon be insufficient to meet the growing demand for food [4], most of these drought‐proof 
water resources contain dissolved solids and chemicals such as salts. The application of these 
water resources for irrigation purposes often result to the detrimental effect of salinization of 
soils, environmental degradation and low crop yield.

Salinization is one of the land degradation processes rendering millions of hectares of land 
unproductive for crop cultivation. It was stated in Ref. [5] that salinization is one of the 
most serious land degradation problems facing the world. According to El‐Swaify [6], salin‐
ity is when an ‘excessive’ amount or concentration of soluble salts occurs in the soil, either 
naturally or as a result of mismanaged irrigation water. Although, he further reported that 
salt‐affected soils are most abundant in arid regions worldwide, the extent of saline soils is 
variable [7], whereas Yan et al. [5] stated that soil salinity vary in time and space. Salts are 
often introduced into soil and water systems via the use of excessive inorganic fertilizers 
which are leached or washed away as runoff into underground water bodies used for irriga‐
tion purposes. According to El‐Swaify [6], salts in soil and irrigation water may be either natu‐
rally present as products of geochemical weathering of rocks and parent materials or derived 
directly from sea water flooding, spray or intrusion into groundwater sources and/or caused 
by irrigation mismanagement, particularly when internal soil drainage is impeded. Due to 
the presence of salts, most saline lands are virtually uncultivated in the dry season because 
of strong salinity and lack of water in good quality and quantity [7]. According to Gleick [8], 
almost half of the human population suffers insufficient access to portable water, and water 
scarcity in agriculture has been considered to be a global crisis [9].

Hence, desalination, which is any process that removes salt from water [10] to produce desali‐
nized water, is increasingly considered a source of water for agriculture [4]. Even though soil 
salinity has been affecting agriculture for thousands of years, significant research has been 
conducted only in the past 100 years [11]. Thus, this review highlights some of the effects of 
salinity on soil and crop growth and yield, and some possible methods of desalinization of 
water and soil resources for optimum utilization in a crop production system.

2. Effects of salinity on soil and crop

Different salts, cations and anions vary in their effects on plants and soils, and as such differ‐
ences in ionic compositions of soil solutions and waters with similar electrical conductivity 
values may lead to dissimilar effects [6]. Salinity may adversely affect soil structure and other 
physical properties, and this could finally be transmitted to crop growth and development. 
For instance, the breakdown of soil structure can exacerbate salt effects on crops through 
increased surface crusting, germination inhibition and reduced permeability, porosity and 
aeration [6]. In Ref. [12], it was reported that soil infiltration rate was greatly affected by 
sodicity and electrolyte concentration of the irrigation water. In Ref. [13], it was reported that 
increasing salinity and sodicity resulted in a progressively smaller, more stressed microbial 
community which was less metabolically efficient. Saline soils have been reported to contain 
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sufficient salts at the root zone to impair crop growth [7]. Also, Corwin et al. [14] noted salin‐
ity as one of the most significant soil properties influencing cotton yield in a response model. 
In Ref. [15], it was reported that the emergence of sunflower and maize was affected by salin‐
ity and that the higher the salinity, the lower the leaf area and the dry matter production.

2.1. Desalination

Desalination describes a range of processes which are used to reduce the amount of dissolved 
solids in water [16]. Also, Nofal [17] defined desalination as the removal of excess salt and 
other minerals from water in order to get fresh water suitable for drinking water, animal 
consumption and irrigation purposes. It is used to produce clean water from water sources 
containing dissolved chemicals, and in most cases, water sources are salty, producing fresh 
water from sea water or brackish water [16]. They further stated that natural waters may 
be classified approximately according to their total dissolved solid (TDS) values as listed in 
Table 1. Desalination is a water saving alternative to brackish water irrigation even though its 
diffusion as a viable method of water treatment has been limited by high costs and concern 
about the lack of plant nutrients in desalinated water [17]. In Ref. [4], it was also confirmed 
that desalination not only separates the undesirable salts from the water but also removes 
ions that are essential to plant growth. Although, a recent report concludes that the costs of 
desalination remain prohibitively expensive for full use by irrigated agriculture [18], for high 
value cash crops like green‐house vegetables and flowers, its use may be economically fea‐
sible [4]. According to Smith and Shaw [16], low‐cost methods of desalination by distillation 
are also available.

2.2. Prospects of desalinized water for agriculture

Due to the impact of climate change which has led to uncertainty in the amount and duration 
of rainfall for crop production, 69% of global water supply is being channelled for irrigation 
purpose [19]. As a result, present fresh water resources may soon be insufficient to meet the 
growing demand for food [4]. Although, at present, sea water desalination provides 1% of 
the world’s drinking water, desalinized water is increasingly considered a source of water 
for agriculture [4]. In some countries, farmers have already adopted the use of desalinized 

Type of water Total dissolved solids (mg/L)

Sweet waters 0–1000

Brackish waters 1000–5000

Moderately saline waters 5000–10,000

Severely saline waters 10,000–30,000

Seawater More than 30,000

Source: Smith and Shawerji [16].

Table 1. Classes of natural waters.
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brackish water for crop production. For instance, Mechell and Lesikar [20] reported that 
∼22% of water desalinated in Spain are used for agricultural irrigation purposes, whereas an 
Australian survey found that 53% of the population envisioned desalinated water usage for 
irrigation of vegetables as highly likely.

2.3. Benefits of desalination

Desalination is a water saving alternative to brackish water irrigation [17]. By implication, 
it could increase the possible sources of water for irrigation, and as such enhance sustain‐
able all‐year round crop production. According to Ref. [4], the low level of salinity of desali‐
nized water is an extra benefit, because the salts [especially Sodium (Na+) and Chlorine (Cl−)] 
damage soils, stunt plant growth and harm the environment. Hence, desalinized water could 
improve the quality of irrigation water thereby reducing the possibilities of the incidence of 
soil salinity with its consequent adverse effect on crop growth and yield via its deteriorat‐
ing effects on soil properties. Furthermore, desalination could increase the size of land area 
for cultivation, the number of crops (including salt sensitive crops) cultivated, improve crop 
quality, increase crop productivity and increase the broad band of water use for other pur‐
poses [17]. Desalination has been reported to improve farmers’ income [17].

2.4. Techniques in desalination

According to Refs. [10, 21], techniques used in a desalination process essentially separates 
saline water into two parts, hence, two streams of water are produced.

(a) Treated water that has low concentrations of salts and minerals.

(b) Concentrate or brine, which has salt and mineral concentrations higher than that of 
the pre‐treated water.

It is often associated with electrical generation plants, from which both electricity and waste 
heat are available [16]. Some of these desalination methods could be relatively expensive, 
whereas others such as desalination by distillation could be low‐cost methods. According 
to Refs. [10, 21], the two major types of technologies used for desalination can be broadly 
classified into thermal technologies (multi‐stage flash distillation, multi‐effect distillation and 
vapour compression distillation) and membrane technologies (electrodialysis/electrodialysis 
reversal and reverse osmosis), with reverse osmosis, and distillation followed by condensa‐
tion being two main desalination methods [16]. In Ref. [10], it was stated that both technolo‐
gies need energy to operate and produce fresh water. However, the most appropriate method 
can be selected on the basis of the total dissolved solids (TDS) value of the raw water (Table 2).

2.5. Thermal technologies

These technologies involve the eating of saline water and collecting the condensed vapour distil‐
late to produce pure water [10]. In Ref. [21], it was reported that thermal distillation technologies 
are widely used in the Middle East, primarily because the region’s petroleum reserves keep 
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energy cost low. However, thermal technologies have rarely been used for brackish water desali‐
nation, because of the high cost involved [10]. According to Refs. [6, 21], thermal technologies are 
grouped into three major large scale processes, i.e., multi‐stage flash distillation (MSF), multi‐
effect distillation (MED) and vapour compression distillation (VCD). They stated that solar dis‐
tillation, which is another thermal technology, is typically used for very small production rates.

2.5.1. Multi‐stage flash distillation (MSF)

This process of distillation involves the use of several (multi‐stage) chambers [10]. According 
to Ref. [21], this process sends the pre‐treated saline water through multiple chambers as 
illustrated in Figure 1 [22]. In the MSF process, each successive stage of the plant operates at 
progressively lower pressures. In Ref. [21], it was explained that the pre‐treated saline water is 
heated and compressed to a high temperature and high pressure, and the pressure is reduced 
as the water progressively passes through the chambers, causing the water to rapidly boil. In 
other words, the pre‐treated water is first heated under high pressure as it is passed into the 
first ‘flash chamber', where the pressure is released, causing the water to boil rapidly, result‐
ing in sudden evaporation or ‘flashing', which continues in each successive stage, because the 
pressure at each stage is lower than that of the previous stage [10]. The vapour produced by 
the flashing is then condensed on a heat exchanger tubing that runs through each stage and 
collected as fresh water. Generally, only a small percentage of the pre‐treated saline water is 
converted into vapour and condensed [10].

2.5.2. Multi‐effect distillation (MED)

The MED process has been used since the late 1950s and the early 1960s [10]. According to 
Ref. [21], the MED employs the same principles as the MSF process except that instead of 
using multiple chambers of a single vessel, MED uses successive vessels (Figure 2), i.e., MED 
occurs in a series of vessels, using the principles of evaporation and condensation at reduced 
ambient pressure [21]. Here, water is produced by a series of evaporator vessels at progres‐
sively lower pressures. Water boils at lower temperatures as pressure decreases, such that the 
water vapour of the first vessel serves as the heating medium for the second, and so on [10]. 
According to Ref. [21], the multiple vessels make the MED process more efficient, while [10] 
stated that the more the vessels, the higher the performance ratio of the MED.

Process Total dissolved solid value (mg/L)

Ion exchange (not described here) 500–1000

Electrodialysis 500–3000

Reverse osmosis (standard membranes) 500–5000

Reverse osmosis (high‐resistance membranes) Over 5000

Distillation Over 30,000

Source: Smith and Shawerji [16].

Table 2. Suitability of desalination process based on the total dissolved solids.
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nation, because of the high cost involved [10]. According to Refs. [6, 21], thermal technologies are 
grouped into three major large scale processes, i.e., multi‐stage flash distillation (MSF), multi‐
effect distillation (MED) and vapour compression distillation (VCD). They stated that solar dis‐
tillation, which is another thermal technology, is typically used for very small production rates.

2.5.1. Multi‐stage flash distillation (MSF)

This process of distillation involves the use of several (multi‐stage) chambers [10]. According 
to Ref. [21], this process sends the pre‐treated saline water through multiple chambers as 
illustrated in Figure 1 [22]. In the MSF process, each successive stage of the plant operates at 
progressively lower pressures. In Ref. [21], it was explained that the pre‐treated saline water is 
heated and compressed to a high temperature and high pressure, and the pressure is reduced 
as the water progressively passes through the chambers, causing the water to rapidly boil. In 
other words, the pre‐treated water is first heated under high pressure as it is passed into the 
first ‘flash chamber', where the pressure is released, causing the water to boil rapidly, result‐
ing in sudden evaporation or ‘flashing', which continues in each successive stage, because the 
pressure at each stage is lower than that of the previous stage [10]. The vapour produced by 
the flashing is then condensed on a heat exchanger tubing that runs through each stage and 
collected as fresh water. Generally, only a small percentage of the pre‐treated saline water is 
converted into vapour and condensed [10].

2.5.2. Multi‐effect distillation (MED)

The MED process has been used since the late 1950s and the early 1960s [10]. According to 
Ref. [21], the MED employs the same principles as the MSF process except that instead of 
using multiple chambers of a single vessel, MED uses successive vessels (Figure 2), i.e., MED 
occurs in a series of vessels, using the principles of evaporation and condensation at reduced 
ambient pressure [21]. Here, water is produced by a series of evaporator vessels at progres‐
sively lower pressures. Water boils at lower temperatures as pressure decreases, such that the 
water vapour of the first vessel serves as the heating medium for the second, and so on [10]. 
According to Ref. [21], the multiple vessels make the MED process more efficient, while [10] 
stated that the more the vessels, the higher the performance ratio of the MED.

Process Total dissolved solid value (mg/L)

Ion exchange (not described here) 500–1000

Electrodialysis 500–3000

Reverse osmosis (standard membranes) 500–5000

Reverse osmosis (high‐resistance membranes) Over 5000

Distillation Over 30,000

Source: Smith and Shawerji [16].

Table 2. Suitability of desalination process based on the total dissolved solids.
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2.5.3. Vapour compression distillation (VCD)

The VCD can function independently or in combination with other thermal distillation pro‐
cesses such as the MED [10, 21]. According to Ref. [23], the heat for evaporating the pre‐
treated saline water comes from the compression of vapour, rather than the direct exchange 
of heat from steam produced in a boiler (Figure 3). It usually involves the use of a mechanical 
compressor to generate heat for evaporation [10]. Vapour compression distillation unit are 
commonly used to produce fresh water for small‐ to medium‐scale purposes such as resorts, 
hotels and industrial applications [21].

2.5.4. Solar distillation

This involves the use of solar energy for water desalination as shown in Figure 4. Also, Buros 
[21] stated that although the designs of solar distillation units vary greatly, the basic prin‐
ciples are the same. They explained that the sun provides the energy to evaporate the saline 
water, and the water vapour formed from the evaporation process then condenses on a clear 
glass covering before it is collected as fresh water in the condensate trough. The clear glass or 

Figure 1. An illustration of the multi‐stage flash distillation (MSF) process (Source: Buros, 1990).

Figure 2. A schematic diagram of a multi‐effect distillation (MED) process (Source: [22]).
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plastic covering is used to transmit radiant energy and also to allow water vapour to condense 
on its interior surface before it is collected as fresh water. Alike VCD, solar desalination is 
generally used for small‐scale operations [21].

2.6. Membrane technologies

According to Ref. [21], there are several membrane treatment processes, including reverse 
osmosis, nanofiltration, ultrafiltration and microfiltration. These processes involve the use of 
a barrier, which is a membrane, and a driving force. The membranes contain pores which dif‐
fer in sizes according to the type of process (Figure 5). It was explained in Ref. [21] that mem‐
brane technologies often require that the water undergo chemical and physical pre‐treatment 

Figure 3. An example of a vapour compression distillation (VCD) process (Source: [22]).

Figure 4. An example of a solar still distillation process (Source: [22]).
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to limit blockage by debris and scale formation on the membrane surfaces. The general char‐
acteristics of membrane processes are presented in Table 3. Membrane technologies can be 
subdivided into two broad categories: electrodialysis/electrodialysis reversal (ed/edr) and 
reverse osmosis (RO) [10]. According to Ref. [21], the driving force used in electrodialysis 
or electrodialysis reversal is an electrical potential, whereas that used in reverse osmosis is a 
pressure gradient.

2.6.1. Electrodialysis and electrodialysis reversal (ED/EDR)

This is a voltage‐driven membrane process in which an electrical potential is used to move 
salts through a membrane, leaving fresh water behind as product water [10]. In Ref. [21], it 
was explained that the membrane used for ED/EDR are built in such a way that they only 
allow passage of either positively or negatively charged ions, but not both. Here, ionic mol‐
ecules, such as sodium, chloride, calcium and carbonate in saline water, that are known to 
cause adverse effects on soil and crop productivity are removed from the treated water as the 
cations are attracted to the negative electrode, whereas the anions are attracted to the positive 
electrode while passing through selected membranes. According to Ref. [10], the membranes 
are usually arranged in an alternate pattern, with anion‐selective membrane followed by a 
cation‐selective membrane. He further explained that during this process, the salt content 
of the water channel is diluted, while concentrated solutions are formed at the electrodes. 
Concentrated and diluted solutions are created in the spaces between the alternating mem‐
branes, and these spaces bound by two membranes are called cells [10]. The pre‐treated saline 

Figure 5. An illustration of the range of nominal membrane pore sizes for reverse osmosis (RO), nanofiltration (NF), 
ultrafiltration (UF), and microfiltration (MF) (Source: [23]).
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water passes through all the cells simultaneously to provide a continuous flow of desalinated 
water and a steady stream of concentrate from the stack [10]. Although the ED was originally 
conceived as a seawater desalination process, it has generally been used for brackish water 
desalination [10].

According to Refs. [10, 21], the EDR functions in a similar way as the ED. However, El‐Swaify 
[6] explained that the only exception to the EDR operating on the same general principle as the 
ED unit is that both the product and the concentrate channels are identical in the EDR, whereas 
Buros [21] also explained that the polarity or charge of the electrodes is switched periodically 
in the reverse process. Immediately following reversal, the product water is removed until 
the lines are flushed out and the desired water quality restored [10]. They explained that the 
reversal in flow of ions helps to remove scaling, slimes and other debris from the membranes 
before they accumulate in large amount, thus extending the system’s operating life.

Membrane 
process

Membrane 
driving force

Typical 
separation 
mechanism

Operating 
structure (pore 
size)

Typical 
operating 
range (μm)

Permeate 
description

Typical constituents 
removed

Microfiltration Hydrostatic 
pressure 
difference or 
vacuum in 
open vessels

Sieve Macropores 
(>50 nm)

0.08–2.0 Water + 
dissolved 
solutes

TSS, turbidity, 
protozoan oocysts 
and cysts, some 
bacteria and viruses

Ultrafiltration Hydrostatic 
pressure 
difference

Sieve Mesopores 
(2–50 nm)

0.005–0.2 Water + small 
molecules

Macromolecules, 
colloids, most 
bacteria, some 
viruses, proteins

Nanofiltration Hydrostatic 
pressure 
difference

Sieve + 
solution/
diffusion + 
exclusion

Micropores 
(<2 nm)

0.001–0.01 Water + 
very small 
molecules, 
ionic solutes

Small molecules, 
some hardness, 
viruses

Reverse osmosis Hydrostatic 
pressure 
difference

Solution/
diffusion + 
exclusion

Dense (<2 nm) 0.0001– 0.001 Water + 
very small 
molecules, 
ionic solutes

Very small 
molecules, colour, 
hardness, sulfates, 
nitrate, sodium, 
other ions

Dialysis Concentration 
difference

Diffusion Mesopores 
(2–50 nm)

– Water + small 
molecules

Macromolecules, 
colloids, most 
bacteria, some 
viruses, proteins

Electrodialysis Electromotive 
force

Ion 
exchange 
with 
selective 
membranes

Micropores 
(<2 nm)

– Water + ionic 
solutes

Ionized salt ions

Source: Metcalf and Eddy [22].

Table 3. General characteristics of membrane processes.

Desalination: A Means of Increasing Irrigation Water Sources for Sustainable Crop Production
http://dx.doi.org/10.5772/intechopen.69312

55



to limit blockage by debris and scale formation on the membrane surfaces. The general char‐
acteristics of membrane processes are presented in Table 3. Membrane technologies can be 
subdivided into two broad categories: electrodialysis/electrodialysis reversal (ed/edr) and 
reverse osmosis (RO) [10]. According to Ref. [21], the driving force used in electrodialysis 
or electrodialysis reversal is an electrical potential, whereas that used in reverse osmosis is a 
pressure gradient.

2.6.1. Electrodialysis and electrodialysis reversal (ED/EDR)

This is a voltage‐driven membrane process in which an electrical potential is used to move 
salts through a membrane, leaving fresh water behind as product water [10]. In Ref. [21], it 
was explained that the membrane used for ED/EDR are built in such a way that they only 
allow passage of either positively or negatively charged ions, but not both. Here, ionic mol‐
ecules, such as sodium, chloride, calcium and carbonate in saline water, that are known to 
cause adverse effects on soil and crop productivity are removed from the treated water as the 
cations are attracted to the negative electrode, whereas the anions are attracted to the positive 
electrode while passing through selected membranes. According to Ref. [10], the membranes 
are usually arranged in an alternate pattern, with anion‐selective membrane followed by a 
cation‐selective membrane. He further explained that during this process, the salt content 
of the water channel is diluted, while concentrated solutions are formed at the electrodes. 
Concentrated and diluted solutions are created in the spaces between the alternating mem‐
branes, and these spaces bound by two membranes are called cells [10]. The pre‐treated saline 

Figure 5. An illustration of the range of nominal membrane pore sizes for reverse osmosis (RO), nanofiltration (NF), 
ultrafiltration (UF), and microfiltration (MF) (Source: [23]).

Desalination54

water passes through all the cells simultaneously to provide a continuous flow of desalinated 
water and a steady stream of concentrate from the stack [10]. Although the ED was originally 
conceived as a seawater desalination process, it has generally been used for brackish water 
desalination [10].

According to Refs. [10, 21], the EDR functions in a similar way as the ED. However, El‐Swaify 
[6] explained that the only exception to the EDR operating on the same general principle as the 
ED unit is that both the product and the concentrate channels are identical in the EDR, whereas 
Buros [21] also explained that the polarity or charge of the electrodes is switched periodically 
in the reverse process. Immediately following reversal, the product water is removed until 
the lines are flushed out and the desired water quality restored [10]. They explained that the 
reversal in flow of ions helps to remove scaling, slimes and other debris from the membranes 
before they accumulate in large amount, thus extending the system’s operating life.
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process
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separation 
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pressure 
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(2–50 nm)

– Water + small 
molecules

Macromolecules, 
colloids, most 
bacteria, some 
viruses, proteins

Electrodialysis Electromotive 
force

Ion 
exchange 
with 
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membranes

Micropores 
(<2 nm)

– Water + ionic 
solutes

Ionized salt ions
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Figure 6. Basic components of a reverse osmosis membrane treatment process (Source: [21]).

2.6.2. Reverse osmosis

In relation to thermal processes, reverse osmosis is a relatively new process that was com‐
mercialized in the 1970s [10, 24]. Currently, it is the most widely used method for desalination 
in the United States [10]. This process of desalination uses a pressure gradient as the driv‐
ing force to move high pressure pre‐treated saline water through a membrane that prevents 
the salt ions from passing, thus, yielding the product water stream and a concentrated brine 
stream as shown in Figure 6, respectively [10, 21]. In other words, reverse osmosis utilizes 
hydraulic pressure to offset osmotic pressure and induces mass transport of water across a 
semi‐permeable membrane [25]. This is simply applying pressure (in excess of the osmotic 
pressure) to the saline water [16]. Osmotic pressure (π) is calculated using the Van’t Hoff 
equation:

  π  = MRT  (1)

where M is the molar concentration of dissolved species; R is the ideal gas constant and T is 
the temperature on the Kelvin scale.

According to Ref. [10], high pressure pumps supply the pressures between the range of 
150 psi for slightly brackish water to 800–1000 psi for salt water, to enable the water to pass 
through the membrane and have the salt rejected. It is worthy to note that the membrane is 
easily torn and needs to be supported carefully [16]. Due to the fact that the membrane of 
the reverse osmosis process consists of small pores, the salt water needs to be filtered first 
to remove particles which might damage the membranes, while chemical additives may be 
added to prevent biological growth and scaling [16, 21]. This is very important as the mem‐
brane surfaces must remain clean [10].

The individual spiral reverse osmosis membrane element through which the high pressure 
pre‐treated saline water flows are constructed in a concentric spiral pattern that allow alter‐
nating layers of pre‐treated water and brine spacing, reverse osmosis membrane and a porous 
product water carrier (Figure 7) [21]. The porous product water carrier allows the fresh water 
to flow into the centre of the membrane element to be collected in the product water tube. 
According to Ref. [10], the reverse osmosis processes are used for desalinating brackish water 
(TDS > 1500 mg/L) and seawater. Although membrane desalination processes using reverse 
osmosis or nanofiltration are diffusion‐controlled membrane processes [25], also, Krishna [10] 
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explained that unlike nanofiltration, which is a membrane process that is used for the removal 
of divalent salt ions such as calcium, magnesium and sulphate, reverse osmosis is used for the 
removal of sodium and chloride.

According to Ref. [26], following mass balance equations are commonly used to describe 
reverse osmosis and nanofiltration membrane process performance. Equation (2) indicates 
mass balance for water flow:

   Q  f    ρ  f   =   Q  p    ρ  p   +    Q  c    ρ  c    (2)

where Qf is feedwater flow rate (m3/d); ρf is density of feedwater; Qp is permeate flow rate 
(m3/d); ρp is density of permeate; Qc is concentrate flow rate (m3/d) and ρc is density of 
concentrate.

Equation (3) describes mass balance for solute flux:

   Q  f    C  f   =  Q  p    C  p   +  Q  c    C  c    (3)

where Cf is feedwater solute concentration, units of mass per volume (mg/L); Cp is permeate 
solute concentration, units of mass per volume (mg/L) and Cc is concentrate solute concentra‐
tion, units of mass per volume (mg/L).

2.6.3. Forward osmosis

Forward osmosis is used to describe the use of osmosis as a salt‐water separation mecha‐
nism through an engineered membrane. It is an emerging membrane treatment process that 
belongs to the class of osmotically driven membrane processes [25]. It was first presented by 
Cath et al. [27] and could also be called direct osmosis. Unlike reverse osmosis where pressure 
is applied to the pre‐treated saline water and a low salinity permeate is produced, forward 
osmosis involves a semi‐permeable membrane which separates a high osmotic pressure ‘draw’ 

Figure 7. Dissected view of a spiral reverse osmosis membrane element (Source: [22]).
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solution from the pre‐treated saline water with relatively lower salinity and osmotic pressure. 
Here, water is drawn across the membrane by natural osmosis, restricting the passage of salts 
at the membrane surface. In Ref. [25], it explained that when equal volumes of a dilute feed 
solution and a concentrated draw solution are separated by a semi‐permeable membrane, 
water flows into the concentrated draw solution, which has a higher osmotic pressure. This 
flow continues until chemical equilibrium is reached. The increase in water column height in 
the high osmotic pressure chamber at equilibrium equates to the difference in osmotic pres‐
sure between the dilute and concentrated solutions. Thus, forward osmosis uses the osmotic 
pressure differential (Δπ) across the membrane, rather than the hydraulic pressure differential 
as in reverse osmosis, as the driving force for transport of water through the membrane. The 
transport of water in forward osmosis is described in Eq. (4):

   J  W   =  K  W  (σΔπ − ΔP )  (4)

where JW = water flux; Δπ is differential osmotic pressure across the membrane; KW is water 
permeability coefficient of the membrane; σ is reflection coefficient (a measure of the relative 
permeability of a particular membrane to a particular solute) and ΔP is differential applied 
pressure across the membrane.

Past research has shown that forward osmosis membranes are good barriers to a broad range 
of contaminants, including bacteria, protozoa, viruses and other dissolved organic and inor‐
ganic constituents in contaminated water [27]. Also, in comparison to other desalination pro‐
cesses such as the multi‐stage flash, multi‐effect distillation and reverse osmosis, McGinnis 
and Elimelech [28] estimated that the forward osmosis has relatively lowest relative energy 
consumption (Figure 8). The authors estimated that forward osmosis with a thermally decom‐
posing draw solution [such as in the forward osmosis low temperature distillation (FO‐LT) 
process which incorporates the use of low‐quality heat for thermal decomposition of the draw 
solution and recovery using distillation columns] would use less than one‐third the work 
energy of reverse osmosis for desalination.

2.7. Application of desalinated water in irrigated agriculture

According to Ref. [1], the amount of fresh groundwater or agricultural activities is negligible 
and exists only in some locations. He further stated that desalination of brackish and saline 
water seems to be promising, especially in the absence of any other alternative. In spite of this, 
the cost of desalinated water are still too high for full use of this resource in irrigated agricul‐
ture, with the exception of intensive horticulture or high‐value cash crops, such as vegetables 
and flowers grown in greenhouses [29]. In Refs. [1, 29], reverse osmosis was reported to be the 
preferred desalination technology for agricultural uses because of the cost reductions driven 
by improvements in membranes in recent years. An example of countries that have adopted 
the application of desalinated water for irrigated agriculture is Spain. According to Ref. [30], 
Spain has more than 300 treatment plants with most of the plants processing brackish water, 
and located in coastal areas or within 60 km of the sea. It was also noted in Ref. [29] that small 
and medium size brackish water desalination plants, with a capacity of less than 1000 m3/d 
(11.6 L/s), are common because they adapt better to individual farmer requirements and to 
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the existing hydraulic structures. As irrigated agriculture does not require the strict standards 
that apply for drinking‐water requirements, opportunities appear to exist for the adoption of 
high‐quality desalinated water, and in this way, the final cost of a cubic metre of irrigation 
water can be reduced [29].

3. Conclusions

Salinity arises from various natural and human‐induced processes and is a major phenom‐
enon that deteriorates soil properties, thus limiting the potentials of soils for sustainable crop 
production. Desalinated water is usually of high quality and can have less negative impact 
on soils and crops in comparison with direct use of brackish water. Thus, water desalination 
could have positive impacts on agriculture and the environment, such as increasing water 
availability and recycling poor‐quality water. The use of osmotic and distillation mechanisms 
to recover high quality water from wastewater effluents and saline waters could be high‐tech 
demanding especially when considering desalination of large volume of water for irrigation 
and other forms of utilization.

Although, the use of low‐tech distillation methods could be easily adopted by peasant farm‐
ers in rural communities, the use of reverse osmosis has been said to be the most suitable 
for irrigated agriculture. As some of the processes involved in desalinizing saline water for 
sustainable crop production could be expensive, it could also be cost‐effective, owing to the 

Figure 8. Estimated energy consumption for desalination processes (Source: [29]).
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solution from the pre‐treated saline water with relatively lower salinity and osmotic pressure. 
Here, water is drawn across the membrane by natural osmosis, restricting the passage of salts 
at the membrane surface. In Ref. [25], it explained that when equal volumes of a dilute feed 
solution and a concentrated draw solution are separated by a semi‐permeable membrane, 
water flows into the concentrated draw solution, which has a higher osmotic pressure. This 
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sure between the dilute and concentrated solutions. Thus, forward osmosis uses the osmotic 
pressure differential (Δπ) across the membrane, rather than the hydraulic pressure differential 
as in reverse osmosis, as the driving force for transport of water through the membrane. The 
transport of water in forward osmosis is described in Eq. (4):

   J  W   =  K  W  (σΔπ − ΔP )  (4)

where JW = water flux; Δπ is differential osmotic pressure across the membrane; KW is water 
permeability coefficient of the membrane; σ is reflection coefficient (a measure of the relative 
permeability of a particular membrane to a particular solute) and ΔP is differential applied 
pressure across the membrane.
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cesses such as the multi‐stage flash, multi‐effect distillation and reverse osmosis, McGinnis 
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(11.6 L/s), are common because they adapt better to individual farmer requirements and to 
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the existing hydraulic structures. As irrigated agriculture does not require the strict standards 
that apply for drinking‐water requirements, opportunities appear to exist for the adoption of 
high‐quality desalinated water, and in this way, the final cost of a cubic metre of irrigation 
water can be reduced [29].

3. Conclusions
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enon that deteriorates soil properties, thus limiting the potentials of soils for sustainable crop 
production. Desalinated water is usually of high quality and can have less negative impact 
on soils and crops in comparison with direct use of brackish water. Thus, water desalination 
could have positive impacts on agriculture and the environment, such as increasing water 
availability and recycling poor‐quality water. The use of osmotic and distillation mechanisms 
to recover high quality water from wastewater effluents and saline waters could be high‐tech 
demanding especially when considering desalination of large volume of water for irrigation 
and other forms of utilization.

Although, the use of low‐tech distillation methods could be easily adopted by peasant farm‐
ers in rural communities, the use of reverse osmosis has been said to be the most suitable 
for irrigated agriculture. As some of the processes involved in desalinizing saline water for 
sustainable crop production could be expensive, it could also be cost‐effective, owing to the 
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fact that desalination could save water for agricultural production, increase the amount and 
types of crops grown, the area of land cultivated and as such improve the quality of crop yield 
and farmers’ income.
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Abstract

Membrane‐based desalination is the fastest growing technology in the area of desalina‐
tion. Reverse osmosis (RO) and nanofiltration (NF) have been established in the last 
couple of decades; meanwhile, forward osmosis (FO) has begun to find its own place in 
the field of desalination. Typical commercial polyamide (PA) thin film composite (TFC) 
membrane has been mostly used in those membrane processes, but it has no drawback. 
Recently, a versatile, robust technique in preparing ultra‐thin films, so‐called layer‐
by‐layer assembly (LbL), was adopted in fabrication of desalination membrane. This 
chapter highlights the most important literatures in the application of LbL assembly 
for preparing RO, NF and FO membranes, the obstacles and future works, which are 
essential for those who wish to work in the field.

Keywords: layer‐by‐layer, dip‐LbL, spray‐LbL, spin‐LbL, reverse osmosis, 
nanofiltration, forward osmosis, surface modification

1. Introduction

United Nations Environment Programme reported that two out of every three people will live 
in water‐stressed areas by the year 2025. In 2008, 450 million people in 29 countries suffered 
from water shortages [1]. In addition to that, many more people have been suffering from 
consuming contaminated water that may cost human lives [2]. These problems just come 
from domestic uses, which account for 5% of the total water consumption. Meanwhile, 75% 
of total global water consumption comes from agricultural uses and balance for industrial 
uses. So far, ground water represents about 90% of the world’s readily available freshwater 
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resources, and 1.5 billion people depend on it for their drinking water. Freshwater resources 
are so unevenly distributed that makes most people lack access to freshwater supply [1].

Desalination has been considered as the only method that can provide freshwater for drinking 
from traditional sources such as ground water, sea water and other saline aquifers [3]. These 
traditional sources of water account for 97.5% of all water on the Earth. Thus, capturing even 
a tiny portion of that water will have a significant impact on reducing water scarcity [3]. As 
generally known, the main desalination technology can be divided into two main categories, 
that is thermal‐based and membrane‐based desalination technology. Membrane technology, 
particularly RO, has been a dominant technology in the field of desalination membrane. Due 
to significant improvement of RO process in the last four decades, it has been projected to be 
the leading desalination technology in general and is mostly used in almost all areas except in 
the countries having readily available fossil fuels [4].

Since Cadotte developed thin film composite (TFC) membrane polyamide (PA) RO membrane 
using interfacial polymerization in 1980 [5], it has been mostly used in desalination membrane. 
However, commercial TFC RO still faces a major problem, particularly bio‐fouling. This is a 
result of hydrophobic and rough nature of the PA membrane itself and also partly due to the 
fabrication technique. The method is quite powerful to prepare thin films but lacks fine control 
over surface properties.

In the middle of the 1990s, a rediscovery of the so‐called layer‐by‐layer method has opened a 
new paradigm in the preparation of an ultra‐thin layer. LbL assembly offers nano‐level con‐
trol over several surface properties such as thickness, surface composition, surface roughness 
and so on. Not to mention, the flexibility in terms of material opened the room for improve‐
ment in terms of chemistry of the membrane, a field that has long been considered mature [6].

Therefore, the purpose of this chapter is to review recent activities in the field of LbL assem‐
bly, particularly those used in preparing the membrane for desalination. At the beginning, we 
will briefly highlight some important aspects about LbL assembly in general. We will then 
focus on method of preparation, some important results, drawbacks and future challenges 
related to the application of LbL in desalination membrane. In addition to that, we will also 
highlight some recent works related to the application of this method in the modification of 
commercially available membranes used in the field of desalination. We limit our discussion 
to the application of this membrane in separating or removing ions of salt only because there 
have been many reported works as well in the application of LbL NF, for instance, for remov‐
ing organic contaminants from water, etc.

2. Layer‐by‐layer

2.1. Dip‐LbL (d‐LbL)

The root of LbL assembly might be traced back to 1966 when Iler introduced a novel 
technique in which colloidal oppositely charged particles can be assembled into layer‐
by‐layer films [7]. However, it was only after Decher reintroduced a similar technique 
for polyelectrolytes multilayer (PEM) assembly that the technique became very popular 
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in colloidal and interfacial science [8]. After various testing and proofing, particularly for 
different multilayer precursors [9–13], the systematic way was then reported in 1997 and 
became the most‐cited article in the field of chemistry for 10 years (1998–2008) [14]. The 
classic approach to assemble PEM thin films is by alternately dipping the substrate into 
two oppositely charged polyelectrolytes as can be seen in Figure 1.

Although LbL assembly was initially invented by making use of electrostatic interaction 
between the two oppositely charge polyelectrolytes or colloidal particles, nowadays, it can 
also be formed via donor/acceptor [15, 16], hydrogen bonding [17, 18], covalent bonds [19–21] 
and stereo‐complex formation [22, 23]. The precise structure of each layer depends on a set 
of control parameters such as polyelectrolyte concentration, adsorption times, ionic strength 
[24], pH [25] or temperature [26].

2.2. Spray‐LbL (Sr‐LbL)

Sr‐LbL was introduced by Schlenoff [27] by employing poly(diallyl dimethyl ammonium 
chloride) (PDADMAC) and poly(styrene sulfonate) (PSS) on silicon wafer. Using this tech‐
nique, similar film structures and properties to d‐LbL film can be achieved in shorter deposi‐
tion time. It was reported that a fully automatic system of this technique can fabricate the film 
of the same quality as a d‐LbL film 25 times faster [28–30]. The main drawbacks of Sr‐LbL are 
still relatively slow polyelectrolyte assembly coupled with inefficient use of polymer solu‐
tion, which is about 99% of the polymer solution that is rinsed off during film preparation. 
However, if the size of the substrate is the concern, then, this technique is more suitable than 
d‐LbL [27]. Sr‐LbL can also be used to conformally coat individual fibres within a textured 
surface of hydrophobic textile [29].

2.3. Spin LbL (SA‐LbL)

SA‐LbL was introduced by Hong et al. in 2001 [31, 32] and Chiarelli et al. in the same year 
[33]. Hong et al. successfully fabricated very smooth thin layers with controllable thickness 
that comprised of the combination of nanoparticles and polyelectrolyte. The major difference 

Figure 1. A schematic diagram of dip‐layer‐by‐layer assembly (adapted from Ref. [14]).
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resources, and 1.5 billion people depend on it for their drinking water. Freshwater resources 
are so unevenly distributed that makes most people lack access to freshwater supply [1].
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from traditional sources such as ground water, sea water and other saline aquifers [3]. These 
traditional sources of water account for 97.5% of all water on the Earth. Thus, capturing even 
a tiny portion of that water will have a significant impact on reducing water scarcity [3]. As 
generally known, the main desalination technology can be divided into two main categories, 
that is thermal‐based and membrane‐based desalination technology. Membrane technology, 
particularly RO, has been a dominant technology in the field of desalination membrane. Due 
to significant improvement of RO process in the last four decades, it has been projected to be 
the leading desalination technology in general and is mostly used in almost all areas except in 
the countries having readily available fossil fuels [4].

Since Cadotte developed thin film composite (TFC) membrane polyamide (PA) RO membrane 
using interfacial polymerization in 1980 [5], it has been mostly used in desalination membrane. 
However, commercial TFC RO still faces a major problem, particularly bio‐fouling. This is a 
result of hydrophobic and rough nature of the PA membrane itself and also partly due to the 
fabrication technique. The method is quite powerful to prepare thin films but lacks fine control 
over surface properties.

In the middle of the 1990s, a rediscovery of the so‐called layer‐by‐layer method has opened a 
new paradigm in the preparation of an ultra‐thin layer. LbL assembly offers nano‐level con‐
trol over several surface properties such as thickness, surface composition, surface roughness 
and so on. Not to mention, the flexibility in terms of material opened the room for improve‐
ment in terms of chemistry of the membrane, a field that has long been considered mature [6].

Therefore, the purpose of this chapter is to review recent activities in the field of LbL assem‐
bly, particularly those used in preparing the membrane for desalination. At the beginning, we 
will briefly highlight some important aspects about LbL assembly in general. We will then 
focus on method of preparation, some important results, drawbacks and future challenges 
related to the application of LbL in desalination membrane. In addition to that, we will also 
highlight some recent works related to the application of this method in the modification of 
commercially available membranes used in the field of desalination. We limit our discussion 
to the application of this membrane in separating or removing ions of salt only because there 
have been many reported works as well in the application of LbL NF, for instance, for remov‐
ing organic contaminants from water, etc.
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different multilayer precursors [9–13], the systematic way was then reported in 1997 and 
became the most‐cited article in the field of chemistry for 10 years (1998–2008) [14]. The 
classic approach to assemble PEM thin films is by alternately dipping the substrate into 
two oppositely charged polyelectrolytes as can be seen in Figure 1.

Although LbL assembly was initially invented by making use of electrostatic interaction 
between the two oppositely charge polyelectrolytes or colloidal particles, nowadays, it can 
also be formed via donor/acceptor [15, 16], hydrogen bonding [17, 18], covalent bonds [19–21] 
and stereo‐complex formation [22, 23]. The precise structure of each layer depends on a set 
of control parameters such as polyelectrolyte concentration, adsorption times, ionic strength 
[24], pH [25] or temperature [26].

2.2. Spray‐LbL (Sr‐LbL)

Sr‐LbL was introduced by Schlenoff [27] by employing poly(diallyl dimethyl ammonium 
chloride) (PDADMAC) and poly(styrene sulfonate) (PSS) on silicon wafer. Using this tech‐
nique, similar film structures and properties to d‐LbL film can be achieved in shorter deposi‐
tion time. It was reported that a fully automatic system of this technique can fabricate the film 
of the same quality as a d‐LbL film 25 times faster [28–30]. The main drawbacks of Sr‐LbL are 
still relatively slow polyelectrolyte assembly coupled with inefficient use of polymer solu‐
tion, which is about 99% of the polymer solution that is rinsed off during film preparation. 
However, if the size of the substrate is the concern, then, this technique is more suitable than 
d‐LbL [27]. Sr‐LbL can also be used to conformally coat individual fibres within a textured 
surface of hydrophobic textile [29].

2.3. Spin LbL (SA‐LbL)

SA‐LbL was introduced by Hong et al. in 2001 [31, 32] and Chiarelli et al. in the same year 
[33]. Hong et al. successfully fabricated very smooth thin layers with controllable thickness 
that comprised of the combination of nanoparticles and polyelectrolyte. The major difference 

Figure 1. A schematic diagram of dip‐layer‐by‐layer assembly (adapted from Ref. [14]).
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between d‐LbL and SA‐LbL is the way polyelectrolytes are deposited on the substrate. As it is 
generally known, in the case of d‐LbL, the substrate is immersed in polyelectrolyte solutions, 
while in the case of SA‐LbL, only a small amount of polyelectrolyte is injected onto the spin‐
ning substrate.

It was reported that the SA‐LbL film is several times thicker than d‐LbL film for the same 
number of bilayers, which is due to different adsorption mechanisms. In d‐LbL, the poly‐
mer chain will be adsorbed on the substrate under influence of electrostatic force and then 
followed by chain rearrangement. Meanwhile, in SA‐LbL, due to high‐speed spinning, the 
adsorption, the rearrangement of polyelectrolyte chains and water removal occur simulta‐
neously. Quick water removal increases polyelectrolyte concentration in a very short time 
and also removes screening effect by water molecules. This in turn promotes faster adsorp‐
tion and stronger electrostatic force; hence, more polymer chains are adsorbed within short 
time and result in a thicker film than d‐LbL film [31].

Air shear force that occurs due to the relative movement between spinning substrate and air 
enhances the planarization of multilayer film, significantly reduces the surface roughness of 
the film and enhances mechanical integrity [34]. The above features are indirect evidences 
that SA‐LbL film has a highly ordered internal structure [31], and experimentally, it has been 
revealed by neutron reflectivity study. Because a highly ordered internal structure can be 
obtained in much shorter time than conventional d‐LbL or Sr‐LbL, SA‐LbL is considered to be 
more “technologically friendly” [34].

3. Layer‐by‐layer application

3.1. LbL for separation membrane

3.1.1. Nanofiltration

Due to its charged characteristic, polyelectrolyte LbL membrane has been found to be promis‐
ing for NF application. There have been many works done and are ongoing in this area. Some 
representative works are listed in Table 1. We selected the best performance in terms of flux 
and selectivity of Cl−/SO4

2− from each work so they can be compared to each other. All those 
reported works used d‐LbL approach unless it is stated differently.

The earliest notable work in d‐LbL NF membrane perhaps was done by Krasemann and Tieke 
in 1999 [35]. They suggested the mechanism of salt rejection by LbL membrane similar to that 
of bipolar membrane as can be seen in Figure 2. However, some fundamental studies showed 
that PEM films do not exhibit an internal structure as originally projected and commonly 
depicted. There is significant intertwine between polyelectrolytes as a consequence of charge 
compensation. In d‐LbL assembly, this charge compensation is most likely attained since the 
contact time between adjacent layers is sufficient to achieve it [36]. In accordance with this 
statement, our work using SA‐LbL assembly also showed no significant increase in rejection 
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LbL film substrate Main result Testing condition Ref

(PAH/PSS)‐PAN/PET with 20–200 
nm pore size1

(PAH/PSS)60 showed selectivity of 
Na+/Mg2+ = 15.1; Cl−/SO4

2− = 9.9
0.1 M for each of NaCl, MgCl2 and 
NaSO4, membrane active area: 4.53 
cm2, dead end cell

[35]

(PAH/PSS)‐porous alumina with 
20 nm pore size

(PAH/PSS)5 showed selectivity of Cl−/
SO4

2− = 7
0.1 M for each of KCl and K2SO4, 
membrane active area: 2 cm2, dead 
end cell

[38]

(PAH/PSS)‐porous alumina with 
20 nm pore size

(PAH/PSS)4.5 showed individual 
rejection of MgSO4 = 96%, NaCl = 
29% and selectivity Cl−/SO4

2− = 30

1000 ppm for each of NaCl, 
MgSO4; P = 4.8 bars; membrane 
active area: 1.5 cm2; cross flow cell.

[39]

(PSS/PDADMAC)‐porous alumina (PSS/PDADMAC)4.5 showed WF = 2.4 
m3/m2.day; rejection of SO4

2− = 92.3; 
selectivity Cl−/SO4

2− = 15

1000 of Cl−, 1000 ppm of SO4
2− ; P = 

4.8 bars; membrane active area: 1.5 
cm2; cross flow cell.

[42]

(PAH/PSS)5 (PAH/PAA)2.5 Selectivity of Cl−/SO4
2− = 150 0.1 F for each of KCl and K2SO4

Membrane active area: 2 cm2.

[47]

Support: Porous alumina with 20 
nm pore size

Selectivity of Cl−/SO4
2− = 360

After heat‐induced crosslinking 
at 115°C

(PDADMAC/PSS)‐PES UF 50 kDa 
MWCO2

(PSS/PDADMAC)4.5 showed WF = 1.6 
m3/m2.day; rejection of SO4

2 − = 96%; 
selectivity Cl−/SO4

2− = 32

1000 of Cl−, 1000 ppm of SO4
2−; P = 

4.8 bars; membrane active area: 1.5 
cm2; cross flow cell.

[48]

(PAH/PSS)/(PAH/PSSMA)‐PAN 
UF3

(PAH/PSS)1/(PAH/PSSMA)1 showed 
WF = 28.6 L/m2.h, rejection of Na2SO4 
= 91.4%

1000 ppm Na2SO4, P = 2 bars [40]

membrane active area: 23.75 cm2

1 PAN/PET = polyacrylonitrile/polyether terephthalate.
2 PES = polyethersulfone.
3 PSSMA = poly (4‐styrenesulfonic acid‐co‐maleic acid).

Table 1. Selected work for NF prepared from polyelectrolyte multilayer membrane using LbL assembly.

Figure 2. A rejection model of multi‐bipolar membrane (adapted from Ref. [35]).
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between d‐LbL and SA‐LbL is the way polyelectrolytes are deposited on the substrate. As it is 
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mer chain will be adsorbed on the substrate under influence of electrostatic force and then 
followed by chain rearrangement. Meanwhile, in SA‐LbL, due to high‐speed spinning, the 
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the film and enhances mechanical integrity [34]. The above features are indirect evidences 
that SA‐LbL film has a highly ordered internal structure [31], and experimentally, it has been 
revealed by neutron reflectivity study. Because a highly ordered internal structure can be 
obtained in much shorter time than conventional d‐LbL or Sr‐LbL, SA‐LbL is considered to be 
more “technologically friendly” [34].
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Due to its charged characteristic, polyelectrolyte LbL membrane has been found to be promis‐
ing for NF application. There have been many works done and are ongoing in this area. Some 
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2− from each work so they can be compared to each other. All those 
reported works used d‐LbL approach unless it is stated differently.

The earliest notable work in d‐LbL NF membrane perhaps was done by Krasemann and Tieke 
in 1999 [35]. They suggested the mechanism of salt rejection by LbL membrane similar to that 
of bipolar membrane as can be seen in Figure 2. However, some fundamental studies showed 
that PEM films do not exhibit an internal structure as originally projected and commonly 
depicted. There is significant intertwine between polyelectrolytes as a consequence of charge 
compensation. In d‐LbL assembly, this charge compensation is most likely attained since the 
contact time between adjacent layers is sufficient to achieve it [36]. In accordance with this 
statement, our work using SA‐LbL assembly also showed no significant increase in rejection 
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by doubling the number of layers, even though it is well known that the contact between 
layers is very short in this type of LbL assembly. This is evidence that even in short time, 
charge compensation is attained to some extent. It is also evidence that a bipolar mechanism 
may not be suitable, and this type of membrane rather follows a typical mechanism for NF or 
RO membrane [37]. It was also investigated that by changing the outermost layer, the anion 
flux changes significantly suggest that only uncompensated charges lie near the film/solution 
interface that have significant effect in ion rejection [38, 39].

It is widely known that ion rejection is one of the most importance performance indicators of 
a membrane. Aside employing highly charged polyelectrolytes which can improve rejection 
from the outermost layer, using dynamic LbL assembly seems quite helpful in this aspect. 
In this type of LbL assembly, polyelectrolyte solution is forced to pass the support layer and 
leaves behind the polyelectrolyte on the surface of the support layer. Dynamic LbL produces 
a more compact and tighter LbL membrane, which in turn increases the rejection [40]. There 
is also so‐called semi‐dynamic LbL assembly, which involves the dynamic introduction/
replacement of solution into the fibre lumen by syringes followed by static contact for desired 
time. This technique is quite useful for hollow fibre membrane as the support [41].

In addition to ion rejection, flux is also considered as the most important performance indicator. 
Many membranes have high flux due to swelling which in turn will reduce the rejection. From 
investigation of several frequently used PEM pairs, it was reported that solution fluxes decrease in 
the following order: PDADMAC/PSS > Poly(allylamine hydrochloride) PAH/PSS > PDADMAC/
Poly(acrylic acid) PAA >> PAH/PAA [42]. PDADMAC/PSS, for instance, permits higher flux than 
PAH/PSS due to higher degree of swelling [43]. In addition to swelling, highly porous support can 
also contribute to higher flux because it helps in reducing membrane resistance. Several methods 
have been used to produce highly porous support such as using electrospun nanofiber [44] or 
incorporating nanoparticles such as montmorillonite (MMT) or silica gel (SG). For example, poly‐
vinyl alcohol (PVA) mixed with 1 wt% montmorillonite (MMT) can achieve porosity of 80% [45]. 
Likewise, PAN support mixed with 1 wt% SG can also achieve porosity of 80% [46].

3.1.2. Forward osmosis

The application of LbL assembly for NF is quite promising as can be seen in the previous sec‐
tion. There have been many works done and are ongoing in that area; meanwhile, the use of LbL 
assembly for fabricating FO is still at its infancy. The main results from FO mode of testing of sev‐
eral LbL FO membranes can be seen in Table 2. It is important to note that the information given 
in Table 2 is only part of the works that showed the best performance in terms of water flux (WF) 
and salt to water flux ratio (SWFR) with active layer facing draw solution (ALDS) testing mode. It 
is known that ALDS mode shows higher initial water flux compared to ALFS mode, but it is also 
prone to internal fouling because foulants enter the porous support easily. This type of fouling 
in fact is much more difficult to be cleaned. In order to overcome this problem, a double‐skinned 
design was proposed [49]. Double‐skinned layer approach uses active layer deposited on both 
surfaces with the support layer, which will be in between as can be seen in Figure 3. Hence, it will 
prevent the foulants from entering the membrane from the support layer side.
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As previously discussed, swelling of the membrane can result in higher flux due to  expansion 
of the pores. For NF application, in which the membrane is exposed to relatively low salt 
concentration solution, swelling may not cause serious problems, but in the case of FO or 
RO, swelling degree can be very high and significantly decreases the salt rejection. Several 
attempts have been done to enhance LbL film stability, for example, by using crosslinking. 
Glutaraldehyde (GA) is the mostly used chemical crosslinker as can be seen in Table 2. With 
this crosslinking, LbL membrane can maintain its structure and performance and showed 
quite comparable performance with the commercial membrane [50]. Besides GA, UV light can 
also be employed to further increase the extent of crosslinking [51]. The mechanism of GA and 
UV light crosslinking can be seen in Figure 4. Some polyelectrolytes that contain carbonyl and 
amine functional group can be crosslinked simply by heating at 180°C, and this results in a 
polyamide‐like layer which has better stability and lower swelling degree [52].

So far, the preparation of LbL membrane is mainly from polyelectrolytes. Recently, the 
researcher has started utilizing the technique for fabrication of LbL membrane using meth‐
ylphenylene diamine (MPD) and trimesoyl chloride (TMC), two most commonly used 

LbL film substrate LbL assembly Result/testing condition4 Ref.

(PAH/PSS)‐PAN Dip, crosslinked using GA (PAH/PSS)3 showed WF of 105.4 L/m2.h and 
SWFR of 2.8 mM

[50]

Dip, crosslinked using GA, 
double‐skinned layer

(PAH/PSS)3‐3 showed WF of 35.5 L/m2.h and 
SWFR of 4.86 mM

[49]

Dip, crosslinked using 
GA, embedded silver 
nanoparticle

(PAH/PSS)2.5 showed WF = 42 L/m2.h and SWFR 
= 0.84 mM / FS: 10 mM NaCl

[55]

Dip, crosslinked using 
combined GA and UV light

(PAH/PSS)3 with UV exposure = 2 h showed WF 
= 15 L/m2.h and SWFR = 0.8 mM

[51]

(PAH/PSS)‐hollow fibre 
PES

Dip (PAH/PSS)6 showed WF = 40.5 L/m2.h and 
SWFR = 2.1 mM

[56]

Semi‐dynamic (PAH/PSS)2 inner deposited layers showed WF 
= 73.5 L/m2.h and SWFR = 0.6 mM

[41]

(PAH/PAA‐PSS)‐PEI Dip, crosslinked using GA (PAH/PAA‐PSS)3 showed water flux of 28 L/
m2.h and SWFR of 0.74 mM/dead end cell

[57]

(CHI/PAA)−(PVA+MMT−
TA+ LiCl)

Dip (CHI/PAA)3 with MMT = 1 wt% showed WF 
= 19 L/m2.h and SWFR of 0.09 mM/DS: 0.5 M 
NaCl, dead end cell

[45]

(PAH/PSS)−(PAN+SG) Dip (PAH/PSS)3 with SG = 1 wt% showed WF = 77.9 
L/m2.h and SWFR = 0.94 mM

[46]

(MPD/TMC)–(PEI/PAA 
coated PAN)

Dip 10 layers of molecular LbL showed WF of 33 L/
m2.h and SWFR of 1.7 mM/DS: 0.5 M NaCl

[53]

4All reported default testing condition is DS = 0.5 M MgCl2, FS = pure water, cross flow system, unless it is mentioned 
differently. πNaCl at 0.5 M = 22.74 atm and   π   MgCl  2      at 0.5 M = 32.65 atm.

Table 2. The work progress for FO prepared from polyelectrolyte multilayer membrane using LbL assembly.
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by doubling the number of layers, even though it is well known that the contact between 
layers is very short in this type of LbL assembly. This is evidence that even in short time, 
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RO membrane [37]. It was also investigated that by changing the outermost layer, the anion 
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interface that have significant effect in ion rejection [38, 39].

It is widely known that ion rejection is one of the most importance performance indicators of 
a membrane. Aside employing highly charged polyelectrolytes which can improve rejection 
from the outermost layer, using dynamic LbL assembly seems quite helpful in this aspect. 
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incorporating nanoparticles such as montmorillonite (MMT) or silica gel (SG). For example, poly‐
vinyl alcohol (PVA) mixed with 1 wt% montmorillonite (MMT) can achieve porosity of 80% [45]. 
Likewise, PAN support mixed with 1 wt% SG can also achieve porosity of 80% [46].

3.1.2. Forward osmosis

The application of LbL assembly for NF is quite promising as can be seen in the previous sec‐
tion. There have been many works done and are ongoing in that area; meanwhile, the use of LbL 
assembly for fabricating FO is still at its infancy. The main results from FO mode of testing of sev‐
eral LbL FO membranes can be seen in Table 2. It is important to note that the information given 
in Table 2 is only part of the works that showed the best performance in terms of water flux (WF) 
and salt to water flux ratio (SWFR) with active layer facing draw solution (ALDS) testing mode. It 
is known that ALDS mode shows higher initial water flux compared to ALFS mode, but it is also 
prone to internal fouling because foulants enter the porous support easily. This type of fouling 
in fact is much more difficult to be cleaned. In order to overcome this problem, a double‐skinned 
design was proposed [49]. Double‐skinned layer approach uses active layer deposited on both 
surfaces with the support layer, which will be in between as can be seen in Figure 3. Hence, it will 
prevent the foulants from entering the membrane from the support layer side.
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Figure 4. A schematic mechanism of crosslinking (A) using GA linker and (B) using UV light (adapted from Ref. [51]).

 monomers for PA. This method is known as molecular layer‐by‐layer assembly (m‐LbL) [53]. 
The mechanism of m‐LbL is shown in Figure 5. Compared to several typical LbL FO and 
commercial FO membranes, m‐LbL FO membrane showed superior performance for both 
ALDS and ALFS modes. Having said that, m‐LbL FO membrane still has problems with 
stability and irreversible defect, especially after exposing it to very high salt concentration 
solution, for example, at 2 M NaCl. This instability is most likely due to relatively weak inter‐
action between m‐LbL film and the support. One of the approaches to enhance this interac‐
tion is by employing interlayers that will be discussed in more detail in the RO section.

3.1.3. Reverse osmosis

The use of LbL assembly for fabricating RO membrane is one of the most challenging appli‐
cations because a typical RO membrane is tested at relatively high salt concentration up to 
32,000 ppm with high operating pressure. Many polyelectrolyte multilayer films are not sta‐
ble when exposed to such conditions.

The earliest work in this field to the author’s knowledge was done by Jin et al. in 2003 [58]. 
Polyvinyl Amine (PVAm)/Polyvinyl sulphate (PVS) was used in their work and deposited 
on PAN/PET support using d‐LbL assembly. Membrane performance was examined at a 
pressure of 40 bars, with NaCl concentration of 584.4 ppm using dead end cells with mem‐
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PSF  supports showed salt rejection of around 81% with water permeability of 0.35 L/m2.h.bar 
tested at a pressure of 20 bars and NaCl concentration of 2000 ppm using cross flow cells with 
active area of 13.85 cm2 [59].

From the above literature review, almost all RO and FO LbL membranes were tested at low salt 
concentrations. Meanwhile, RO and FO membranes are normally used to treat water with rather 
high salt concentrations. There has been an issue with LbL film stability when it is exposed 
to such solution. Some PEMs are quite stable even without crosslinking. For instance, it was 
reported that 35 layers of PAH/PAA were successfully deposited on PSF support using SA‐LbL 
and tested at pressure of 48.6 bars and NaCl concentration of 15,000 ppm using cross flow cells 
with active area of 42 cm2. The test showed very stable performance with salt rejection of around 
88% and water permeability of 0.22 L/m2.h.bar. This work was considered the first attempt to 
apply SA‐LbL for fabricating RO membrane [60]. Besides that, the use of Sr‐LbL to fabricate RO 
membrane was also investigated, for example, assembly of clay (laponite (LAP)) and polyelec‐
trolyte multilayers on the top of PSF support. (PAH/PAA) (PAH/LAP) deposited at pH 5 and 
tested at pressure of 18 bars, with NaCl concentration of 10,000 ppm using dead end permeation 
cells showed salt rejection of 89% with water permeability of 2.82 x 10−13 m2/Pa.s. [61].

As previously mentioned, the use of m‐LbL for RO membrane was also studied (see Figure 5). 
Using m‐LbL, the membrane performance can be finely tuned by simply varying the number of 
layers. In general, as the number of layers increases, the flux decreases and rejection increases 
as can be seen in Figure 6. For instance, with 10 layers of m‐LbL only, salt rejection of around 
96% coupled with flux of 82% higher than IP TFC PA membrane was attained. In addition to 
this remarkable result, the surface roughness of this m‐LbL membrane was only 3.4 nm, which 
was much smoother than surface roughness of IP PA TFC (i.e. 45.1 nm in this study) [54].

Recently, the same group of researchers investigated the role of interaction between m‐LbL 
as active layer and the support layer, that is, PAN by showing the performance difference 
between hydrolyzed PAN (HPAN) and non‐hydrolyzed PAN (see Figure 7) [62].

Figure 5. A schematic diagram for m‐LbL process (adapted from Ref. [54]).
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Figure 4. A schematic mechanism of crosslinking (A) using GA linker and (B) using UV light (adapted from Ref. [51]).
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Figure 7. A conceptual design of m‐LbL TFC PA membrane with interlayer (adapted from Ref. [62]).

As can be seen in Figure 8, deposition of m‐LbL PA on the top of HPAN resulted in much 
higher rejection than that on the top of PAN. This improvement occurred due to more uni‐
form active layers deposited on HPAN as a result of better interaction between carboxylate 
group of HPAN with amine group of MPD. Even though the interaction was better, in gen‐
eral, the active layer was still found to be insufficiently dense and selective towards NaCl 
so the rejection was still lower than IP PA TFC. The extent of uniformity then was further 
increased by additional interlayers. PEI/PAA interlayer on the top of HPAN showed by far 
the best performance. This was due to more carboxylate groups provided by PAA as the 
outermost layer prior to the deposition of MPD/TMC. Carboxylate groups of PAA will serve 
as seeding sites for subsequent deposition of MPD/TMC. The membrane with PEI/PAA 
interlayer showed remarkable results, that is, rejection of 98.7% coupled with water flux of 
20.7 L/m2.h which is 75% higher than IP PA TFC (the membrane was tested at pressure of 
15.5 bars and NaCl concentration of 2000 ppm). This is indeed a very promising result in 
the field of RO.

Figure 6. (a) Water flux (Jw, filled symbols) and NaCl rejection (unfilled symbols) as functions of a number of layers. (b) 
Normalized flux as a function of a number of bilayers (membrane was tested at NaCl concentration of 2000 ppm and 
pressure of 15.5 bars; adapted from Ref. [54]).
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3.2. Membrane modification

In this section, the use of LbL assembly to modify the surface of existing RO, NF or FO 
 membranes will be discussed. One of the most important surface modification purposes is to 
protect the membrane from being directly exposed to harsh environment such as chlorine or 
oxidants content in water, foulants and pH of the water at which the membrane life will be 
shortened. There have been tremendous works in the modification of commercially available 
membranes using different approaches such as coating, blending, incorporating nanomateri‐
als, functionalization, grafting, etc. [63]. This section is devoted only for membrane modifi‐
cation using LbL assembly, which is mostly a sort of coating technique that can be simply a 
physical process or chemically bonded to the membrane surface.

The idea behind modification of the RO membrane using LbL is basically to alter surface prop‐
erties that can reduce fouling tendency for example by reducing the roughness and hydro‐
phobicity. The study showed that additional LbL films improve, significantly, the smoothness 
of the surface, improve salt rejection but sacrifice the flux. However, as far as fouling is con‐
cerned, this surface modification is very promising as no flux decrease was noticed when the 
membrane was exposed to foulants containing water [64].

Recently, graphene oxide (GO), a single‐sheet functionalized graphene with oxygen‐rich 
functional group, has attracted attention from researchers in the field of water treatment. 
This material provides fast water transport, hydrophilicity as well as excellent chemical sta‐
bility. The main objectives of employing GO or GO/polyelectrolyte are to improve chlorine 
resistance and reduce the bio‐fouling without sacrificing the flux (see Figure 9 for the sche‐
matic illustration of GO‐modified membrane) [65, 66]. Biofouling test using bovine serum 
albumin (BSA) showed that GO‐modified PA TFC membrane can maintain the flux constant 
after approximately 6 h of testing; meanwhile, pristine PA TFC membrane kept showing 

Figure 8. m‐LbL PA TFC performance (represented by a circle for water flux and triangle for rejection). PAN support 
(left figure, filled symbol), HPAN (left figure, unfilled symbol), PEI/PAA‐HPAN support (right figure, filled symbol) and 
PEI‐HPAN (right figure, unfilled symbol) (adapted from Ref. [62]).
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 linear flux reduction even after 12 h of testing. This result showed that GO‐modified PA TFC 
improves the fouling resistance but does not completely remove the fouling as indicated by 
flux decrease for the first 6 h of the experiment [65].

4. Conclusion and future work

IP PA TFC membrane has been extensively used in the area of RO, NF and FO. However, 
the nature of the process as well as the properties of the polyamide creates several problems 
such as chlorine and fouling resistance that are likely difficult to solve as long as the same 
fabrication technique is used. This is because the IP itself does not provide fine control over 
the film properties, not to mention its limited applicability only to few types of polymers 
such as polyamide and polycarbonate. Meanwhile, polyamide itself is naturally hydropho‐
bic which causes severe fouling problems and has weak resistance against chlorine and oxi‐
dants. Relatively new technology, LbL assembly, offers flexibility and great control over the 
film properties which are the main keys to overcome aforementioned problems associated 
with PA TFC.

Based on literature study, most of the work in LbL desalination membrane still focuses 
in employing polyelectrolyte to form an active layer. Meanwhile, it has been investigated 
that many polyelectrolytes are highly hydrophilic in nature, they swell a lot when exposed 
to water and even swelling can be aggravated by salt infiltration [67] while those are two 
main compounds in saline water. Some attempts have been done to maintain stability of 
polyelectrolyte such as heat‐induced, chemical or UV light crosslinking. However, only few 

Figure 9. A schematic illustration of a multilayer GO on PA TFC membrane (adapted from Ref. [65]).
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studies have been done to investigate long‐term stability of those membranes and even 
to the best of our knowledge most of studies were done under very soft conditions such 
as low salt concentration, typically 1000–2000 ppm. Thus, testing in harsh conditions for 
example at NaCl concentration of 32,000 ppm for longer duration must be done particularly 
for those LbL membranes intended to be used in RO or FO applications. The result of this 
study will definitely drive the research in finding the best protocol to create the most stable 
LbL membrane.

Also, from literature study, we found that most of the works were done using traditional 
dip‐LbL. This method is quite difficult to be brought to an industrial scale as the adsorption 
process limited by diffusion of polyelectrolyte onto the support surface is a time‐consuming 
process. Several researchers have migrated to other LbL assemblies such as dynamic LbL, 
semi‐dynamic LbL, Sr‐LbL and SA‐LbL that utilize external force to speed up the adsorption 
process. Surely, more extensive works are urgently required for those LbL assemblies.

One of the advantages of LbL assembly that has not been thoroughly observed was the flex‐
ibility and applicability of this technique to create ultra‐thin films from various materials. 
To the best of our knowledge, most of the works are still focused on polyelectrolyte. It is 
true some researchers have started introducing some inorganic nanomaterials such as silver 
nanoparticles, graphene oxide and clay, but still there is huge space available to do research 
in terms of membrane material. There were many polymers that have never been investigated 
because no appropriate technology was applicable to prepare ultra‐thin films using those 
polymers. After the rediscovery of LbL, the door has opened. Using LbL assembly, one can 
create the film either from the polymer itself or from the monomers as in the case of m‐LbL. 
One can also combine organic and inorganic materials with nano‐level control easily to fab‐
ricate highly resistant membranes towards chlorine and foulants and, at the same time, give 
high flux and high rejection or selectivity for instance. Tailoring the film properties is one of 
the strength and advantages of LbL assembly that has not been deeply investigated but for 
preparing separation membrane.

As a new emerging technology, LbL must still go a long journey; it is going to face many chal‐
lenges in the future. However, with all of its strength, versatility and robustness, we believe 
that LbL membrane one day will dominate the desalination membrane just as IP PA TFC did 
in the last couple of decades.
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Abstract

Brines including seawater, concentrated seawater after desalinization, salt lake, oil/gas
water, and well bitter are widely distributed around the world. In order to promote the
comprehensive utilization and effective protection of the valuable chemical resources
existing in brines such as freshwater, lithium, sodium, potassium, and magnesium salts,
the systematic foundation and application foundation research including phase equilib-
ria and thermodynamic properties for the salt-water electrolyte solution are essential,
especially for solid lithium salts and their aqueous solution systems.

Keywords: thermodynamics, phase equilibria, aqueous solution, lithium salts

1. Introduction

1.1. Lithium resources situation

Lithium is the lightest alkali metal, which plays a growing role in numerous processes such as
rechargeable batteries, thermonuclear fusion, medical drugs, lubricant greases, ceramic, glasses,
dyes, adhesives, and electrode welding [1–19]. Lithium is a critical energy material and a strategic
resource for the twenty-first century. Consequently, the market demands for lithium resources are
increasing around the world [20, 21].

Lithium naturally occurs in compound forms because of its high reactivity. Economic concentra-
tions of lithium are found in brines, minerals, and clays in various parts of the world. Brines and
high-grade lithium ores are the present sources for all commercial lithium production. The global
lithium reserve is estimated at 14.0 megatons [22], which is 74.5 megatons of lithium carbonate
equivalent. Lithium reserves are mainly distributed in South America, China, and Australia [23].

© 2017 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.
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Abstract

Brines including seawater, concentrated seawater after desalinization, salt lake, oil/gas
water, and well bitter are widely distributed around the world. In order to promote the
comprehensive utilization and effective protection of the valuable chemical resources
existing in brines such as freshwater, lithium, sodium, potassium, and magnesium salts,
the systematic foundation and application foundation research including phase equilib-
ria and thermodynamic properties for the salt-water electrolyte solution are essential,
especially for solid lithium salts and their aqueous solution systems.

Keywords: thermodynamics, phase equilibria, aqueous solution, lithium salts

1. Introduction

1.1. Lithium resources situation

Lithium is the lightest alkali metal, which plays a growing role in numerous processes such as
rechargeable batteries, thermonuclear fusion, medical drugs, lubricant greases, ceramic, glasses,
dyes, adhesives, and electrode welding [1–19]. Lithium is a critical energy material and a strategic
resource for the twenty-first century. Consequently, the market demands for lithium resources are
increasing around the world [20, 21].

Lithium naturally occurs in compound forms because of its high reactivity. Economic concentra-
tions of lithium are found in brines, minerals, and clays in various parts of the world. Brines and
high-grade lithium ores are the present sources for all commercial lithium production. The global
lithium reserve is estimated at 14.0 megatons [22], which is 74.5 megatons of lithium carbonate
equivalent. Lithium reserves are mainly distributed in South America, China, and Australia [23].

© 2017 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.



Generally, lithium is obtained from two major resources: the lithium mineral ores including
spodumene and petalite ores and the containing-lithium brine resources including seawater,
underground water and salt lake brine [24–27]. Currently, the former is well exploited while
the latter is being developed by industries with relatively low efficiency. Nonetheless, more
than 60% of the total lithium amount exists in sea water and brines [24]. Therefore, a great
potential exists for obtaining lithium from aqueous sources, if an efficient lithium recovery
technology can be developed. Separation and extraction of lithium from either sea water or
brine is carried out on a semi-industrial scale and industrial scale in the USA from salt
lakes [28], in Japan from thermal water [29, 30], in Israel from the Dead Sea [31], and in China
from underground brines and salt lakes [22].

In addition, the most important physical and chemical processes occurring in brines are evapo-
ration, concentration, crystallization, precipitation, dissolution, and phase transformation. It is
obvious that phase equilibria and thermodynamics can explain above phenomenon and even
guide those processes effectively. Therefore, it is particularly meaningful to engage the research
on phase equilibria and thermodynamics properties of lithium-containing aqueous solution
systems for describing the geochemical evolution of containing lithium brines and exploiting
valuable lithium resources.

2. Phase equilibria of lithium-containing salt-water systems

Brines, including seawater, concentrated seawater after desalinization, salt lake, oil/gas water,
and well bitter are all complex multi-component salt-water systems, whose study and applica-
tion is mainly in reference to the solubility of salts in the water and the solid-liquid equilibrium
rule. Hence, solid-liquid phase equilibria form the basis for salt-water systems, which in turn
are used in the chemical industry for the separation of lithium [32].

2.1. Stable phase equilibria of lithium-containing salt-water systems

Early in the 1960s, Soviet scholars had conducted research on stable phase equilibria of lithium-
containing salt-water systems [33–35]. The solubilities of the systems (Liþ, Naþ, Mg2þ//Cl� –H2O),
(Liþ, Naþ, Mg2þ//SO4

2� –H2O), (Liþ, Naþ, Kþ//SO4
2- –H2O) in the temperature range from 288.15

to 373.15 K were determined. Three types of double salts containing lithium, 2Li2SO4�Na2SO4

�K2SO4, Li2SO4�3Na2SO4�12H2O, and Li2SO4�K2SO4 were found for the first time and the physico-
chemical properties of these were measured. All these studies could provide the solubility data to
extract lithium resources in sea water and other brines.

Researchers in China also studied stable phase equilibria of complex system (Liþ, Naþ, Kþ,
Mg2þ//Cl�, CO3

2�, SO4
2�, borate–H2O) and its subsystems. Some research results are shown in

Table 1. In addition, depending on the aquatic chemical types, the lithium-containing salt-water
systems can be divided into lithium-containing chloride system, sulfate system, carbonate sys-
tem, and borate system.

In order to apply the hydride salting-out effect to the separation of lithium and magnesium,
phase equilibria of the quaternary system Hþ, Liþ, Mg2þ//Cl� – H2O and its subsystems at
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Category Lithium-containing systems Temperature (K) Reference

LiCl Hþ, Liþ, Mg2þ//Cl�–H2O 273.15 [36]

Liþ, Naþ, Kþ, Mg2þ//Cl�–H2O 298.15 [37]

Liþ, Mg2þ//Cl�–H2O 298.15 [38]

Liþ, NH4þ//Cl�–H2O 273.15,298.15, 323.15 [39]

Liþ, Rbþ, Mg2þ//Cl�–H2O 323.15 [40]

Liþ, Naþ, Kþ, Sr2þ//Cl�–H2O 298.15 [41]

Liþ, Mg2þ//Cl�–H2O 288.15 [42]

Li2SO4 Liþ, Kþ//SO4
2�–H2O

Liþ, Mg2þ//SO4
2�–H2O

298.15 [43]

Liþ, Kþ, Mg2þ//SO4
2�–H2O 298.15 [44]

Liþ, Kþ, Mg2þ//Cl�, SO4
2�–H2O 298.15 [45]

Liþ, Naþ, Kþ, Mg2þ//SO4
2�–H2O 298.15 [46]

Liþ, Kþ//SO4
2�–H2O 288.15 [47]

Liþ//Cl�, SO4
2�–H2O 308.15 [48]

Liþ, Mg2þ//SO4
2�–H2O 288.15 [42]

Li2CO3 Liþ, Naþ, Kþ//CO3
2�–H2O 298.15 [49]

Liþ, Kþ//Cl�, CO3
2�–H2O 298.15 [50]

Liþ, Naþ//Cl�, CO3
2�–H2O 298.15 [51]

Liþ, Kþ//Cl�, CO3
2�–H2O 298.15 [52]

Liþ, Naþ, Kþ//CO3
2�–H2O 288.15 [53]

Li2B4O7 Liþ//Cl�, SO4
2�, B4O7

2�–H2O
Liþ, Mg2þ//SO4

2�, B4O7
2�–H2O

Liþ//CO3
2�, B4O7

2�–H2O
Liþ, Kþ//CO3

2�, B4O7
2�–H2O

Liþ, Naþ//CO3
2�, B4O7

2�–H2O
Liþ, Kþ//CO3

2�, B4O7
2�–H2O

Liþ, Naþ, Kþ//Cl�, B4O7
2�–H2O

298.15 [54]

298.15 [55]

298.15 [56]

298.15 [57]

298.15 [58]

288.15 [59]

298.15 [60]

Liþ, Naþ, Kþ//CO3
2�, B4O7

2�–H2O 288.15 [61]

LiBO2 Liþ//SO4
2�, BO2

�–H2O 288.15, 298.15 [62]

Liþ//Cl�, BO2
�–H2O 288.15, 298.15 [63]

Liþ//Cl�, BO2
�–H2O 308.15 [64]

Liþ//Cl�, SO4
2�, BO2

�–H2O 298.15 [65]

Liþ//SO42, CO3
2�, BO2

�–H2O 288.15, 298.15, 308.15 [66]

Liþ//Cl�, BO2
�–H2O 323.15 [67]

Liþ//SO4
2�, BO2

�–H2O

Table 1. Stable phase equilibria of lithium-containing salt-water systems.
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273.15, 293.15, and 313.15 K had been researched [36, 68]. Phase distribution of the quaternary
system was confirmed and the salting-out effect was investigated preliminarily, which pro-
vides the physical chemistry foundation for lithium-preparation technique in brines.

Furthermore, the phase equilibria and phase diagram of various salt-water systems containing
lithium had been reported heavily. However, the experimental temperature was almost
focused on 298.15 K. With the maturity of research techniques and the development of instru-
ments, phase equilibria of multi-component systems at multiple temperatures should be the
research focus point in the future. It is worth mentioning that the structures of borate are
complicated and have diversified aggregation forms because of the changes of pH, boron
contents, types of coexisting ions, and the concentration conditions in the brines. Most studies
on the borate-type salt lake brine are mainly for lithium tetraborate. Our group has made
excellent progress on phase equilibria of salt-water system containing different species of
lithium borates [62–67].

2.2. Metastable phase equilibria of lithium-containing salt-water systems

In the process of seawater and salt lake brine evaporation, the metastable phenomenon is
ubiquitous. Because of the conditions of temperature, wind speed, and humidity in the natural
environment, brine systems are in a metastable state. Early in the eighteenth century, Van’t
Hoff had already found that some phase regions disappeared and some enlarged in the stable
phase diagram when the salt-water system was in the process of simulating evaporation [32].
So it is useful for the metastable phase diagram to extract the products which cannot be
obtained in the stable phase diagram [69].

Some of metastable phase equilibria of lithium-containing salt-water systems are shown in
Table 2. A lot of lithium-containing systems of chloride, sulfate, carbonate, and borate were
researched. The concentration of lithium salt becomes higher in the sulfate-type salt lake
brine in the final evaporation period. In our group, metastable phase equilibria of the

Category Lithium-containing systems Temperature (K) Reference

LiCl Liþ,Naþ,Mg2þ//Cl�–H2O 308.15 [70]

Liþ,Naþ,Ca2þ//Cl�–H2O 288.15 [71]

Liþ,Kþ//Cl�–H2O 298.15 [72]

Liþ,Kþ//Cl�–H2O 323.15 [73]

Liþ,Kþ,Rbþ//Cl�–H2O 298.15 [74]

Liþ,Kþ,Rbþ//Cl�–H2O 323.15 [75]

Li2SO4 Liþ,Mg2þ//Cl�,SO4
2�–H2O 298.15 [76]

Liþ,Naþ//Cl�,SO4
2�–H2O 273.15 [77]

Liþ,Naþ,Mg2þ//SO4
2�–H2O 263.15 [78]

Liþ,Mg2þ//SO4
2�–H2O 323.15 [79]

Liþ,Mg2//Cl�,SO4
2�–H2O 323.15 [80]
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lithium-containing sulfate system (Liþ, Naþ, Kþ, Mg2þ//Cl�, SO4
2- –H2O) and its subsystems

at different temperature were determined, which has great help for industrial production
and the comprehensive utilization of lithium-containing sulfate system salt lakes.

3. Thermodynamics of lithium salts and their aqueous solution systems

In the long-term production activities and scientific practice, it is troublesome for some pro-
duction process of the new technology, new processes, or new product development, because
there is no data and phase diagram of the relevant salt-water system. In addition, experimental
determination on solubilities of multi-component systems is a complex work and it is virtually
impossible for researchers to investigate all the salt-water systems. However, it is well-known
that phase diagram is a geometry description of phase relation in the system under the
condition of thermodynamic equilibrium. In theory, the phase diagram should be able to be
gained based on the principles of thermodynamics [99].

Category Lithium-containing systems Temperature (K) Reference

Liþ,Mg2//Cl�,SO4
2�–H2O 308.15 [81]

Liþ,Kþ//Cl�,SO4
2�–H2O 308.15 [82]

Liþ,Mg2//Cl�,SO4
2�–H2O 273.15 [83]

Liþ,Naþ//SO4
2�–H2O 288.15, 308.15 [84]

Liþ,Naþ//SO4
2�–H2O 308.15, 348.15 [85]

Liþ,Naþ,Kþ//Cl�,SO4
2�–H2O 308.15 [86]

Liþ//Cl�,SO4
2�–H2O 308.15 [48]

Liþ,Kþ//SO4
2�–H2O 288.15, 323.15 [87]

Liþ,Kþ//SO4
2�–H2O 308.15 [88]

Li2CO3 Liþ,Naþ//SO4
2�,CO3

2�–H2O 288.15 [89]

Liþ,Kþ//Cl�,CO3
2�–H2O 298.15 [90]

Li2B4O7 Liþ,Naþ,Kþ//Cl�,B4O7
2�–H2O 298.15 [60]

Liþ,Naþ//SO4
2�,B4O7

2�–H2O 288.15 [91]

Liþ,Naþ,Kþ//CO3
2�,B4O7

2�–H2O 288.15 [92]

Liþ,Kþ//Cl�,SO4
2�,B4O7

2�–H2O 288.15 [93]

Liþ,Kþ//SO4
2�,B4O7

2�–H2O 288.15 [94]

Liþ//Cl�,CO3
2�,B4O7

2�–H2O 298.15 [95]

Liþ,Kþ//CO3
2�,B4O7

2�–H2O 273.15 [96]

Liþ,Kþ//CO3
2�,SO4

2�,B4O7
2�–H2O 273.15 [97]

Liþ,Kþ//CO3
2�,B4O7

2�–H2O 288.15 [98]

Table 2. Metastable phase equilibria of lithium-containing salt-water systems.
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phase diagram when the salt-water system was in the process of simulating evaporation [32].
So it is useful for the metastable phase diagram to extract the products which cannot be
obtained in the stable phase diagram [69].

Some of metastable phase equilibria of lithium-containing salt-water systems are shown in
Table 2. A lot of lithium-containing systems of chloride, sulfate, carbonate, and borate were
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2�–H2O 288.15 [89]

Liþ,Kþ//Cl�,CO3
2�–H2O 298.15 [90]

Li2B4O7 Liþ,Naþ,Kþ//Cl�,B4O7
2�–H2O 298.15 [60]

Liþ,Naþ//SO4
2�,B4O7

2�–H2O 288.15 [91]

Liþ,Naþ,Kþ//CO3
2�,B4O7

2�–H2O 288.15 [92]

Liþ,Kþ//Cl�,SO4
2�,B4O7

2�–H2O 288.15 [93]

Liþ,Kþ//SO4
2�,B4O7

2�–H2O 288.15 [94]

Liþ//Cl�,CO3
2�,B4O7

2�–H2O 298.15 [95]

Liþ,Kþ//CO3
2�,B4O7

2�–H2O 273.15 [96]

Liþ,Kþ//CO3
2�,SO4

2�,B4O7
2�–H2O 273.15 [97]

Liþ,Kþ//CO3
2�,B4O7

2�–H2O 288.15 [98]

Table 2. Metastable phase equilibria of lithium-containing salt-water systems.
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As to the classical electrolyte theory, Debye-Hückel theory is only suitable for the dilution
solution with a concentration below 0.1 m (molality) and it is unusable to solve the thermody-
namic behaviors and to predictive the dissolution equilibria for the complex salt lake brine
systems [100]. Pitzer theory [101], which was developed on the basis of Debye-Hückel ion-
interaction theory, characterizing thermodynamics properties of electrolyte solution with brief
and terse form is widely used either in geochemical behaviors of natural waters and mineral
deposits or in the predictions of solubility of salt-water systems. A series of calculated expres-
sions for the activity coefficient and osmotic coefficient of any electrolytes in multi-component
systems were proposed by Pitzer [102]. After measuring the thermodynamic parameters, such as
osmotic coefficient, activity coefficient, heat of dissolution, heat of dilution, heat of mixing, and
specific heat, it is easy to calculate and fit the relative model-parameter theoretically and solubil-
ity on the basis of Pitzer and its extended ion-interaction model to promote the development of
theory and practice, such as the new field of calculating phase diagram and its application [32].

At present, the domestic and foreign research methods of electrolyte solution of thermody-
namic properties are mainly isopiestic method, electromotive force method, calorimetric
method, conductivity method, hygrometry, density method, and so on. The isopiestic method
and electromotive force method are the most common experimental method to be widely used
in measuring the thermodynamic properties such as permeability and activity coefficient. They
complement each other. The basic property of matter which is the change of energy can be
measured directly by the calorimetric method. In recent years, the calorimetric method is
widely implemented in the research of solution thermodynamic properties [103].

In 1992, Yao et al. [104] measured the osmotic and activity coefficients of aqueous mixtures of
LiCl and MgCl2 in the range of low concentration to near crystallization limits by the isopiestic
method. The Pitzer single-salt parameters and the mixed parameters were calculated by the
osmotic and activity coefficients, which were applicative for Pitzer’s equation. The predicted
solubilities for the system studied using Pitzer’s approach were shown to be in reasonable
agreement with experimental results from references. The osmotic coefficients of aqueous
mixtures of Li2SO4 and MgSO4 had been reported from 1.4 to 13.5 mol�kg�1 at 298 K using
the isopiestic method by Zhang et al [105]. In the ranges of 0.2–8.7 and 0.6–12.7 mol�kg�1 the
osmotic coefficients of Li2SO4 and MgSO4 were also reported, respectively. The predicted
solubilities for this system using Pitzer’s approach showed good agreement with experimental
results. Yang et al. [106] measured isopiestic molalities and water activities for the Li2B4O7–
LiCl–H2O system at 298.15 K using an improved isopiestic apparatus, and the two types of
osmotic coefficients were calculated and compared. Pitzer’s primary model with minor mod-
ifications, in combination with the chemical equilibria, was used to represent the experimental
data for the complex Li2B4O7–LiCl–H2O system.

Based on the principle of isopiestic method, the osmotic and activity coefficients can be obtained.
However, it might be difficult to get these coefficients with the strict thermodynamics calculation
in the mixed electrolyte solutions. The activity coefficients of KCl and LiCl in KCl–LiCl aqueous
mixtures have been studied at 298.15 K in ionic strength range of 0.1–4.0 mol�kg�1 by Li et al.
[107]. The data were fitted to Pitzer’s equation using the regression method, Pitzer parameters
were obtained. The activity confidents of aqueous LiCl in the system LiCl–MgCl2–H2O were
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determined at 298.15 K in the total ionic strength range from 0.05 to 6.0 mol�kg�1 with the
electromotive force method using a lithium-selective electrode and Ag/AgCl electrode by Wang
et al. [108]. The activity coefficients of the experiment were compared with which calculated by
the Pitzer equation with the known parameters of experimental osmotic coefficients.

The process of chemical reaction, dissolution, dilution, and mixing are often accompanied with
heat changes. Reaction heat data, such as dissolution heat, dilution heat, mixing heat, and
special heat, were determined critically by the calorimetry technology, which can work out
thermodynamic enthalpy, entropy, Gibbs free energy, and thermodynamic equilibrium con-
stant. Hence, the calorimetric method became the research highlights to measure the thermo-
dynamic properties (dissolution heat, dilution heat, mixing heat, and capacity heat).

There are some thermodynamic parameters measured by the calorimetric method. In 1965,
Wu [109] and Wood [110] researched heats of mixing of a variety of aqueous containing
lithium solutions of the same ionic strength at 298.15 K. Some of them were in the different
concentration. The concentration dependence of the heats of mixing indicated that like-
charged ion pairs were important contributors to the heat of mixing. The enthalpies of dilution
of lithium in the range 0.1–1.0 m had been measured at 303.15 K with a microcalorimeter by
Leung et al. [111]. The relative apparent enthalpies of these solutions had been determined
with the aid of an extended form of Debye-Hückel limiting law. Enthalpies of solution of
Li2SO4 and Li2SO4�H2O in water at 298.15 K were investigated [112]. The molar enthalpies of
solution extrapolated to infinite dilution at 298.15 K were ΔsolHm

∞ (Li2SO4) ¼ �(30502 � 170)
J�mol�1 and ΔsolHm

∞ (Li2SO4�H2O) ¼ �(17899 � 152) J�mol�1. The value for the monohydrate
lithium sulfate had been calculated by assuming that the excess water in the sample was
present as an aqueous saturated solution. There were presented preliminary specific heat
capacities of lithium sulfate solution.

The standard molar enthalpy of the formation of some lithium borates were determined
[113–116]. The results were ΔfHm

θ (LiBO2�2H2O) ¼ �(1627.46 � 0.90) kJ�mol�1, ΔfHm
θ

(LiBO2�8H2O) ¼ �(3397.00 � 0.94) kJ�mol�1, ΔfHm
θ(LiB5O8�5H2O) ¼ �(5130.25 � 4.05)

kJ�mol�1, ΔfHm
θ (Li2B4O7�3H2O) ¼ �(4290.86 � 3.31) kJ�mol�1, ΔfHm

θ(Li3B5O8(OH)2 (I)) ¼
�(4724.1 � 4.2) kJ�mol�1, ΔfHm

θ(Li3B5O8(OH)2 (II)) ¼ �(4723.8 � 4.2) kJ�mol�1, and
ΔfHm

θ(Li4[B5O13(OH)2]�3H2O) ¼ � (7953.8 � 6.6) kJ�mol�1.

Meanwhile, the thermodynamic properties in solution system contained lithium borates had
been widely researched. Zhang et al. [117] determined the molar heat capacities of the aqueous
Li2B4O7 solution at a concentration of 0.0187 mol�kg�1 in the temperature range from 80 to 355
K by a precision automated adiabatic calorimetry. The enthalpies of dilution for the aqueous
Li2B4O7 solutions from 0.0212 to 2.1530 mol�kg�1 at 298.15 K have been measured [118]. The
relative apparent molar enthalpies and relative partial molar enthalpies of the solvent and
solute for the aqueous Li2B4O7 system were also calculated. The thermodynamic properties of
the binary aqueous system Li2B4O7–H2O were represented with the extended Pitzer ion-inter-
action model. And the enthalpies of dilution, ΔdilHm, have been also measured for the LiCl–
Li2B4O7–H2O system at T ¼ 298.15 K [119]. A suitable microcalorimetric method was used to
obtain the better data of the enthalpies of dilution for the ternary system LiCl–Li2B4O7–H2O at
a low concentration. The relative apparent molar enthalpies have been determined and the
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namic behaviors and to predictive the dissolution equilibria for the complex salt lake brine
systems [100]. Pitzer theory [101], which was developed on the basis of Debye-Hückel ion-
interaction theory, characterizing thermodynamics properties of electrolyte solution with brief
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specific heat, it is easy to calculate and fit the relative model-parameter theoretically and solubil-
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theory and practice, such as the new field of calculating phase diagram and its application [32].
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method, conductivity method, hygrometry, density method, and so on. The isopiestic method
and electromotive force method are the most common experimental method to be widely used
in measuring the thermodynamic properties such as permeability and activity coefficient. They
complement each other. The basic property of matter which is the change of energy can be
measured directly by the calorimetric method. In recent years, the calorimetric method is
widely implemented in the research of solution thermodynamic properties [103].

In 1992, Yao et al. [104] measured the osmotic and activity coefficients of aqueous mixtures of
LiCl and MgCl2 in the range of low concentration to near crystallization limits by the isopiestic
method. The Pitzer single-salt parameters and the mixed parameters were calculated by the
osmotic and activity coefficients, which were applicative for Pitzer’s equation. The predicted
solubilities for the system studied using Pitzer’s approach were shown to be in reasonable
agreement with experimental results from references. The osmotic coefficients of aqueous
mixtures of Li2SO4 and MgSO4 had been reported from 1.4 to 13.5 mol�kg�1 at 298 K using
the isopiestic method by Zhang et al [105]. In the ranges of 0.2–8.7 and 0.6–12.7 mol�kg�1 the
osmotic coefficients of Li2SO4 and MgSO4 were also reported, respectively. The predicted
solubilities for this system using Pitzer’s approach showed good agreement with experimental
results. Yang et al. [106] measured isopiestic molalities and water activities for the Li2B4O7–
LiCl–H2O system at 298.15 K using an improved isopiestic apparatus, and the two types of
osmotic coefficients were calculated and compared. Pitzer’s primary model with minor mod-
ifications, in combination with the chemical equilibria, was used to represent the experimental
data for the complex Li2B4O7–LiCl–H2O system.

Based on the principle of isopiestic method, the osmotic and activity coefficients can be obtained.
However, it might be difficult to get these coefficients with the strict thermodynamics calculation
in the mixed electrolyte solutions. The activity coefficients of KCl and LiCl in KCl–LiCl aqueous
mixtures have been studied at 298.15 K in ionic strength range of 0.1–4.0 mol�kg�1 by Li et al.
[107]. The data were fitted to Pitzer’s equation using the regression method, Pitzer parameters
were obtained. The activity confidents of aqueous LiCl in the system LiCl–MgCl2–H2O were
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determined at 298.15 K in the total ionic strength range from 0.05 to 6.0 mol�kg�1 with the
electromotive force method using a lithium-selective electrode and Ag/AgCl electrode by Wang
et al. [108]. The activity coefficients of the experiment were compared with which calculated by
the Pitzer equation with the known parameters of experimental osmotic coefficients.

The process of chemical reaction, dissolution, dilution, and mixing are often accompanied with
heat changes. Reaction heat data, such as dissolution heat, dilution heat, mixing heat, and
special heat, were determined critically by the calorimetry technology, which can work out
thermodynamic enthalpy, entropy, Gibbs free energy, and thermodynamic equilibrium con-
stant. Hence, the calorimetric method became the research highlights to measure the thermo-
dynamic properties (dissolution heat, dilution heat, mixing heat, and capacity heat).

There are some thermodynamic parameters measured by the calorimetric method. In 1965,
Wu [109] and Wood [110] researched heats of mixing of a variety of aqueous containing
lithium solutions of the same ionic strength at 298.15 K. Some of them were in the different
concentration. The concentration dependence of the heats of mixing indicated that like-
charged ion pairs were important contributors to the heat of mixing. The enthalpies of dilution
of lithium in the range 0.1–1.0 m had been measured at 303.15 K with a microcalorimeter by
Leung et al. [111]. The relative apparent enthalpies of these solutions had been determined
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∞ (Li2SO4�H2O) ¼ �(17899 � 152) J�mol�1. The value for the monohydrate
lithium sulfate had been calculated by assuming that the excess water in the sample was
present as an aqueous saturated solution. There were presented preliminary specific heat
capacities of lithium sulfate solution.
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θ(Li4[B5O13(OH)2]�3H2O) ¼ � (7953.8 � 6.6) kJ�mol�1.

Meanwhile, the thermodynamic properties in solution system contained lithium borates had
been widely researched. Zhang et al. [117] determined the molar heat capacities of the aqueous
Li2B4O7 solution at a concentration of 0.0187 mol�kg�1 in the temperature range from 80 to 355
K by a precision automated adiabatic calorimetry. The enthalpies of dilution for the aqueous
Li2B4O7 solutions from 0.0212 to 2.1530 mol�kg�1 at 298.15 K have been measured [118]. The
relative apparent molar enthalpies and relative partial molar enthalpies of the solvent and
solute for the aqueous Li2B4O7 system were also calculated. The thermodynamic properties of
the binary aqueous system Li2B4O7–H2O were represented with the extended Pitzer ion-inter-
action model. And the enthalpies of dilution, ΔdilHm, have been also measured for the LiCl–
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relationships between apparent molar enthalpies and ionic strength at different molar fractions
of Li2B4O7 were obtained. Li [120] measured the heats of dilution and heat capacities of
eutectic point solution system Li2B4O7–Li2SO4–LiCl–H2O and subsystems Li2B4O7–Li2SO4–
H2O and Li2B4O7–LiCl–H2O to cover the ionic strength range from 19 to 0.1 at 298.15 K. The
data of the heat of dilution were extrapolated to infinite dilution by use of the Debye-Hückel
limiting law to obtain relative apparent molar enthalpies.

In our group, the heat capacities of aqueous solution systems (Li2B4O7–H2O) m ¼ 0.00415–
0.4208 mol�kg�1�at T ¼ 298.15, 308.15 and 323.15 K were determined experimentally using the
Setaram BT 2.15 microcalorimeter [121]. On the basis of experimental data, the apparent molar
heat capacities at different concentrations and temperatures were calculated, and the relation-
ship equations between apparent molar heat capacity and solution concentration of lithium
tetraborate at 298.15, 308.15 and 323.15 K were obtained. On the other hand, the Pitzer single
salt parameters of lithium tetraborate at different temperatures were fitted on the basis of the
Pitzer ion-interaction theory of the electrolytes on the apparent molar heat capacity.

So far, the thermodynamic parameters of lithium salts are still scarce. The Pitzer single salt
parameters and the mixing ion-interaction parameters at different temperatures have not been
established yet. So, more works on the thermodynamics parameters of lithium salts and their
aqueous solution systems at multi-temperatures are essential.

4. Conclusion

With the gradually increasing demands of lithium salt resources as the lithium energy battery,
to exploit the lithium-containing brine resources including seawater, concentrated seawater
after desalinization, salted lake, oil/gas field water, and well bitter is essential. Therefore,
studies on phase equilibria and phase separation of the lithium-containing brine systems are
significant to guide the comprehensive utilization of those lithium-containing brine resources
around the world. In this chapter, the following three main aspects were discussed: Firstly, the
stable and metastable phase equilibria of lithium-containing salt-water multi-systems includ-
ing the different types of chloride, sulfate, carbonate, and borate brines at different tempera-
tures were summarized. Secondly, a series of valuable thermodynamic properties of standard
molar enthalpy of formation for solid lithium salts such as LiCl�H2O, Li2SO4�H2O,
LiBO2�2H2O, LiBO2�8H2O, Li2B4O7�3H2O, Li3B5O8(OH)2, and Li4[B5O13(OH)2]�3H2O, and the
thermodynamic properties (dissolution heat, dilution heat, mixing heat, and capacity heat) for
their relatively aqueous solutions were obtained combined by the isothermal dissolution
equilibrium method, isopiestic method, and adiabatic calorimetry, and so on. Thirdly, on the
basis of classical Debye-Hückel electrolyte theory, the extended modern electrolyte model,
developed by Pitzer KS and his coworkers to express the activity coefficient and osmotic
coefficient of any electrolytes in multi-component lithium-containing systems, was success-
fully used to obtain a series parameters such as the model parameter fitting, thermodynamic
property calculation, and the solubility prediction.
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Abstract

Drinking water was produced from Marmara seawater by membrane distillation (MD). 
The best operating conditions were determined by batch experiments as: 0.45 μm PTFE, 
30°C distillate temperature and temperature difference, and 270–360 L/h cross‐flow rates 
in feed‐distillate. Seawater desalination was carried out with 99.93% solute rejection and 
17.2 L/m2h permeate flux in 66% concentration ratio by lab‐scale pilot system. Since the 
desalinated water contained no organic carbon, turbidity, and nitrate, it seemed to be very 
suitable for immediate service with quality of 7.3 pH, clear, odor‐free, 76.0 μS/cm, 47.1 mg 
TDS/L, <0.001 color, and 0.01 mg boron/L. The product water lacked of vital cations, espe‐
cially Na+, K+, Ca2+, Mg2+ that are essentials for promoting osmotic balanced body liquid and 
healthy development. A holistic management approach towards satisfying specific water 
quality requirements in direct service of MD effluents to human consumption was pro‐
posed that jointly included in injecting into urban potable water, adding appropriate chem‐
icals into the effluent, and mixing effluents with raw or concentrated seawater (1:250/1:1000 
for Marmara seawater) or brackish natural waters under hygienic precautions.

Keywords: seawater desalination, drinking water production, membrane distillation, 
product water quality, human consumption suitability

1. Introduction

The data of United Nations indicate that the rate of increase in water usage has been higher 
than twice the rate of increase in population over the past century. It is estimated that there 
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will be 1.8 billion people living in areas with scarce water resources by 2025, while two‐thirds 
of the global population reside in regions of water stress due to use, growth, and climate 
change [1]. Potable water production has also become a worldwide concern, for many com‐
munities, increasing of industrial processes, population growth, climate change, over exploi‐
tation of ground water and nearby river systems as well as demand exceed of conventional 
available water resources [2–7]. For firmly preservation and sustaining stable development of 
life on earth at present situation, there needs to use plentiful salty water to produce freshwater 
supplies capable of meeting the increasing demand [7, 8]. Therefore, countries are progres‐
sively turning to desalination technologies as a solution to obtain direct potable water from 
seawater [4, 6, 9].

Commercial desalination technologies are mainly categorized under two main categories as 
pressure‐driven membrane separation by reverse osmosis (RO) and thermal distillation by 
multi‐stage flash (MSF) and multi‐effect distillation (MED) [4, 10]. In spite of their growing 
popularity and improved technological applications in seawater desalination, available plants 
have potential negative impacts on coastal environments and marine ecosystems, which can 
be characterized with concentrate and chemical discharges to the sea, limiting effects on land 
use, salting of groundwater, noise pollution, air pollutants discharges to the atmosphere and 
high energy consumptions [11–17]. Total capacity of seawater desalination plants in the world 
about 50% is operated by RO‐based membrane technology [4]. The decline in RO performance 
resulting from unavoidable membrane fouling, which needs expensive pretreatment, higher 
operation pressures, and frequent cleaning with chemicals which give harm to membranes, 
impairs the quality of permeate and accelerate membrane replacement, which pushes up the 
cost of water treatment and energy consumption [6, 18].

Membrane distillation (MD) could be an alternative to RO desalination process to overcome 
its negative impacts. MD is not highly affected by salt concentration in saline feed solutions, 
and hence, this technology can achieve good quality distillate with minimal brine discharge 
[19, 20]. MD, a thermal integrated membrane process, incorporates transporting vapor 
through microporous hydrophobic membranes, and its operation is based on the principle 
of vapor‐liquid equilibrium as a basis for molecular separation. This process uses a gradient 
of temperature between the two sides of a porous membrane in order to establish a differ‐
ence in vapor pressure that actually drives process [5, 19, 21–25]. Its four different configura‐
tions that consist of the type of the condensing design have been proposed, but direct contact 
membrane distillation (DCMD) is the most widely preferred technology because the step of 
condensation is performed within the membrane module, which brings about a simple mode 
of operation with no need of external condensers [19, 22, 24]. Additionally, more convenient 
membranes in MD process became available. Several materials such as polytetrafluoroethyl‐
ene (PTFE), polypropylene (PP), polyethylene (PE), and polyvinylidene fluoride (PVDF) are 
used for producing hydrophobic MD membrane for desalination uses [24, 25]. The different 
commercial membranes have been used in several recent pilot plant studies, but there are still 
some problems that have not yet been clearly solved to use MD process under real scale [19].

In practice, the use of MD for desalination is still largely limited to pilot‐scale studies. The com‐
mercial launch of MD desalination technology will first require certain technical issues to be 
resolved, such as its high energy consumption and the wetting of membrane pores [26]. Feng 
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et al. [27] used different nanofiber microfiltration membranes produced from PVDF material 
to obtain drinking water through the air gap MD process. This was the first time that an elec‐
trospun nanofiber membrane was used in MD. At temperature differences ranging between 25 
and 83°C, they obtained flux values between 5 and 28 kg/m2 h. They also reported that this new 
approach could potentially compete with other conventional desalination systems. Fard et al. 
[28] investigated bench‐scale performance of DCMD process using flat sheet PTFE membrane 
under various conditions of inlet flow rates, temperatures, and salinity composition. A perme‐
ate flux of 35.6 L/m2 h could be generated at a different temperature of 50°C between hot and 
cold stream sides. The rate of salt rejection during the conducted tests was really high with 
99.9% and virtually independent of any operational parameters studied. It has been seen that 
DCMD is a viable and effective technology, which can produce high quality distillate in a con‐
sistent way from a very high salinity feed even with dramatic differences in quality  compared 
to other methods of desalination like RO and MSF. Bouguecha et al. [29] attempted to run 
a DCMD pilot plant powered by solar energy using collectors plus PV panels under actual 
weather conditions in Jeddah, KSA, throughout two selected sunny days. It had been aimed 
to assess how the operating parameters affected the process performance in which the trans‐
membrane temperature difference (ΔT) and the fluid mass flow rates (hot and cold) consti‐
tuted the most remarkable operating parameters. A maximum permeate flux of 8.87 L/m2 h was 
achieved at a ΔT of 60.5°C. According to their findings, it seems that the DCMD is a promising 
solution for the desalination of brackish water and also for seawater, particularly in distant 
places and/or whenever affordable low temperature sources are accessible.

In this paper, six different commercially available membranes were used to investigate the 
effects of different operating conditions including cross‐flow rate, membrane type and pore 
size, solution temperatures, and membrane trans‐temperature differences on dissolved ions 
rejections and permeate flux of DCMD process. Some characteristics of membranes such as 
roughness and wettability were additionally tested to more comprehensively understand the 
performances. At suitable operation conditions determined based on batch experimental runs, 
the process was operated along a 30‐h period of time in which raw seawater was concentrated 
at approximately 70% to examine the direct usability of the MD output water as drinking 
water. The effluent quality established for direct supply to human consumptions was evalu‐
ated in terms of appropriateness to maximum allowable concentrations in the national stan‐
dard and international guidelines, and a general framework for pragmatic solutions toward 
practical water quality management applications was proposed for facilitation to serve the 
MD desalination effluents to the human drinking directly.

2. Materials and methods

2.1. Seawater characterization

Raw seawater used as feed stream in all membrane distillation experiments was collected from 
Muallimköy Coast of Marmara Sea beside the coastal city of İzmit/Kocaeli in Turkey. It was 
taken from under one meter of seawater level and then pre‐filtered through roughing filtra‐
tion to remove large particles. The detailed characteristics of the seawater are given in Table 1.
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Parametersa Raw seawater

Ib IIb Average

T 24.1 24.2 24.15 ± 0.05

pH 8.69 8.62 8.66 ± 0.04

Ec 40,400 41,500 40,950 ± 550

TDS 25, 250 25, 772 25,511 ± 261

TOC 4.3 5.1 4.7 ± 0.4

DOC 4.1 4.9 4.5 ± 0.4

UVA254 0.050 0.040 0.045 ± 0.005

SUVA 1.220 0.816 1.018 ± 0.202

Na+ 8880 8940 8910 ± 30

K+ 443 422 433 ± 11

NH4
+ <0.1 <0.1 <0.1

Ba2+ 0.030 0.029 0.0295 ± 0.0005

Ca2+ 395 404 400 ± 5

Mg2+ 696 692 694 ± 2

Mn2+ 0.018 0.019 0.0185 ± 0.0005

Sr2+ 5.50 5.70 5.60 ± 0.10

B 2.95 3.05 3.00 ± 0.05

Si 0.89 0.91 0.90 ± 0.01

Fe 0.007 0.007 0.007 ± 0.000

Cl− 13,996 14,481 14,239 ± 243

HCO3
− 300 303 302 ± 2

NO3
− 0.5 0.5 0.5 ± 0.0

CO3
2− 0.0 30 15.0 ± 15.0

SO4
2− 2314 2440 2377 ± 63

TKN 0.6 0.7 0.65 ± 0.05

Total nitrogen 1.1 1.2 1.15 ± 0.05

Alkalinity 300 333 317 ± 17

Total hardness 4986 5236 5111 ± 125

Color

436 nm 0.0300 0.0300 0.0300 ± 0.0000

525 nm 0.0020 0.0100 0.0060 ± 0.0040

620 nm 0.0030 0.0020 0.0025 ± 0.0005

aUnits of all parameters are mg/L except for temperature (°C), electrical conductivity (μS/cm), UVA254 (1/cm), SUVA (L/
mg.m) and color (1/cm).
bSeawaters I and II are raw seawater samples that were used in batch and continuous MD experiments, respectively.

Table 1. Characteristics of Marmara seawater.
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2.2. MD membranes

Six different types of flat sheet hydrophobic microfiltration membrane with pore sizes of 
0.2, 0.45, and 1.0 μm that were made of PTFE and PVDF materials (Membrane Solutions 
Inc., China) were used in the experiments. The characteristics and intrinsic performances 
of the membranes are presented in Table 2. The membrane thicknesses were provided by 
the manufacturer. The results of contact angle measurement below 90° indicate that the 
PVDF membranes demonstrated lower hydrophobicity than the PTFE membranes. Liquid 
entry pressure (LEP) parameter also shows that the PTFE membranes are more suitable 
for the MD processing of seawater due to its lower wettability and higher entry pressure 
values.

2.3. Experimental setup

The experimental setup of cross‐flow lab‐scale pilot DCMD system is schematically shown 
in Figure 1. The setup was composed of two thermostatic cycles, that is, feed and permeate, 
which were connected to a membrane module made by kestamid having an effective mem‐
brane area of 140 cm2. The compartment cells of the module consisted of two machined parts 
compressing the rectangular MD membrane. Connected to a heating resistant, the feed flow 
side is kept under high temperature; on the other hand, the permeate flow side, connected to 
a cooling system, is maintained at a low temperature.

During the experimental investigations, rough‐filtrated raw seawater from the Marmara Sea 
was preheated to intended temperatures and circulated through one side of the membrane (feed 
side), while de‐ionized water was circulated through the other side of the membrane (distillate 
or permeate side) in a simultaneous way in a counter‐current flow mode. The condensation of 
permeate vapor that was diffused across the membrane occurred in the cold distillate side. The 
temperatures of feed and permeate streams were controlled at desirable levels using a heater 
and chiller, respectively. The spacer placed in the feed flow side only to promote turbulence 

Membranes Material Membrane 
thickness (μm)

Nominal pore 
size (μm)

Contact angle 
(±10°)

Liquid entry 
pressure 
(±2.5 kPa)

Water fluxa (m3/
m2h)

PTFE Polytetrafluoro 
ethylene

160 ± 40 0.22 121 121.3 0.250

0.45 126 81.1 0.333

1.0 123 131.4 0.417

PVDF Polyvinylidene 
fluoride

100 ± 10 0.22 68 58 6.0–9.0

0.45 81 47.5 22.2–36.0

1.0 84 22.5 –b

aThe values given by manufacturer that measured at trans‐membrane pressures of 0.2 and 1.0 bar for PTFE and PVDF 
membranes, respectively.
bNot available.

Table 2. Various properties of MD membranes used.
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− 0.5 0.5 0.5 ± 0.0

CO3
2− 0.0 30 15.0 ± 15.0

SO4
2− 2314 2440 2377 ± 63

TKN 0.6 0.7 0.65 ± 0.05

Total nitrogen 1.1 1.2 1.15 ± 0.05

Alkalinity 300 333 317 ± 17

Total hardness 4986 5236 5111 ± 125

Color

436 nm 0.0300 0.0300 0.0300 ± 0.0000

525 nm 0.0020 0.0100 0.0060 ± 0.0040

620 nm 0.0030 0.0020 0.0025 ± 0.0005

aUnits of all parameters are mg/L except for temperature (°C), electrical conductivity (μS/cm), UVA254 (1/cm), SUVA (L/
mg.m) and color (1/cm).
bSeawaters I and II are raw seawater samples that were used in batch and continuous MD experiments, respectively.

Table 1. Characteristics of Marmara seawater.
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2.2. MD membranes

Six different types of flat sheet hydrophobic microfiltration membrane with pore sizes of 
0.2, 0.45, and 1.0 μm that were made of PTFE and PVDF materials (Membrane Solutions 
Inc., China) were used in the experiments. The characteristics and intrinsic performances 
of the membranes are presented in Table 2. The membrane thicknesses were provided by 
the manufacturer. The results of contact angle measurement below 90° indicate that the 
PVDF membranes demonstrated lower hydrophobicity than the PTFE membranes. Liquid 
entry pressure (LEP) parameter also shows that the PTFE membranes are more suitable 
for the MD processing of seawater due to its lower wettability and higher entry pressure 
values.

2.3. Experimental setup

The experimental setup of cross‐flow lab‐scale pilot DCMD system is schematically shown 
in Figure 1. The setup was composed of two thermostatic cycles, that is, feed and permeate, 
which were connected to a membrane module made by kestamid having an effective mem‐
brane area of 140 cm2. The compartment cells of the module consisted of two machined parts 
compressing the rectangular MD membrane. Connected to a heating resistant, the feed flow 
side is kept under high temperature; on the other hand, the permeate flow side, connected to 
a cooling system, is maintained at a low temperature.

During the experimental investigations, rough‐filtrated raw seawater from the Marmara Sea 
was preheated to intended temperatures and circulated through one side of the membrane (feed 
side), while de‐ionized water was circulated through the other side of the membrane (distillate 
or permeate side) in a simultaneous way in a counter‐current flow mode. The condensation of 
permeate vapor that was diffused across the membrane occurred in the cold distillate side. The 
temperatures of feed and permeate streams were controlled at desirable levels using a heater 
and chiller, respectively. The spacer placed in the feed flow side only to promote turbulence 

Membranes Material Membrane 
thickness (μm)

Nominal pore 
size (μm)

Contact angle 
(±10°)

Liquid entry 
pressure 
(±2.5 kPa)

Water fluxa (m3/
m2h)

PTFE Polytetrafluoro 
ethylene

160 ± 40 0.22 121 121.3 0.250

0.45 126 81.1 0.333

1.0 123 131.4 0.417

PVDF Polyvinylidene 
fluoride

100 ± 10 0.22 68 58 6.0–9.0

0.45 81 47.5 22.2–36.0

1.0 84 22.5 –b

aThe values given by manufacturer that measured at trans‐membrane pressures of 0.2 and 1.0 bar for PTFE and PVDF 
membranes, respectively.
bNot available.

Table 2. Various properties of MD membranes used.
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and to support the membrane was obtained from Sterlitech Inc., USA. In the batch experiments, 
the storage tanks for the feed and distillate streams in the system were kept at equal volumes 
of five L. In the continuous experiments operated at concentration mode of the feed seawater of 
12 L, the system was worked for 6 hours per day in a period of 5 consecutive days. During these 
experimental runs, the membrane active layers were cleaned in‐place inside the module at the 
end of each operation day by means of using 1 L solutions in each one of the applications, which 
were operated by a flushing order of first applying “1% HCl + distilled water”, and then followed 
by “1% NaOH + distilled water” except for the first operation day.

2.4. Surface morphology of membranes

The surface morphologies of clean and fouled membranes were marked by means of atomic 
force microscopy (AFM) to assess the vertically distribution of the fouling on the top layer 
or membrane surface roughness. After each membrane sample was let dry in air, the visual 
observations were provided using NanoScope IV AFM system (Digital Instruments, USA) 
operated in contact mode. The mean roughness (Ra), the root mean square (Rrms) of the 
average height of membrane surface peaks, and the mean difference in height among the 
five highest peaks and the five lowest valleys (Rz) were identified in order to compare the 
roughness of clean and fouled membranes. Due to its more representative findings for the 
surface foulings, the analyses were evaluated only via the variations of the measured Rz 
values of the specimens. In the AFM analyses, the value of mean roughness (Ra) stands for 
the mean value of surface in relation to centre plane and was calculated using the following 
equation [30]:

   R  a   =   1 __ P     ∑  
i=0

  
p
    |   z  cu   −  z  av   |     (1)

where zav is the average of the z values in the particular area, zcuis the present value of z, and 
p refers to the number of points in a certain area. The root mean square of z values (Rrms) was 
calculated using the equation given below [30]:

Figure 1. Schematic flow diagram of experimental MD setup.
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The average difference in height among the five highest peaks and the five lowest val‐
leys, RZ, was calculated in relation to the mean plane, on which the image data have a 
minimum variance [30, 31]. The cross‐sectional morphologies of fouled membranes were 
monitored by scanning electron microscopy (SEM) (Philips XL30 SFEG) to visualize the 
fouling formations on the membrane surface. All the SEM observations were performed 
at 5 kV using Au‐coated membrane specimens. Energy dispersive X‐ray spectrometry 
(EDX) analysis of the components found on the membrane surface after the fouling was 
also done with EDX detector of the same device. The hydrophilicity or wettability of 
the membrane surfaces was analyzed with contact angle (°) measurements according 
to sessile‐drop technique using a goniometry instrument (Attension Theta Lite Optical 
Tensiometer) [31]. In the analyses, 2 μL of pure water in tight syringe was manually 
dropped on the membrane surface. By means of the software processing the measure‐
ment data obtained from the camera of the device, the results were determined as the 
averages of contact angles at both sides of drops fall on five arbitrary places of the mem‐
brane surfaces.

2.5. Analytical procedure

Water quality analyses in both MD streams were carried out based upon the parameters that 
included in temperature, pH, conductivity, turbidity, total dissolved solids TDS, total organic 
carbon (TOC), dissolved organic carbon (DOC), ultraviolet absorbance at 254 nm (UVA254), 
specific ultraviolet absorbance (SUVA), total Kjeldahl nitrogen (TKN), NH4

+, alkalinity, total 
hardness, Na+, K+, NH4

+, Ba2+, Ca2+, Mg2+, Mn2+, Sr2+, B, Si, Fe, Cl−, HCO3
−, NO3

−, CO3
2−, SO4

2− and 
color at 436, 525, and 620 nm wavelengths that were measured according to “Standard Methods 
for the Examination of Water and Wastewater” [32].

Temperature, conductivity, TDS and pH were analyzed with the desktop multi‐param‐
eter with Hach HQ440 d (Hach‐Lange GmBH). TOC was measured at 750°C by carbon 
analyzer equipped with a high pressure NDIR detector (Hach Lange IL550 TOC‐TN) in 
which 5310 B‐a high temperature catalytic oxidation method was applied. DOC analyses were 
conducted on the samples filtered by Whatman syringe filter 0.45 μm using the TOC ana‐
lyzer apparatus. UVA254 was measured by 5910 B‐UV‐absorbing organic constituents method, 
and SUVA was calculated with values of UVA254 and DOC. TKN was analyzed by 4500‐
NorgB‐macro‐Kjeldahl method, and ammonia was determined using the measurement probe 
of Hach HQ440 d by 4500‐NH3E‐ammonia‐selective electrode method. Alkalinity and total 
hardness were determined in accordance with 2320B‐titration method and 2340C‐EDTA 
titrimetric method.

Na+, K+, Ba2+, Ca2+, Mg2+, Mn2+, B, and Fe concentrations were measured by Perkin‐Elmer ELAN 
Optima 7000 DV with 3120‐B inductively coupled plasma mass spectrometer (ICP‐MS)   (Perkin‐
Elmer SCIEX Instruments, Canada). Si and Sr2+ were measured using flame atomic absorp‐
tion spectrometer (Perkin Elmer 1100). Prior to the analyses, samples were filtered through a 
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and to support the membrane was obtained from Sterlitech Inc., USA. In the batch experiments, 
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12 L, the system was worked for 6 hours per day in a period of 5 consecutive days. During these 
experimental runs, the membrane active layers were cleaned in‐place inside the module at the 
end of each operation day by means of using 1 L solutions in each one of the applications, which 
were operated by a flushing order of first applying “1% HCl + distilled water”, and then followed 
by “1% NaOH + distilled water” except for the first operation day.

2.4. Surface morphology of membranes

The surface morphologies of clean and fouled membranes were marked by means of atomic 
force microscopy (AFM) to assess the vertically distribution of the fouling on the top layer 
or membrane surface roughness. After each membrane sample was let dry in air, the visual 
observations were provided using NanoScope IV AFM system (Digital Instruments, USA) 
operated in contact mode. The mean roughness (Ra), the root mean square (Rrms) of the 
average height of membrane surface peaks, and the mean difference in height among the 
five highest peaks and the five lowest valleys (Rz) were identified in order to compare the 
roughness of clean and fouled membranes. Due to its more representative findings for the 
surface foulings, the analyses were evaluated only via the variations of the measured Rz 
values of the specimens. In the AFM analyses, the value of mean roughness (Ra) stands for 
the mean value of surface in relation to centre plane and was calculated using the following 
equation [30]:

   R  a   =   1 __ P     ∑  
i=0

  
p
    |   z  cu   −  z  av   |     (1)

where zav is the average of the z values in the particular area, zcuis the present value of z, and 
p refers to the number of points in a certain area. The root mean square of z values (Rrms) was 
calculated using the equation given below [30]:

Figure 1. Schematic flow diagram of experimental MD setup.
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The average difference in height among the five highest peaks and the five lowest val‐
leys, RZ, was calculated in relation to the mean plane, on which the image data have a 
minimum variance [30, 31]. The cross‐sectional morphologies of fouled membranes were 
monitored by scanning electron microscopy (SEM) (Philips XL30 SFEG) to visualize the 
fouling formations on the membrane surface. All the SEM observations were performed 
at 5 kV using Au‐coated membrane specimens. Energy dispersive X‐ray spectrometry 
(EDX) analysis of the components found on the membrane surface after the fouling was 
also done with EDX detector of the same device. The hydrophilicity or wettability of 
the membrane surfaces was analyzed with contact angle (°) measurements according 
to sessile‐drop technique using a goniometry instrument (Attension Theta Lite Optical 
Tensiometer) [31]. In the analyses, 2 μL of pure water in tight syringe was manually 
dropped on the membrane surface. By means of the software processing the measure‐
ment data obtained from the camera of the device, the results were determined as the 
averages of contact angles at both sides of drops fall on five arbitrary places of the mem‐
brane surfaces.

2.5. Analytical procedure

Water quality analyses in both MD streams were carried out based upon the parameters that 
included in temperature, pH, conductivity, turbidity, total dissolved solids TDS, total organic 
carbon (TOC), dissolved organic carbon (DOC), ultraviolet absorbance at 254 nm (UVA254), 
specific ultraviolet absorbance (SUVA), total Kjeldahl nitrogen (TKN), NH4

+, alkalinity, total 
hardness, Na+, K+, NH4

+, Ba2+, Ca2+, Mg2+, Mn2+, Sr2+, B, Si, Fe, Cl−, HCO3
−, NO3

−, CO3
2−, SO4

2− and 
color at 436, 525, and 620 nm wavelengths that were measured according to “Standard Methods 
for the Examination of Water and Wastewater” [32].

Temperature, conductivity, TDS and pH were analyzed with the desktop multi‐param‐
eter with Hach HQ440 d (Hach‐Lange GmBH). TOC was measured at 750°C by carbon 
analyzer equipped with a high pressure NDIR detector (Hach Lange IL550 TOC‐TN) in 
which 5310 B‐a high temperature catalytic oxidation method was applied. DOC analyses were 
conducted on the samples filtered by Whatman syringe filter 0.45 μm using the TOC ana‐
lyzer apparatus. UVA254 was measured by 5910 B‐UV‐absorbing organic constituents method, 
and SUVA was calculated with values of UVA254 and DOC. TKN was analyzed by 4500‐
NorgB‐macro‐Kjeldahl method, and ammonia was determined using the measurement probe 
of Hach HQ440 d by 4500‐NH3E‐ammonia‐selective electrode method. Alkalinity and total 
hardness were determined in accordance with 2320B‐titration method and 2340C‐EDTA 
titrimetric method.

Na+, K+, Ba2+, Ca2+, Mg2+, Mn2+, B, and Fe concentrations were measured by Perkin‐Elmer ELAN 
Optima 7000 DV with 3120‐B inductively coupled plasma mass spectrometer (ICP‐MS)   (Perkin‐
Elmer SCIEX Instruments, Canada). Si and Sr2+ were measured using flame atomic absorp‐
tion spectrometer (Perkin Elmer 1100). Prior to the analyses, samples were filtered through a 
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0.45 μm pore‐size membrane filter, and pH values of the samples were adjusted to <4.0 using 
HNO3. HCO3

2−and CO3
2− were analyzed by 2320‐B titrimetric method, and SO4

2− and  Cl‐were 
measured by 4500‐SO4

2−‐E turbidity and 4500‐Cl−‐D potentiometric methods, respectively. NO3
2− 

was determined by 4500‐NO3
2−‐C spectrophotometric method, while color measurements 

at 436, 525, and 620 nm wavelengths were conducted by 2120C spectrophotometric method 
for making  possible the time‐dependent calculations of MD water fluxes, the  measurements 
of osmolalities of the feed and permeate solutions were executed at definite time inter‐
vals in duplicate for each data point using the Advanced Osmometer instrument (Model  
3250—Advanced Instruments Inc., USA) by the method of freezing point depression.

2.6. MD performance analysis

The technical performance of MD was analyzed using not only the permeate flux values but 
the rejection values of the parameters as well, which are given in national and international 
guidelines for water reuse in drinking water quality. The flux was calculated from the time‐
dependent variations between the pretest and posttest values of TDS and osmolality as an 
explicit indicator for solute ions transports from seawater to distillate stream. So, after TDS 
and osmolality at both sides were individually measured for definite time intervals, V was 
calculated from the differences of sequential time points according to TDS/osmolarity‐based 
mass balances calculations. From the average values of V volume calculated based on TDS 
and osmolality data measured at each time point, permeate water fluxes were totally obtained 
for the whole time scale of relevant experiment using Eq. (3).

  J =   1 __ A     dV ___ dt    (3)

where J is the permeate flux; A is the effective membrane filtration area; V is the total permeate 
volume; and t is the filtration time.

The rejection performances in MD process for each water quality parameter were calculated 
from the water quality analyses results using Eq. (4):

  R  (  % )    =   (  1 −   
 C  p   _  C  f  

   )    × 100  (4)

where R, Cp, and Cf are the rejection, concentration in the permeate, and concentration in the 
feed stream, respectively [33].

3. Results and discussion

3.1. The effects of operating conditions on MD performance

3.1.1. Membrane type and size

The first part of the study was performed under batch experimental runs by using different 
membranes to examine the effect of different pore sizes and materials on the MD  performance. 
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The experimental performance levels were determined based on the passing water volume, 
the seawater concentration, and the water flux parameters. Initial experiments were per‐
formed with a 30°C difference between the solution temperatures, which are the generally 
recommended level of difference in the literature [21], by maintaining seawater and perme‐
ate water at temperatures of 55 and 25°C, respectively, and by using seawater and permeate 
water flow rates of 270 and 360 L/h, respectively. In general, available polymeric materials for 
manufacturing hydrophobic membranes suitable for MD are, typically, PP, PVDF, and PTFE 
[19, 21].

With PTFE membranes, water flux values for 0.22, 0.45, and 1.0 μm sized pores were deter‐
mined as 27.7, 40.7, and 28.5 L/m2 h, respectively. With PVDF membranes, these values were 
determined as 11.3, 19.4, and 29.6 L/m2h, respectively. TDS values in output water for the 
PTFE membranes with 0.22, 0.45, and 1.0 μm pore sizes were determined as 4.3, 7.9, and 
9.8 mg/L, respectively. Figure 2 shows permeate flux and solute concentration for the MD 
membranes with different materials (PTFE and PVDF) and pore sizes (0.22, 0.45, and 1 μm) 
under batch operating conditions.

An evaluation of the permeate solute ion concentrations with the three different pore sizes 
revealed that increasing pore size led to higher concentrations in the permeate. Based on the 
observed water flux performances, it was determined that the PTFE membrane with 0.45 μm 
pore was the most suitable type of membrane for obtaining potable water from seawater. The 
PTFE (0.45 μm) membrane was hence chosen for the next stage.

Distillate contamination resulting from wetting of membrane pore is among the chief fac‐
tors, which impede the broader application of the MD technology. In order to avoid pore 
wetting, it is necessary that the membrane material be hydrophobic with as high a contact 
angle as possible. Moreover, it is recommended that the membrane has a comparatively small 
maximum pore size [34]. The hydrophobic membrane can obstruct the penetration of liq‐
uid through surface tension force, but not that of vapor. Consequently, water vapor will be 
capable of passing from the hot solution side of higher vapor pressure to the cold distillate 
side of lower vapor pressure [35]. Figure 3 shows measurement results of contact angle (θ°) 
and surface roughness (Rz) for surface characterizations of clean (θc and Rz,c) and fouled (θf 
and Rz,f) membranes.

Results of AFM and SEM evaluations performed before and after filtration on the active lay‐
ers of the MD membranes are shown in Figure 4. The high pore sizes used in the experiments 
led to greater accumulation of inorganic pollutants inside the pores than on the surface. In 
addition, the surface fouling layer was observed to be soluble. Consequently, no significant 
differences were observed on the SEM images. An evaluation of the EDX results revealed that, 
depending on the structure of polymers used for producing the membranes, and the added 
chemicals, the membrane surfaces contained the elements boron (B), fluorine (F), carbon (C), 
nitrogen (N), and oxygen (O). It was observed that the fouling of the surface was largely 
local and lacked a large variety of ions, and when a prevalent distribution of ions was actu‐
ally present, this was found to be due to the crystallized precipitates (CaCO3, CaSO4) formed 
under the effect of temperature [36]. Inorganic foulant materials were not observed on the 
membrane surfaces. It is hence possible to say that no different elements were observed on 
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0.45 μm pore‐size membrane filter, and pH values of the samples were adjusted to <4.0 using 
HNO3. HCO3

2−and CO3
2− were analyzed by 2320‐B titrimetric method, and SO4

2− and  Cl‐were 
measured by 4500‐SO4

2−‐E turbidity and 4500‐Cl−‐D potentiometric methods, respectively. NO3
2− 

was determined by 4500‐NO3
2−‐C spectrophotometric method, while color measurements 

at 436, 525, and 620 nm wavelengths were conducted by 2120C spectrophotometric method 
for making  possible the time‐dependent calculations of MD water fluxes, the  measurements 
of osmolalities of the feed and permeate solutions were executed at definite time inter‐
vals in duplicate for each data point using the Advanced Osmometer instrument (Model  
3250—Advanced Instruments Inc., USA) by the method of freezing point depression.

2.6. MD performance analysis

The technical performance of MD was analyzed using not only the permeate flux values but 
the rejection values of the parameters as well, which are given in national and international 
guidelines for water reuse in drinking water quality. The flux was calculated from the time‐
dependent variations between the pretest and posttest values of TDS and osmolality as an 
explicit indicator for solute ions transports from seawater to distillate stream. So, after TDS 
and osmolality at both sides were individually measured for definite time intervals, V was 
calculated from the differences of sequential time points according to TDS/osmolarity‐based 
mass balances calculations. From the average values of V volume calculated based on TDS 
and osmolality data measured at each time point, permeate water fluxes were totally obtained 
for the whole time scale of relevant experiment using Eq. (3).

  J =   1 __ A     dV ___ dt    (3)

where J is the permeate flux; A is the effective membrane filtration area; V is the total permeate 
volume; and t is the filtration time.

The rejection performances in MD process for each water quality parameter were calculated 
from the water quality analyses results using Eq. (4):
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where R, Cp, and Cf are the rejection, concentration in the permeate, and concentration in the 
feed stream, respectively [33].

3. Results and discussion

3.1. The effects of operating conditions on MD performance

3.1.1. Membrane type and size

The first part of the study was performed under batch experimental runs by using different 
membranes to examine the effect of different pore sizes and materials on the MD  performance. 
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The experimental performance levels were determined based on the passing water volume, 
the seawater concentration, and the water flux parameters. Initial experiments were per‐
formed with a 30°C difference between the solution temperatures, which are the generally 
recommended level of difference in the literature [21], by maintaining seawater and perme‐
ate water at temperatures of 55 and 25°C, respectively, and by using seawater and permeate 
water flow rates of 270 and 360 L/h, respectively. In general, available polymeric materials for 
manufacturing hydrophobic membranes suitable for MD are, typically, PP, PVDF, and PTFE 
[19, 21].

With PTFE membranes, water flux values for 0.22, 0.45, and 1.0 μm sized pores were deter‐
mined as 27.7, 40.7, and 28.5 L/m2 h, respectively. With PVDF membranes, these values were 
determined as 11.3, 19.4, and 29.6 L/m2h, respectively. TDS values in output water for the 
PTFE membranes with 0.22, 0.45, and 1.0 μm pore sizes were determined as 4.3, 7.9, and 
9.8 mg/L, respectively. Figure 2 shows permeate flux and solute concentration for the MD 
membranes with different materials (PTFE and PVDF) and pore sizes (0.22, 0.45, and 1 μm) 
under batch operating conditions.

An evaluation of the permeate solute ion concentrations with the three different pore sizes 
revealed that increasing pore size led to higher concentrations in the permeate. Based on the 
observed water flux performances, it was determined that the PTFE membrane with 0.45 μm 
pore was the most suitable type of membrane for obtaining potable water from seawater. The 
PTFE (0.45 μm) membrane was hence chosen for the next stage.

Distillate contamination resulting from wetting of membrane pore is among the chief fac‐
tors, which impede the broader application of the MD technology. In order to avoid pore 
wetting, it is necessary that the membrane material be hydrophobic with as high a contact 
angle as possible. Moreover, it is recommended that the membrane has a comparatively small 
maximum pore size [34]. The hydrophobic membrane can obstruct the penetration of liq‐
uid through surface tension force, but not that of vapor. Consequently, water vapor will be 
capable of passing from the hot solution side of higher vapor pressure to the cold distillate 
side of lower vapor pressure [35]. Figure 3 shows measurement results of contact angle (θ°) 
and surface roughness (Rz) for surface characterizations of clean (θc and Rz,c) and fouled (θf 
and Rz,f) membranes.

Results of AFM and SEM evaluations performed before and after filtration on the active lay‐
ers of the MD membranes are shown in Figure 4. The high pore sizes used in the experiments 
led to greater accumulation of inorganic pollutants inside the pores than on the surface. In 
addition, the surface fouling layer was observed to be soluble. Consequently, no significant 
differences were observed on the SEM images. An evaluation of the EDX results revealed that, 
depending on the structure of polymers used for producing the membranes, and the added 
chemicals, the membrane surfaces contained the elements boron (B), fluorine (F), carbon (C), 
nitrogen (N), and oxygen (O). It was observed that the fouling of the surface was largely 
local and lacked a large variety of ions, and when a prevalent distribution of ions was actu‐
ally present, this was found to be due to the crystallized precipitates (CaCO3, CaSO4) formed 
under the effect of temperature [36]. Inorganic foulant materials were not observed on the 
membrane surfaces. It is hence possible to say that no different elements were observed on 
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the membranes at the end of the process. The presence of such low and dilute levels of  fouling 
during the experiments clearly indicated that under effective pass vapor pressure and low 
levels of pollution, the MD membrane is fairly efficient in providing drinking water from 
seawater.

Figure 3. Measurement results of contact angle (θ°) and surface roughness (Rz) for surface characterizations of clean (θc 
and Rz,c) and fouled (θf and Rz,f) membranes.

Figure 2. Permeate flux (a) and solute concentration (b) for MD membranes with different materials (PTFE and PVDF) 
and pore sizes (0.22, 0.45 and 1.0 μm) under batch operating conditions (seawater/permeate: 55/25°C (ΔT: 30°C) and 
270/360 L/h cross‐flow rates at seawater/permeate streams).

Desalination108

3.1.2. Cross‐flow rate

The effect of the flow rates in membrane channel during the MD process was evaluated by 
applying flow rates with different Reynolds values (90/120, 180/240, 270/360, and 360/480 L/h 
seawater/permeate water flow velocity values) through a PTFE membrane at a fixed mem‐
brane trans‐temperature difference of 30±0.5°C. It was observed that increasing flow rate led 
to a higher volume of water passing from the seawater to the permeate flow, which resulted in 
an increase in permeate flux performances. With increasing flow rates, water flux levels con‐
secutively reached 23.4, 29.9, 40.7, and 43.4 L/m2 h. Output water TDS values were determined 
as 5.3, 6.0, 7.9, and 9.75 mg/L, respectively, and output water with low solute ions was obtained 
in all flow velocity experiments. Figure 5 shows permeate flux and salt concentration for dif‐
ferent cross‐flow rates (L/h) at seawater/permeate water under batch operating conditions.

Under the turbulence regime, similar performance values were observed in the 270/360 L/h 
and 360/480 L/h seawater/distilled water flow rate pairs. Taking into account that increasing 
flow rates might increase costs in practice, suitable flow rates were determined as 270 L/h 
(Reav: 4320) for seawater and 360 L/h (Reav: 4222) for permeate water.

3.1.3. Solutions’ temperatures

In the next part of the study, experiments were conducted with 0.45 μm PTFE membranes, 
a fixed membrane trans‐temperature difference value (30°C), a seawater and permeate water 

Figure 4. AFM (10 μm × 10 μm) images and SEM (1.4 mm × 0.9 mm) microphotographs of fouled membranes 
(PTFE‐0.45 μm and PVDF‐1 μm).
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the membranes at the end of the process. The presence of such low and dilute levels of  fouling 
during the experiments clearly indicated that under effective pass vapor pressure and low 
levels of pollution, the MD membrane is fairly efficient in providing drinking water from 
seawater.

Figure 3. Measurement results of contact angle (θ°) and surface roughness (Rz) for surface characterizations of clean (θc 
and Rz,c) and fouled (θf and Rz,f) membranes.

Figure 2. Permeate flux (a) and solute concentration (b) for MD membranes with different materials (PTFE and PVDF) 
and pore sizes (0.22, 0.45 and 1.0 μm) under batch operating conditions (seawater/permeate: 55/25°C (ΔT: 30°C) and 
270/360 L/h cross‐flow rates at seawater/permeate streams).
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3.1.2. Cross‐flow rate

The effect of the flow rates in membrane channel during the MD process was evaluated by 
applying flow rates with different Reynolds values (90/120, 180/240, 270/360, and 360/480 L/h 
seawater/permeate water flow velocity values) through a PTFE membrane at a fixed mem‐
brane trans‐temperature difference of 30±0.5°C. It was observed that increasing flow rate led 
to a higher volume of water passing from the seawater to the permeate flow, which resulted in 
an increase in permeate flux performances. With increasing flow rates, water flux levels con‐
secutively reached 23.4, 29.9, 40.7, and 43.4 L/m2 h. Output water TDS values were determined 
as 5.3, 6.0, 7.9, and 9.75 mg/L, respectively, and output water with low solute ions was obtained 
in all flow velocity experiments. Figure 5 shows permeate flux and salt concentration for dif‐
ferent cross‐flow rates (L/h) at seawater/permeate water under batch operating conditions.

Under the turbulence regime, similar performance values were observed in the 270/360 L/h 
and 360/480 L/h seawater/distilled water flow rate pairs. Taking into account that increasing 
flow rates might increase costs in practice, suitable flow rates were determined as 270 L/h 
(Reav: 4320) for seawater and 360 L/h (Reav: 4222) for permeate water.

3.1.3. Solutions’ temperatures

In the next part of the study, experiments were conducted with 0.45 μm PTFE membranes, 
a fixed membrane trans‐temperature difference value (30°C), a seawater and permeate water 

Figure 4. AFM (10 μm × 10 μm) images and SEM (1.4 mm × 0.9 mm) microphotographs of fouled membranes 
(PTFE‐0.45 μm and PVDF‐1 μm).

Marmara Seawater Desalination by Membrane Distillation: Direct Consumption Assessment of Produce...
http://dx.doi.org/10.5772/intechopen.68653

109



Figure 5. Permeate flux (a) and solute concentration (b) for different cross‐flow rates (L/h) at seawater/permeate water 
under batch operating conditions (PTFE—0.45 μm and seawater/permeate: 55/25°C (ΔT: 30°C)).

flow rates of 270 and 360 L/h, respectively, and distilled water temperatures of 15, 20, 25, and 
30°C in order to determine the effect of solution temperature on process performance. The 
performance results of the experiments were evaluated at seawater‐permeate water operation 
temperatures of 45–15, 50–20, 55–25, and 60–30°C based on the water flux and output water 
TDS parameters.

It was determined that the water flux values of the process gradually increased in parallel 
with increasing solution temperature, as 40.3, 32.7, 36.8, 40.7, and 48.0 L/m2 h, respectively. 
Total solute concentrations in MD output water were determined as 7.2, 7.5, 8.0, and 8.7 mg/L, 
respectively, and it was clearly observed that the output water had low dissolved solids. 
Figure 6 shows permeate flux and salt concentration for different temperatures at seawater/
permeate solutions under batch operating conditions.

The CaCO3 and CaSO4 compounds, which have lower solubility at high temperatures, can 
cause a serious reduction in water permeation performances of MD membranes by fouling 
occurring on the membrane surface during the processing. A previous study reported that 
increasing the input feed flow temperature from 80 to 90°C led to a fourfold decrease in flow 
level [36]. At membrane, considering the possibility of Ca2+ precipitation that might result 
continuous operation and constant membrane trans‐temperature difference, the most suitable 
was to obtain high flux outputs to continually operate the membranes at fixed permeate water 
and seawater flow temperatures of 30 and 60°C, respectively.

3.1.4. Membrane trans‐temperature difference

It was observed that increasing membrane trans‐temperature difference (20, 30, and 40°C) led 
to an increase in the volume of water passing from the seawater to the permeate water. At a 
 permeate flow temperature of 15°C, the water flux values for membrane trans‐temperature dif‐
ferences of 20, 30, and 40°C were determined as 17.0, 32.7, and 53.3 L/m2 h, respectively. At a 
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permeate flow temperature of 30°C, these values were increased to 31.3, 48.0, and 63.0 L/m2 h, 
respectively. At a permeate flow temperature of 15°C, the output water TDS values for mem‐
brane trans‐temperature differences of 20, 30, and 40°C were determined as 6.5, 6.8, and 7.4 mg/L, 
respectively. On the other hand, at a permeate flow temperature of 30°C, the output water TDS 
values for membrane trans‐temperature differences of 20, 30, and 40°C were  determined as 6.75, 
8.3, and 10.3 mg/L, respectively. In all temperature difference experiments, the output water con‐
tained low levels of dissolved solids. Figure 7 shows permeate flux and effective permeate flux 
per unit of membrane trans‐temperature difference and total solutes concentration for varying 
trans‐temperature differences.

As described in the literature, continuous operation at higher seawater temperature may 
result in CaCO3 and CaSO4 precipitates that foul/clog the pore entrances on the membrane 
active layer, as well as the pore spaces within the membrane [36]. Based on this consideration, 
30°C can be evaluated as the suitable trans‐difference among the solutions for the continuous 

Figure 6. Permeate flux (a) and solute concentration (b) for different temperatures (°C) at seawater/permeate solutions 
under batch operating conditions (PTFE—0.45 μm, 270/360 L/h cross‐flow rates at seawater/permeate, ΔT: 30°C).

Figure 7. Permeate flux and effective permeate flux per unit of trans‐temperature difference (a) and solute concentration 
(b) for varying trans‐temperature differences (PTFE—0.45 μm, 270/360 L/h cross‐flow rates at seawater/permeate, 15 and 
30°C temperatures at permeate).
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Figure 5. Permeate flux (a) and solute concentration (b) for different cross‐flow rates (L/h) at seawater/permeate water 
under batch operating conditions (PTFE—0.45 μm and seawater/permeate: 55/25°C (ΔT: 30°C)).

flow rates of 270 and 360 L/h, respectively, and distilled water temperatures of 15, 20, 25, and 
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performance results of the experiments were evaluated at seawater‐permeate water operation 
temperatures of 45–15, 50–20, 55–25, and 60–30°C based on the water flux and output water 
TDS parameters.

It was determined that the water flux values of the process gradually increased in parallel 
with increasing solution temperature, as 40.3, 32.7, 36.8, 40.7, and 48.0 L/m2 h, respectively. 
Total solute concentrations in MD output water were determined as 7.2, 7.5, 8.0, and 8.7 mg/L, 
respectively, and it was clearly observed that the output water had low dissolved solids. 
Figure 6 shows permeate flux and salt concentration for different temperatures at seawater/
permeate solutions under batch operating conditions.

The CaCO3 and CaSO4 compounds, which have lower solubility at high temperatures, can 
cause a serious reduction in water permeation performances of MD membranes by fouling 
occurring on the membrane surface during the processing. A previous study reported that 
increasing the input feed flow temperature from 80 to 90°C led to a fourfold decrease in flow 
level [36]. At membrane, considering the possibility of Ca2+ precipitation that might result 
continuous operation and constant membrane trans‐temperature difference, the most suitable 
was to obtain high flux outputs to continually operate the membranes at fixed permeate water 
and seawater flow temperatures of 30 and 60°C, respectively.

3.1.4. Membrane trans‐temperature difference

It was observed that increasing membrane trans‐temperature difference (20, 30, and 40°C) led 
to an increase in the volume of water passing from the seawater to the permeate water. At a 
 permeate flow temperature of 15°C, the water flux values for membrane trans‐temperature dif‐
ferences of 20, 30, and 40°C were determined as 17.0, 32.7, and 53.3 L/m2 h, respectively. At a 
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permeate flow temperature of 30°C, these values were increased to 31.3, 48.0, and 63.0 L/m2 h, 
respectively. At a permeate flow temperature of 15°C, the output water TDS values for mem‐
brane trans‐temperature differences of 20, 30, and 40°C were determined as 6.5, 6.8, and 7.4 mg/L, 
respectively. On the other hand, at a permeate flow temperature of 30°C, the output water TDS 
values for membrane trans‐temperature differences of 20, 30, and 40°C were  determined as 6.75, 
8.3, and 10.3 mg/L, respectively. In all temperature difference experiments, the output water con‐
tained low levels of dissolved solids. Figure 7 shows permeate flux and effective permeate flux 
per unit of membrane trans‐temperature difference and total solutes concentration for varying 
trans‐temperature differences.

As described in the literature, continuous operation at higher seawater temperature may 
result in CaCO3 and CaSO4 precipitates that foul/clog the pore entrances on the membrane 
active layer, as well as the pore spaces within the membrane [36]. Based on this consideration, 
30°C can be evaluated as the suitable trans‐difference among the solutions for the continuous 

Figure 6. Permeate flux (a) and solute concentration (b) for different temperatures (°C) at seawater/permeate solutions 
under batch operating conditions (PTFE—0.45 μm, 270/360 L/h cross‐flow rates at seawater/permeate, ΔT: 30°C).

Figure 7. Permeate flux and effective permeate flux per unit of trans‐temperature difference (a) and solute concentration 
(b) for varying trans‐temperature differences (PTFE—0.45 μm, 270/360 L/h cross‐flow rates at seawater/permeate, 15 and 
30°C temperatures at permeate).
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operation in which seawater or feed stream would be heated up to max 60°C. Taking into 
account the fact that energy costs represent the most important obstacle standing in the way 
of the rising uses of MD process compared to RO seawater desalination plants, it was com‐
prehended that 30°C and some below or above differences would render further possible to 
arrive the optimal cost solutions in on‐land MD plants due to lower heat energy consumption 
per unit of potable water to be produced.

3.2. MD processing of Marmara seawater

Under controlled membrane cleaning conditions per day cycle where 1% HCl, 1% NaOH 
and distilled water were consecutively used for flushing the active layer of the membrane 
while inside the module, and the permeate flow was replaced with distilled water within a 
suitable time frame, the continuous processing experiments were performed to identify the 
design flow that would serve as a basis for the field application of the DCMD. In the study, 
the DCMD was operated in order to concentrate seawater flow to obtain daily concentration 
performances of 63–66%, and at the end of the 5‐day operation period, a 60% volumetric 
concentration ratio was reached. To ensure that the continuous operation performance for 
the periods shown in Figure 8 remained consistent, the initial volume of the feed flow was 
completed (i.e. brought to the desired level) every day by adding raw seawater.

At the end of days I, II, III, IV, and V, the permeate water fluxes were determined as 38.9, 31.1, 
22.6, 16.7, and 15.5 L/m2 h, respectively. It was found that the flux changes in the first 4‐day 
period were generally characterized by a consistent decrease, while the flux value on day V 
was very close to the flux value of day IV (despite the fact that the permeate was changed with 
distilled water). Based on this observation, it is possible to say that the water flux performance 
almost reached a constant operation level by the end of the day V.

An MD optimization study using PP membrane operated under conditions of ΔP = 0.355 × 10−5 
Pa, Qf = 73.6 L/h and Qp = 18.8 L/h determined an MD process flux of 4.192 L/m2 h [24]. A  previous 

Figure 8. MD process performance under continuous operating condition ((a): permeate flux, (b): water recovery ratio).
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study using continuously operated MD process for producing drinking water from seawater 
made use of a PTFE membrane (0.22μm). In this study, where the feed temperature was 60°C 
and the permeate temperature was 20°C, the process flux level was reported to decrease from 
23.76 to 14.36 L/m2 h following a 1‐month operation. Further, following membrane washing 
procedures, the same membrane was successfully reused in the DCMD system [22]. In another 
study using PTFE membranes, a flux level of 25 L/m2 h was observed following the 70 h opera‐
tion of the DCMD process with a temperature difference of 60°C [37].

Although the literature describes the use of various different acid and base derivatives for 
cleaning membranes, HCl use is common in MD [36, 38]. HCl is a quite effective chemical 
in cleaning of scaling and fouling from basic salts such as CaCO3 [36]. In a study being used 
synthetic seawater, it was observed that citric acid and NaOH completely remedied for both 
the flux and the membrane’s hydrophobicity [39]. In another study, washing MD membrane 
with HCl resolved the reduction in flux values caused by CaCO3 fouling, bringing the flux 
values to their original level [38].

Within the context of the study experiments, the membrane cleaning at the end of day I was 
performed using only distilled water. On the following days, the cleaning was done using 1% 
HCl for 20 min, then 1% NaOH for 20 min, and lastly distilled water for 20 min. After flushing, 
the pH‐conductivity values of the acid and base washing solutions changed from 2.05–51.1 
and 12.7–52.9 to 2.04–44.9 and 12.71–46.6 mS/cm, respectively. Based on these results, it can 
be said that no significant changes were observed in the pH values. By the end of the day IV 
of operation, the changes in the conductivity of the acid and base washing solutions were 11.9 
and 12.1%, respectively. For 1 month of a continuous cleaning at the same conditions per the 
applied operation cycle, it was calculated that the amounts of acid and base lost will reach to 
about 89.3 and 91.0%, respectively. With regard to the membrane flushing step that will be 
applied in a real‐scale facility, it appears a necessary to renew the 1% acid and base solutions 
at certain time scales.

By maintaining seawater TDS value within an interval from 26,400 to a max of 78,900 mg/L 
throughout the processing (66,800 mg/L at the end of the operation), it was ensured that the 
DCMD system could be permanently operated with steady‐state concentrating conditions 
at a constant temperature difference. In the operations, where distilled water is kept within 
the system for 24 h, conductivity values of the permeate flow at the end of days I, II, III, and 
IV were always below the threshold level of 500 μS/cm, being 14, 78, 117, and 375 μS/cm, 
respectively, while the TDS values for the days I, II, III, and IV permeates were 7, 49, 54, and 
179 mg/L, respectively (data were not shown). Thanks to the distilled water replace at the begin‐
ning of day V, it was noted that these values decreased to 76.0 μS/cm and 47.1 mg TDS/L as 
adjacent values to the values at the end of the first 2 days. The qualities of concentrated sea‐
water and potable water produced at the end of continuous operation are given in Table 3, 
together with MD rejection performances.

According to Table 3, the output water obtained was in very good quality in which the reten‐
tions of dissolved organics, boron, silicium, and iron as well as anions and cations were at 
above 99%. Too low color presence at 525 nm wavelength was observed resulting mostly 
probably from the trace level amounts of dissolved organics. Based on all results obtained 
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prehended that 30°C and some below or above differences would render further possible to 
arrive the optimal cost solutions in on‐land MD plants due to lower heat energy consumption 
per unit of potable water to be produced.
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Under controlled membrane cleaning conditions per day cycle where 1% HCl, 1% NaOH 
and distilled water were consecutively used for flushing the active layer of the membrane 
while inside the module, and the permeate flow was replaced with distilled water within a 
suitable time frame, the continuous processing experiments were performed to identify the 
design flow that would serve as a basis for the field application of the DCMD. In the study, 
the DCMD was operated in order to concentrate seawater flow to obtain daily concentration 
performances of 63–66%, and at the end of the 5‐day operation period, a 60% volumetric 
concentration ratio was reached. To ensure that the continuous operation performance for 
the periods shown in Figure 8 remained consistent, the initial volume of the feed flow was 
completed (i.e. brought to the desired level) every day by adding raw seawater.

At the end of days I, II, III, IV, and V, the permeate water fluxes were determined as 38.9, 31.1, 
22.6, 16.7, and 15.5 L/m2 h, respectively. It was found that the flux changes in the first 4‐day 
period were generally characterized by a consistent decrease, while the flux value on day V 
was very close to the flux value of day IV (despite the fact that the permeate was changed with 
distilled water). Based on this observation, it is possible to say that the water flux performance 
almost reached a constant operation level by the end of the day V.

An MD optimization study using PP membrane operated under conditions of ΔP = 0.355 × 10−5 
Pa, Qf = 73.6 L/h and Qp = 18.8 L/h determined an MD process flux of 4.192 L/m2 h [24]. A  previous 

Figure 8. MD process performance under continuous operating condition ((a): permeate flux, (b): water recovery ratio).

Desalination112

study using continuously operated MD process for producing drinking water from seawater 
made use of a PTFE membrane (0.22μm). In this study, where the feed temperature was 60°C 
and the permeate temperature was 20°C, the process flux level was reported to decrease from 
23.76 to 14.36 L/m2 h following a 1‐month operation. Further, following membrane washing 
procedures, the same membrane was successfully reused in the DCMD system [22]. In another 
study using PTFE membranes, a flux level of 25 L/m2 h was observed following the 70 h opera‐
tion of the DCMD process with a temperature difference of 60°C [37].

Although the literature describes the use of various different acid and base derivatives for 
cleaning membranes, HCl use is common in MD [36, 38]. HCl is a quite effective chemical 
in cleaning of scaling and fouling from basic salts such as CaCO3 [36]. In a study being used 
synthetic seawater, it was observed that citric acid and NaOH completely remedied for both 
the flux and the membrane’s hydrophobicity [39]. In another study, washing MD membrane 
with HCl resolved the reduction in flux values caused by CaCO3 fouling, bringing the flux 
values to their original level [38].

Within the context of the study experiments, the membrane cleaning at the end of day I was 
performed using only distilled water. On the following days, the cleaning was done using 1% 
HCl for 20 min, then 1% NaOH for 20 min, and lastly distilled water for 20 min. After flushing, 
the pH‐conductivity values of the acid and base washing solutions changed from 2.05–51.1 
and 12.7–52.9 to 2.04–44.9 and 12.71–46.6 mS/cm, respectively. Based on these results, it can 
be said that no significant changes were observed in the pH values. By the end of the day IV 
of operation, the changes in the conductivity of the acid and base washing solutions were 11.9 
and 12.1%, respectively. For 1 month of a continuous cleaning at the same conditions per the 
applied operation cycle, it was calculated that the amounts of acid and base lost will reach to 
about 89.3 and 91.0%, respectively. With regard to the membrane flushing step that will be 
applied in a real‐scale facility, it appears a necessary to renew the 1% acid and base solutions 
at certain time scales.

By maintaining seawater TDS value within an interval from 26,400 to a max of 78,900 mg/L 
throughout the processing (66,800 mg/L at the end of the operation), it was ensured that the 
DCMD system could be permanently operated with steady‐state concentrating conditions 
at a constant temperature difference. In the operations, where distilled water is kept within 
the system for 24 h, conductivity values of the permeate flow at the end of days I, II, III, and 
IV were always below the threshold level of 500 μS/cm, being 14, 78, 117, and 375 μS/cm, 
respectively, while the TDS values for the days I, II, III, and IV permeates were 7, 49, 54, and 
179 mg/L, respectively (data were not shown). Thanks to the distilled water replace at the begin‐
ning of day V, it was noted that these values decreased to 76.0 μS/cm and 47.1 mg TDS/L as 
adjacent values to the values at the end of the first 2 days. The qualities of concentrated sea‐
water and potable water produced at the end of continuous operation are given in Table 3, 
together with MD rejection performances.

According to Table 3, the output water obtained was in very good quality in which the reten‐
tions of dissolved organics, boron, silicium, and iron as well as anions and cations were at 
above 99%. Too low color presence at 525 nm wavelength was observed resulting mostly 
probably from the trace level amounts of dissolved organics. Based on all results obtained 
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from the continuous operation, it can be suggested for successful field operations of DCMD 
seawater desalination plants that the distillate stream or product output water should not be 
remained for a longer operating time than about 10–12 h in the product water storage tank. 
Certainly, more accurate heuristic knowledge for safe plant operation would be ensured by 
means of taking into account the performance information to be retrieved from the data of the 
pilot and/or field scale installations.

Parameters* MD concentrated seawater MD permeate (output water) R (%)

T 24.2 24.3 –

pH 8.54 7.30 –

Ec 108, 200 76.0 99.93

TDS 66, 800 47.1 99.93

TOC 20.5 0.08 99.61

DOC 18.4 0.06 99.67

UVA254 0.160 0.001 99.38

SUVA 0.870 1.667 –

Na+ 20, 445 0.114 99.99

K+ 1143 0.005 99.99

NH4
+ <0.1 0.0 –

Ba2+ 0.058 <0.01 –

Ca2+ 1097 3.5 99.68

Mg2+ 1770 1.4 99.92

Mn2+ 0.044 0.0 100.00

Sr2+ 15.20 0.02 99.87

B 4.39 0.007 99.84

Si 1.22 0.008 99.34

Fe 0.017 0.0 100.00

Cl− 46, 236 12.6 99.97

HCO3
− 244 0.58 99.76

NO3
− 1.3 0.0 100.00

CO3
2 − 112 0.0 100.00

SO4
2 − 7050 7.2 99.90

TKN 1.8 0.0 100.00

Total nitrogen 3.1 0.0 100.00

Alkalinity 356 0.58 99.84

Total hardness 16,035 27.1 99.83
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3.3. Health impacts assessments of produced drinking water

Almost 75 million people across the world acquire drinking water from the sea by treating 
seawater in desalination plants, and it is expected that this number will go up as a result of 
the steadily growing demand for water [40].

Seawater abounds with certain ions like calcium, magnesium, sodium, chloride, and iodine 
but has a lower content of essential ions such as zinc, copper, chromium, and manganese. 
As a result of seawater desalination applications, the amount of almost all of these ions and 
minerals, which are essential to the human health and to the agricultural productivity, is 
dramatically reduced in drinking water [14, 40]. Some essential metals like Cu, Mn, and 
Zn are required for normal body growth and function [41]. For healthy body, calcium and 
magnesium are both essential elements, and they play protective roles in the human body 
development [14, 40, 42]. Calcium, which is a primary constituent of the skeletal structure, 
is also important for different key physical functions. Due to decreases in bone mass and 
mineral content, calcium deficiency results in an increased risk of fractures. Deficiency of 
magnesium, an essential element for physiological processes such as mineralization and 
skeletal development, cardiac excitability and vascular tone, contractility, reactivity, and 
growth, can give rise to the pathophysiology of hypertension [40, 43]. Depending on the 
beneficial health effects rendered by intake of Ca and Mg through drinking water, it has 
been recommended by World Health Organization (2007) that the minimum and optimum 
Ca and Mg levels in drinking water should be 20 and 40–80 mg/L and 10 and 20–30 mg/L, 
respectively [43].

Otherwise, it is also likely that high quantities of these metals will inflict harms for human 
health. High concentrations of Cd, Cr, Ni, and Pb are regarded to be extremely toxic for 
humans and aquatic organisms [41]. Furthermore, demineralized water is more aggressive 
to piping, and therefore, additional risks could be posed through exposure to extracted trace 
elements such as lead and cadmium. According to certain studies, the use of demineralized 
water for cooking escalates the loss of essential mineral content of foods, bringing about det‐
rimental effects on health [14, 42]. When the quality parameter values were evaluated in the 
output water obtained during this study, produced water is low in ions such as Ca, Mg, Na, Cl 
and essential ions like Zn, Cu, Cr, and Mn. In addition to this, its low solute content of 47.1 mg 
TDS/L paves the way for corrosive effects to the metal distribution piping and thus the risks 

Parameters* MD concentrated seawater MD permeate (output water) R (%)

Color

436 nm 0.003 0.000 100.00

525 nm 0.004 0.001 75.00

620 nm 0.001 0.000 100.00

*Units of all parameters are mg/L except for temperature (°C), electrical conductivity (μS/cm), UVA254 (1/cm), SUVA (L/
mg.m) and color (1/cm).

Table 3. Quality of potable water produced by continuous MD operation together with MD rejection performances.
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Almost 75 million people across the world acquire drinking water from the sea by treating 
seawater in desalination plants, and it is expected that this number will go up as a result of 
the steadily growing demand for water [40].

Seawater abounds with certain ions like calcium, magnesium, sodium, chloride, and iodine 
but has a lower content of essential ions such as zinc, copper, chromium, and manganese. 
As a result of seawater desalination applications, the amount of almost all of these ions and 
minerals, which are essential to the human health and to the agricultural productivity, is 
dramatically reduced in drinking water [14, 40]. Some essential metals like Cu, Mn, and 
Zn are required for normal body growth and function [41]. For healthy body, calcium and 
magnesium are both essential elements, and they play protective roles in the human body 
development [14, 40, 42]. Calcium, which is a primary constituent of the skeletal structure, 
is also important for different key physical functions. Due to decreases in bone mass and 
mineral content, calcium deficiency results in an increased risk of fractures. Deficiency of 
magnesium, an essential element for physiological processes such as mineralization and 
skeletal development, cardiac excitability and vascular tone, contractility, reactivity, and 
growth, can give rise to the pathophysiology of hypertension [40, 43]. Depending on the 
beneficial health effects rendered by intake of Ca and Mg through drinking water, it has 
been recommended by World Health Organization (2007) that the minimum and optimum 
Ca and Mg levels in drinking water should be 20 and 40–80 mg/L and 10 and 20–30 mg/L, 
respectively [43].

Otherwise, it is also likely that high quantities of these metals will inflict harms for human 
health. High concentrations of Cd, Cr, Ni, and Pb are regarded to be extremely toxic for 
humans and aquatic organisms [41]. Furthermore, demineralized water is more aggressive 
to piping, and therefore, additional risks could be posed through exposure to extracted trace 
elements such as lead and cadmium. According to certain studies, the use of demineralized 
water for cooking escalates the loss of essential mineral content of foods, bringing about det‐
rimental effects on health [14, 42]. When the quality parameter values were evaluated in the 
output water obtained during this study, produced water is low in ions such as Ca, Mg, Na, Cl 
and essential ions like Zn, Cu, Cr, and Mn. In addition to this, its low solute content of 47.1 mg 
TDS/L paves the way for corrosive effects to the metal distribution piping and thus the risks 

Parameters* MD concentrated seawater MD permeate (output water) R (%)

Color

436 nm 0.003 0.000 100.00

525 nm 0.004 0.001 75.00

620 nm 0.001 0.000 100.00

*Units of all parameters are mg/L except for temperature (°C), electrical conductivity (μS/cm), UVA254 (1/cm), SUVA (L/
mg.m) and color (1/cm).

Table 3. Quality of potable water produced by continuous MD operation together with MD rejection performances.
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by exposure to extracted trace elements like lead and cadmium into the pipe will increase. 
The allowable limit values for these ions in the relevant national and international drinking 
water standards were presented in Table 4 together with the other drinking water quality 
parameters specific to the produced water.

As described in the literature, to fulfill the desirable values for these parameters under limit 
concentrations, one possible solution involves making certain additions to the distilled prod‐
uct water by taking into account hygienic requirements. This will make it possible to supply 
drinking water that does not pose any problems with regard to public health. It is possible to 
 overcome mineral deficiencies directly through addition of minerals at the MD desalination 
plant or locally by means of chemical injection at specified locations into water distribution 
systems by also considering hygienic requirements. In an alternative way, quality standards 
can be reached by mixing high‐quality and low‐quality water [47], which lead to the sig‐

Parameters* Permeate TSE 266 [44] WHO [45] EPA [46]

T 24.3 – – –

pH 7.30 6.5–9.5 6.5–8.5 6.5–8.5

Ec 76.0 2500 μS/cm 250 μS/cm –

TDS 47.1 – – 500 mg/l

TOC 0.08 – – –

DOC 0.06 – – –

UVA254 0.001 – – –

SUVA 1.667 – – –

Na+ 0.114 200 mg/l 200 mg/l 20 mg/l

K+ 0.005 – – –

NH4
+ 0.0 – – –

Ba2+ <0.01 – 0.7 mg/l 2 mg/l

Ca2+ 3.5 – – –

Mg2+ 1.4 – – –

Mn2+ 0.0 50 μg/l 0.4 mg/l 0.05 mg/l

Sr2+ 0.02 – – –

B 0.007 1 mg/l 0.5 mg/l –

Si 0.008 – – –

Fe 0.0 200 μg/l 0.3 mg/l 0.3 mg/l

Cl− 12.6 250 mg/l 250 mg/l 250 mg/l

HCO3
− 0.58 – – –

NO3
− 0.0 50 mg/l 50 mg/l 10 mg/l

CO3
2 − 0.0 – – –

Desalination116

nificant savings since remineralization facilities and chemicals are no longer needed [40]. The 
most affordable option to increase the dissolved content of specific ions in desalinated water 
is blending remineralized desalinated water with treated brackish groundwater or treated 
seawater [48]. When the MD output water produced in this study is evaluated in terms of 
physicochemical water quality for directly human consumption, it was found to be much 
lower than necessary levels especially in terms of dissolved minerals concentrations, which 
also give corrosive properties to the demineralized water. Based also on the literature knowl‐
edge and land experiences, a general management approach for field‐scale pragmatic solu‐
tions toward to directly use the MD desalination effluents as drinking water was holistically 
proposed in Figure 9; as being the first, adding into existing urban potable water at desirable 
ratios; the second, injecting appropriate chemicals into effluent by completely mixing; and the 
third, mixing effluents with raw/concentrated seawaters (1:250/1:1000 for Marmara seawater) 
or clean brackish natural waters under hygienic precautions.

As the third distinctive solution, the MD product water can be readily mixed with seawater 
concentrate at a ratio of 1/1000 or with raw seawater at a ratio of 1/250 as shown in Table 5 
after MD desalination of raw seawater. In the calculations, dissolved solutes concentration 
increased to 180–200 mg/L in the mix ratios of 1/500 and about 1/200 for concentrated and 
raw seawaters, respectively. But, Ca2+ and Mg2+ concentration levels increased by 1.7 and 
3.5 times although they could not fulfill the desired levels. Low level of total hardness, 
which is reached to ∼60 mg/L, needs to be still increased to the desired standard levels 
by applying carbonation to the produced water. Hence, the obtained mixtures would also 
still lack of the desired levels of minerals and ions to be targeted for healthy drinking 
water production. For this reason, it is deduced that stand‐alone use of this solution for 
an absolute success would not be sufficient. In addition, the practical ways of the mixing 
applications can be evaluated as an insignificant improving factor for decreasing of the 
negative effects of the concentrated seawater discharges that importantly affect the sea life 
near discharge points.

Parameters* Permeate TSE 266 [44] WHO [45] EPA [46]

SO4
2 − 7.2 250 mg/l 500 mg/l 250 mg/l

TKN 0.0 – – –

Total Nitrogen 0.0 – – –

Alkalinity 0.58 – – –

Total hardness 27.1 – 150–500 mg/L –

Color

436 nm 0.000

525 nm 0.001 – – – 

620 nm 0.000

Table 4. Maximum allowable concentrations of specific water quality parameters in use of produced water as drinking 
water supply.
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nificant savings since remineralization facilities and chemicals are no longer needed [40]. The 
most affordable option to increase the dissolved content of specific ions in desalinated water 
is blending remineralized desalinated water with treated brackish groundwater or treated 
seawater [48]. When the MD output water produced in this study is evaluated in terms of 
physicochemical water quality for directly human consumption, it was found to be much 
lower than necessary levels especially in terms of dissolved minerals concentrations, which 
also give corrosive properties to the demineralized water. Based also on the literature knowl‐
edge and land experiences, a general management approach for field‐scale pragmatic solu‐
tions toward to directly use the MD desalination effluents as drinking water was holistically 
proposed in Figure 9; as being the first, adding into existing urban potable water at desirable 
ratios; the second, injecting appropriate chemicals into effluent by completely mixing; and the 
third, mixing effluents with raw/concentrated seawaters (1:250/1:1000 for Marmara seawater) 
or clean brackish natural waters under hygienic precautions.

As the third distinctive solution, the MD product water can be readily mixed with seawater 
concentrate at a ratio of 1/1000 or with raw seawater at a ratio of 1/250 as shown in Table 5 
after MD desalination of raw seawater. In the calculations, dissolved solutes concentration 
increased to 180–200 mg/L in the mix ratios of 1/500 and about 1/200 for concentrated and 
raw seawaters, respectively. But, Ca2+ and Mg2+ concentration levels increased by 1.7 and 
3.5 times although they could not fulfill the desired levels. Low level of total hardness, 
which is reached to ∼60 mg/L, needs to be still increased to the desired standard levels 
by applying carbonation to the produced water. Hence, the obtained mixtures would also 
still lack of the desired levels of minerals and ions to be targeted for healthy drinking 
water production. For this reason, it is deduced that stand‐alone use of this solution for 
an absolute success would not be sufficient. In addition, the practical ways of the mixing 
applications can be evaluated as an insignificant improving factor for decreasing of the 
negative effects of the concentrated seawater discharges that importantly affect the sea life 
near discharge points.
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SO4
2 − 7.2 250 mg/l 500 mg/l 250 mg/l

TKN 0.0 – – –

Total Nitrogen 0.0 – – –

Alkalinity 0.58 – – –

Total hardness 27.1 – 150–500 mg/L –

Color
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Mixing ratio with

Parameters Units Permeate Concentrated seawater Raw seawater

1/100 1/250 1/500 1/1000 1/20 1/50 1/100 1/250

T °C 24.3 24.3 24.3 24.3 24.3 24.3 24.3 24.3 24.3

pH – 7.30 7.31 7.30 7.30 7.30 7.3 7.3 7.3 7.3

Ec μS/cm 76.0 1157 508 292 184 2092 882 479 222

TDS mg/L 47.1 715 314 181 114 1254 530 289 134

TOC mg/L 0.0 0.2 0.1 0.0 0.0 0.2 0.1 0.0 0.0

DOC mg/L 0.0 0.2 0.1 0.0 0.0 0.2 0.1 0.0 0.0

UVA254 1/cm 0.004 0.01 0.0 0.0 0.0 0.01 0.0 0.0 0.0

SUVA L/mg.m 1.67 1.66 1.67 1.67 1.67 1.64 1.66 1.66 1.33

Na+ mg/L 0.114 205 82 41 21 444 178 89 36

K+ mg/L 0.01 4 2 1 0.0 22 9 4 2

Ca2+ mg/L 3.5 14 8 6 5 23 11 7 4

Mg2+ mg/L 1.4 19 8 5 3 36 15 8 4

Mn2+ mg/L 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001

Sr2+ mg/L 0.02 0.17 0.08 0.05 0.04 0.29 0.13 0.07 0.04

B mg/L 0.01 0.05 0.02 0.02 0.01 0.21 0.09 0.05 0.02

Si mg/L 0.02 0.03 0.02 0.02 0.02 0.07 0.04 0.03 0.02

Fe mg/L 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Cl− mg/L 12.6 475 197 105 59 712 292 152 66

HCO3
− mg/L 0.58 3 2 1 1 16 7 4 2

NO3
− mg/L 0.0 0.01 0.01 0.0 0.0 0.0 0.0 0.0 0.0

CO3
2 − mg/L 0.0 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Figure 9. Holistic management approach for satisfying specific water quality requirements in long‐term use of MD 
effluents demineralized from seawater as drinking water.
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4. Conclusions

In this chapter, suitable operating conditions for continuous DCMD processing of seawater were 
first determined based on water flux and solutes rejection performances. Thereafter, by relative 
long‐term MD desalination in seawater concentration mode at lab pilot‐scale system, the water 
qualities of MD product water and seawater concentrate were investigated in light of physi‐
cochemical parameters specific to the seawater characteristics. In the final, it was elaborately 
examined whether the MD produced water is suitable for direct human use as drinking water.

Within the scope of the DCMD experiments under batch conditions, it was determined that 
the best operating conditions involved the use of hydrophobic PTFE membrane with 0.45 μm 
pore diameter; a flow velocity for seawater and permeate (distilled water) of 270 and 360 L/h, 
respectively (corresponding to mean Re numbers of 4320 and 4222); and flow temperatures 
for seawater and permeate streams of 60 and 30°C, respectively, which are associated with a 
membrane trans‐temperature difference of 30°C.

By means of 30 h MD processing of rough‐filtrated raw seawater from the Marmara Sea that 
was operated with steady‐state permeate flux of 17.21 L/m2 h and solutes retentions of >99% at 
seawater concentrating level reached to 66% in the constant temperature difference, the produc‐
tion of MD output water below threshold level of 500 μS/cm was continually carried out with‐
out replacing intrinsic distillated water of distillate stream. After its replacement was applied, 
ultimate product water was supplied with 76.0 μS/cm conductivity and 47.1 mg/L dissolved 
solids. A replacement time of about 10–12 h for initial clean distillate in the output water stor‐
age tank would be sufficient for field‐scale operations of DCMD seawater desalination plants.

In case the MD product water is to be used as drinking water, it will be necessary to ensure that 
the dissolved minerals that are essential for a healthy life are found in the water in at least the 
minimum recommended levels, and to prevent the various trace elements (Cu, Fe, and Mn) 

Mixing ratio with

Parameters Units Permeate Concentrated seawater Raw seawater

1/100 1/250 1/500 1/1000 1/20 1/50 1/100 1/250

SO4
2 − mg/L 7.2 78 35 21 14 123 53 30 15

TKN mg/L 0.0 0.02 0.01 0.0 0.0 0.0 0.0 0.0 0.0

Alkalinity mg/L 0.58 4 2 1 1 16 7 4 2

Total 
hardness

mg/L 27.1 187 91 59 43 275 126 77 42

Color

436 nm 1/cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

525 nm 0.001 0.001 0.001 0.001 0.001 0.0 0.0 0.0 0.001

620 nm 0.000 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Table 5. Changing values of output water quality parameters according to the ratios of mixings with concentrated or 
raw seawaters.
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Mixing ratio with
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Figure 9. Holistic management approach for satisfying specific water quality requirements in long‐term use of MD 
effluents demineralized from seawater as drinking water.
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In this chapter, suitable operating conditions for continuous DCMD processing of seawater were 
first determined based on water flux and solutes rejection performances. Thereafter, by relative 
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pore diameter; a flow velocity for seawater and permeate (distilled water) of 270 and 360 L/h, 
respectively (corresponding to mean Re numbers of 4320 and 4222); and flow temperatures 
for seawater and permeate streams of 60 and 30°C, respectively, which are associated with a 
membrane trans‐temperature difference of 30°C.
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was operated with steady‐state permeate flux of 17.21 L/m2 h and solutes retentions of >99% at 
seawater concentrating level reached to 66% in the constant temperature difference, the produc‐
tion of MD output water below threshold level of 500 μS/cm was continually carried out with‐
out replacing intrinsic distillated water of distillate stream. After its replacement was applied, 
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the dissolved minerals that are essential for a healthy life are found in the water in at least the 
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that can have toxic effects on living beings above certain levels or cause damage to the process‐
ing lines. Possible management options recommended in the literature to remedy these issues 
include the direct addition of minerals to final waters, the addition of chemicals to specific loca‐
tions on process lines, and the blending of demineralized water with treated brackish ground‐
water/seawater. However, stand‐alone generalization of each one of these practical solutions 
would not be made possible for all the challenges to be encountered in all application varieties 
of seawater desalination plants. In this frame, there need to develop unique approaches ori‐
ented on novel pragmatic solutions toward to the direct use of MD demineralized effluents as 
drinking water. In this respect, under an integrated conservative approach, a general manage‐
ment framework toward satisfying the specific water quality requirements in long‐term use 
of MD effluents was proposed. With an aim of fulfilling the deficiencies of minerals and ions 
to be targeted for healthy drinking water supply, the developed holistic approach is jointly 
dependent on injections to urban water distribution systems at desirable ratios, mixings with 
raw/concentrated seawaters (1:250/1:1000 for Marmara seawater) or brackish natural waters 
under hygienic precautions, and additions in sufficient amounts of appropriate chemicals by 
completely mixing.
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PTFE polytetrafluoroethylene

PV photovoltaic

PVDF polyvinylidene fluoride

Qp flow of permeate side (L/h)

Qf flow of feed side (L/h)

R rejection (%)

Re Reynolds number

RO reverse osmosis

Rz,c surface roughness of clean membrane

Rz,f surface roughness of fouled membrane

SEM scanning electron microscopy

SUVA specific ultraviolet absorbance

TDS total dissolved solids

TKN total Kjeldahl nitrogen

TOC total organic carbon

UVA254 ultraviolet absorbance at 254 nm

WHO world health organization

Greek symbols

θc contact angle of clean membrane (°)

θf contact angle of fouled membrane (°)
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Abstract

The olive oil production is one of the main industrial activities in the Mediterranean 
Basin: Italy, Portugal, Greece, and Northern African countries—Syria, Algeria, Turkey, 
Morocco, Tunisia, Libya, Lebanon, and Egypt. Also, France, Serbia and Montenegro, 
Macedonia, Cyprus, Turkey, Israel, and Jordan produce a considerable annual yield. 
Moreover, it is an emergent agro-food industry in China, the USA, Australia, the Middle 
East, and China, which is expected to develop a considerable production potential. 
Hence, the treatment of olive mill effluents is a task of global concern. In this context, 
advanced separation technologies comprising membranes and adsorption resins have 
been a breakthrough in terms of advanced separation and purification technologies, but 
many aspects are still in development or under investigation. In this chapter, a focus on 
the use of membrane and ion adsorption technologies for the purification of these waste-
waters will be given. The effect of different factors comprising the type of membrane, i.e., 
ultrafiltration, nanofiltration, and reverse osmosis; the type of adsorbent (waste material, 
resins); and the operating conditions will be addressed. Conventional treatments are not 
able to abate the high concentration of dissolved species present in these effluents. The 
use of these technologies can be a feasible solution if properly engineered.
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1. Introduction

The scarcity of water particularly concerns agricultural irrigation, which demands more 
than 70% of the total water consumption worldwide. In this scenario, however, there is a 
big potential to use regenerated wastewater for irrigation purposes. Reuse of used regener-
ated wastewater could be a very positive solution regarding environmental and economic 
impacts.

In the last decades, new advanced separation technologies, less intensive in terms of specific 
energy consumption than conventional separation procedures and “greener” regarding the 
minor use of chemicals and reagents to achieve the desired separation, have been more and 
more implemented. Concretely, membrane technology, adsorption, and ion-exchange (IE) 
processes can take the lead for these purposes.

Adsorption technology implies relatively low operation costs and long service life because 
adsorption materials can be regenerated and reused or raw materials can be used. Indeed, 
adsorption is attractive for its simplicity of design, avoidance of toxic solvents, and minimi-
zation of the transformation of the target substances [1]. On another hand, ion exchange is 
considered a green and simple technology, capable of achieving high removal efficiencies and 
targeted selectivity, with application for species from wastewaters [2].

Otherwise, membrane technology is modular, easy to design, thus easily scalable to the 
industry, requires low maintenance, and is environmentally friendly, providing high purify-
ing capacity and selectivity [3–10]. There has been a significant boost in the use of membranes 
for a plethora of applications and particularly in the field of water and wastewater treatments 
in the last years. This impulse has been a result of the new membrane materials, modules 
designs, and optimization of the operating conditions, in specific those for the minimization 
of fouling issues.

In fact, membrane processes are becoming increasingly used in purifying processes for water 
and groundwater, to replace classic separation processes, as well as for the reclamation of 
effluents of different origins, especially those by-produced in agro-industries [6–15].

Among agro-industrial effluents, olive mill wastewater (OMW), generated during the pro-
duction of olive oil in factories called “mills,” is one of the most hardly polluted, depending on 
the procedure used, reaching chemical oxygen demand (COD) which values up to 100,000 
mg/L. The volumes of these effluents have increased markedly in the last decades. Currently, 
average-sized modern olive oil mills generate several tenths of cubic meters of OMW daily, 
which raises several millions of cubic meters a year. This can be explained by two linked 
facts: the increase in the demand of olive oil worldwide due to its health-promoting features 
(nutritional, antioxidant, anti-inflammatory, cosmetic) and the adoption of continuous pro-
duction procedures as a response to cope with that demand. Now, the affected countries 
are not only those in the Mediterranean region, where these industries are ancestral and 
represent an important sector of the industrial economy, i.e., Spain, Italy, Portugal, Greece, 
and Northern African countries—Syria, Algeria, Turkey, Morocco, Tunisia, Libya, Lebanon, 
and Egypt, but also France, Serbia and Montenegro, Macedonia, Cyprus, Turkey, Israel, and 
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Jordan, as well as the USA, the Middle East, and China, with important production capacities 
nowadays.

The treatment of the olive mill effluents includes wastewater from the washing of the 
olives (OWW), as well as olive mill wastewater (OMW-3, for three phases of mills), waste-
water from olive oil washing (OMW-2), as well as from other activities in the facility, 
including cleaning and sanitation. OWW includes high concentration of suspended solids 
(mainly, peel, pulp, ground, branches, and leaves debris) dragged during the olive fruit 
washing process but low concentration of dissolved organic matter—depending on the 
water flow exchange rate in the washing machines during the fruit cleaning procedure—
usually lower than the standardized limits to discharge the effluent on superficial land 
suitable for the purpose.

OMW is characterized by strong odor nuisance, acid pH, intensive violet-dark color, 
and high saline toxicity, exhibiting considerable electroconductivity (EC) values [16]. 
Uncontrolled disposal of these effluents represents an environmental hazard, causing soil 
contamination, underground leakage, and water body pollution. Due to this presence of 
high COD load including refractory compounds, as well as fats and lipids, direct discharge 
of these wastewaters to the municipal sewage treatment plants is forbidden. Legal limits 
are set to prevent difficulties to keep the biomasses alive on which the municipal sewer 
treatment plants rely.

Discharge of untreated OMW to the ground fields and superficial waters bodies is currently 
prohibited in Spain, whereas in Italy as well as in other European countries, only partial 
 discharge on suitable terrains is allowed; otherwise, in Portugal OMW can be stored and used 
for irrigation of arbustive cultures under control manner. Straight discharge of OMW has 
been reported to cause strong odor nuisance, soil contamination, plants growth inhibition, 
underground leaks, water body pollution, and hindrance of self-purification processes, as 
well as severe impacts to the aquatic fauna and to the ecological status [16–20].

The two-phase system appears to be more ecological, thus has been strongly promoted in 
Spain, and is now being implemented in Portugal and Greece. Nevertheless, the three-phase 
system is still surviving in other countries where scarcity of financial support has not permit-
ted the technological switch. Considering that in the two-phase extraction water injection is 
only practiced in the final vertical centrifugation step, the volume of liquid effluent derived 
from the decanting process (OMW-2) is reduced by one third on average if compared to the 
amount required for the three-phase system. Moreover, much of the organic matter remains 
in the solid waste, which contains more humidity than the pomace from the three-phase 
 system (60–70% in two-phase systems versus 30–45% in three-phase ones, OMW-3) and hence 
OMW-2 exhibits lower pollutants degree, too (Table 1).

In this chapter, a focus on the use of membrane and adsorption technologies for the puri-
fication of OMW will be given. The effect of different factors comprising the type of mem-
brane, that is, microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse 
osmosis (RO), the type of adsorbent (waste material, resins), and the operating conditions 
will be addressed. The problem of membrane fouling for these systems will also be covered. 
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Conventional physicochemical treatments are not effective to eliminate the significant salinity 
of these wastewaters, reflected in their high electric conductivity values. These treatments are 
not able to abate the high concentration of dissolved species present in these effluents, which 
present hazardous salinity levels per guideline established by the FAO for irrigation purposes 
or discharge into public waterways. The use of membrane and adsorption technologies can be 
a feasible solution if properly engineered.

2. Membrane processes for olive mill effluent purification

Membrane technology, in particular pressure-driven membrane processes comprising 
MF, UF, NF, and RO, can offer a series of advantages in contrast with other separation 
processes, making them very promising and environmentally friendly for the purification 
and remediation of OMW: needless of chemicals and reagents, e.g., solvents—to accom-
plish the desired separation and concentration; minor costs (capex and opex) and specific 
energetic requirements than most conventional separation alternatives, upon significant 
purification potentiality, selectivity, and recovery factors; and also easy scaling to the 
industry, low space necessities as they are modular, design simplicity, easy operation, and 
low maintenance needs [5–10].

Fouling mechanisms are very important to fully understand what is taking place between the 
membrane and the effluent, in view of the adoption and implementation of adequate decisions 
for the successful design of the membrane plant. This comprises the setup of specifically tailored 
pretreatment process and optimized operating conditions. Irreversible fouling arises quickly on 
the membranes due to the high concentration of pollutants when wastewater is purified without 

Parameter OMW-P OMW-3 OMET-2 OMW-2 OWW

pH 4.5 5.4 7.2 4.9 6.3

Moisture, % 93.0 93.4 99.4 99.3 99.7

Total solids, % 12.0 6.6 0.59 0.6 0.27

Organic matter, % 10.5 5.8 0.39 0.49 0.10

Ashes, % 1.5 0.9 0.21 0.11 0.17

BOD5, mg/L 90.0 42.0 0.29 0.79 0.50

COD, mg/L 180.0 151.4 7.1 7.8 0.8

Total phenols, mg/L 2,400 921.0 86.0 157.0 4.0

EC, mS·cm−1 9.0 7.9 1.9 1.3 0.9

OWW: olive washing wastewater; OMW-P, OMW-3 and OMW-2: olive mill wastewater from batch press process as 
well as three-phase and two-phase continuous extraction procedures, respectively; OMET-2: mixture of all effluents 
produced in the olive mill, including OWW, OMW, and from other activities in the facility (e.g., cleaning and sanitation); 
COD: chemical oxygen demand; BOD5: biological oxygen demand; EC: conductivity.

Table 1. Average physicochemical composition of the different types of olive mill effluents [28].
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any pretreatment [5–12]. Therefore, adequate and optimally designed pretreatment processes on 
each particular feedstock, in other words, pretreatment tailoring of membrane processes, must 
be developed in order to maximize productivity and minimize fouling.

2.1. Microfiltration and ultrafiltration membranes

Canepa et al. [21] conducted a study on OMW-3 (average COD = 90 g/L) treatment based 
on a combined UF membrane followed by adsorption and RO process at pilot scale. The UF 
membrane was made of polysulfone, the permeate was treated with adsorbing polymers, 
and the resins eluate with RO polypiperazine-amide membranes. A rapid decline of the UF 
permeate flux was observed by the authors, and a daily washing was necessary. The fact that 
there was a flux decline of 80% after 20 h of UF and 70% after 15 h for the RO membrane 
was a capital handicap for the feasibility of the proposed process. UF was also examined 
by Borsani and Ferrando [22]. They proposed a pretreatment consisting of oil removal and 
 suspended solid settling, achieving a final 50% organic matter removal with respect to the 
raw OMW-3 (COD = 70 g/L). Turano et al. [23] proposed centrifugation as pretreatment, sim-
ple, and mechanical operation which does not need addition of chemicals and is available in 
the production line, before UF—polysulfone, molecular weight cutoff (MWCO) 17 kDa—for the 
treatment of OMW-3. The centrifugation pretreatment removed 80% of the suspended solid 
concentration, and 90% COD reduction was achieved at the outlet of the integrated process. 
Paraskeva et al. [24] examined the treatment/fractionation of OMW-3 by a combination of 
polypropylene filter screening (80 μm), UF (zirconia, mean pore size 100 nm) followed by NF 
(polymeric, 200 Da) and RO. In particular, UF removed suspended solids and solid fat/lipid 
components (90%).

Stoller and Chianese [14] studied the purification of olive washing wastewater (OWW) to 
comply with municipal sewer discharge standards in Italy. In contrast with OMW, this efflu-
ent presents moderate organic pollutant load but high concentration of suspended solids. The 
authors proposed a coagulation-flocculation pretreatment with polyelectrolytes (aluminum 
sulfate (AS) or aluminum hydroxide (AH)) before UF and NF in series (composite thin-film 
spiral-wound membranes). Both pretreatment processes yielded similar COD and biological 
oxygen demand (BOD5) rejection efficiencies, but higher productivity was observed in the 
subsequent membrane-in-series process after flocculation with AS. The same procedure was 
applied by these researchers to OMW-3 [8, 10]. In this case, they also compared the results 
with two additional pretreatments, heterogeneous photocatalysis with titania nanocatalysts 
and aerobic digestion. They noted that major pollutant removal by the pretreatment, e.g., COD, 
is not sufficient to state the suitability of the adopted pretreatment for the downstream 
membrane operation, but the fact that the pollutant particle size is shifted away from the size 
of the membrane pores is relevant to enhance steady-state flux.

On another hand, Akdemir and Ozer [25] applied pH adjustment (acidic or alkaline) and 
cartridge filtration (20 μm) as pretreatment before UF (MWCO 30–100 kDa) and reported the 
best performance for the 100 kDa UF membrane, pointing for 1 bar as the critical pressure to 
reduce fouling issues. Also, Coskun et al. [26] examined UF as part of an integral membrane 
process for OMW-3 reclamation, but did not consider the entity of fouling in the performance 
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of the membranes. Zirehpour et al. [27] examined a lab-made UF membrane for the puri-
fication of OMW-3, preceded by a MF membrane (50, 5, and 0.2 μm). The commercial UF 
membrane provided higher flux than the lab-made one, but the antifouling properties and 
rejection efficiency of the latter were better.

On another hand, Ochando-Pulido et al. [28, 29] tested a polymeric UF membrane for 
the reclamation of both OWW and OMW-2, separately or mixed. As pretreatments, three 
 different processes were examined: (i) first, gridding (cut size equal to 300 μm) of the raw 
effluent was carried out in order to remove the coarse particles; (ii) then, pH-temperature (T) 
 flocculation (pH-T F) was performed by adding HNO3 (70% w/w) under continuous stirring 
(320 rpm); and (iii) the supernatant phase of the pH-T F process after the separation of the 
mud was either directly conducted to the UF unit and thereby referred to as OMWW-F or 
further pretreated by photocatalysis (PhC) under ultraviolet irradiation (UV) with lab-made 
ferromagnetic-core TiO2 nanoparticles (UV/TiO2 PhC), thus named OMWW-F/PhC. Finally, 
the differently pretreated streams were driven to the UF and NF membrane units. The lab-
made ferromagnetic photocatalyst nanoparticles were produced in three consecutive steps, 
following the procedure fully reported elsewhere [30]. Briefly, in the first place, magnetite 
was synthesized by a sol-gel process in a spinning disk reactor, using tetraethylorthosilicate 
and tetraisopropoxide as precursors. Moreover, threshold flux-based methods, as previously 
pointed by Stoller [9], were applied for to optimize the design of the plant and control of 
the operation.

The first studies on the experimental and theoretical behavior of fouling in MF and UF 
 membranes were performed by Belfort et al., Field and Aimar [31, 32]. The first theoretical 
model that shed light on membrane transport phenomena of colloidal particles was elab-
orated by the research groups of Field et al. [3, 32], Bacchin et al. [33], and Mänttäri and 
Nystörm, [34]. The concept of the critical flux, as the flux which can be successfully attained 
by a given membrane without incurring in fouling formation during operation time, was 
explained and proven by these scientists for MF membranes. The insight into the different 
fouling typologies was addressed by Bacchin et al. and Ognier et al. Fouling was explained 
because of local conditions that may trigger liquid/gel phases over the membrane layer and in 
the membrane pores caused by concentration polarization profiles [35, 36]. Later, this concept 
was also extended to UF and NF membranes [4] and complemented with the concept of the 
threshold flux. In many cases, it was observed that it was not possible to completely inhibit 
fouling during the operation of some liquid-liquid membrane systems, as is the case of waste-
water [4–7, 37]. The threshold flux divides a low fouling region from a high fouling region. 
Stoller et al. [38] worked on a reliable methodology to convert previously measured critical 
flux data into threshold flux values in his studies on OMW-3 purification with polymeric 
NF membranes. Stoller underlined the key necessity to develop quick and reliable methods 
 capable to allow the estimation of threshold flux conditions and for the conversion of previ-
ously available critical flux measurement data into threshold flux data. Finally, both concepts 
were merged by Stoller and Ochando [39] into a new concept, the boundary flux. The knowl-
edge of real-time boundary flux values is a key factor to design stable control systems for 
membrane processes (Figure 1).
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2.2. Nanofiltration and reverse osmosis membranes

The specific selectivity toward small solutes and the lower energy consumption of NF mem-
branes have boosted their use as tertiary treatment in integrated wastewater treatment 
processes. On the other hand, RO membranes permit complying with the most stringent 
 regulations for public health and environment protection. Both types of membranes are 
already applied in the management of industrial effluents of very different sectors, such as 
stainless steel [40], energy cogeneration [41], nuclear power [42], textile and tannery [43–47], 
coking [48, 49], carwash [50], pulp and paper [34, 51], pharmaceutical [52], and agro-food 
industries, such as dairy [13], tomato [12], and olive oil [5–10, 24], among others. However, 
again, the problem of fouling is always present in the treatment of any kind of effluent by 
NF and RO membranes. The critical, threshold, and boundary flux theories are, nonetheless, 
applicable as well for the design and control of the membrane plant.

Paraskeva et al. [24] used NF after MF/UF for the purification of OMW-3, achieving flux 
 values up to 100–120 L/h and 95% phenol removal. Moreover, better efficiency was achieved 
by applying RO after NF, ensuring a significant conductivity, salinity, and turbidity decrease 
and nearly 30 L/h flux and 75–80% recovery of the initial feed volume. However, the permeate 
flux data regarding fouling was not discussed by the authors. The post-treated effluent was 
suitable for disposal in aquatic receptors or for irrigation purposes, and the inorganic part 
(including nitrogen, phosphorus, magnesium, potassium, and metal traces) and the organic 
fraction (hydrocarbons, nitrogenous compounds, organic acids, polyalcohols) may be poten-
tial plant nutrients, mixed with other inorganic or organic fertilizers, for instance, manure or 
sludge from biological treatments of other sorts of wastes. Zirehpour et al. (2012) evaluated 
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Figure 1. Operation strategies for membranes: above (curve line) or upon boundary flux (Jb) (straight line) conditions; Jp: 
permeate flux at any time t [29].

On the Purification of Agro-Industrial Wastewater by Membrane Technologies: The Case of Olive Mill Effluents
http://dx.doi.org/10.5772/intechopen.68401

133
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by a given membrane without incurring in fouling formation during operation time, was 
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because of local conditions that may trigger liquid/gel phases over the membrane layer and in 
the membrane pores caused by concentration polarization profiles [35, 36]. Later, this concept 
was also extended to UF and NF membranes [4] and complemented with the concept of the 
threshold flux. In many cases, it was observed that it was not possible to completely inhibit 
fouling during the operation of some liquid-liquid membrane systems, as is the case of waste-
water [4–7, 37]. The threshold flux divides a low fouling region from a high fouling region. 
Stoller et al. [38] worked on a reliable methodology to convert previously measured critical 
flux data into threshold flux values in his studies on OMW-3 purification with polymeric 
NF membranes. Stoller underlined the key necessity to develop quick and reliable methods 
 capable to allow the estimation of threshold flux conditions and for the conversion of previ-
ously available critical flux measurement data into threshold flux data. Finally, both concepts 
were merged by Stoller and Ochando [39] into a new concept, the boundary flux. The knowl-
edge of real-time boundary flux values is a key factor to design stable control systems for 
membrane processes (Figure 1).
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the performance of a NF membrane at the end of a treatment line comprising MF and UF 
for  OMW-3 purification. A specific arrangement of the integrated membrane system was 
found to be the UF membrane followed by two-step NF membranes in series, the first NF 
step providing high flux while the second one providing high rejection. Analysis of the 
fouling behavior of the used membranes was performed, per the recovery ratio and degree of 
the total flux loss during volume reduction factor experiments.

Di Lecce et al. [53] used polyamide thin-film composite spiral-wound NF at pilot scale for the 
fractionation of OMW-3 after MF. The purified NF permeate obtained presented COD and 
phenolic loads in the range of the standards for discharge into surface waters, with a rejection 
of 98% for COD, dry matter, and phenolic compounds. However, again, the performance of 
the NF membrane regarding its fouling was not reported.

On another hand, Ochando-Pulido et al. [28, 29] tested polymeric NF and RO membranes for 
the reclamation of OWW and OMW-2. The NF membrane was downstream of an UF one, 
and the effluent was initially pretreated by flocculation and/or heterogeneous photocatalysis 
(pH-T F and/or UV/TiO2 PhC). This treatment sequence helped reducing the required mem-
brane area for both membranes, and the applied UV/TiO2 photocatalysis process enhanced the 
 productivity and longevity of both membranes, achieving a final treated effluent stream com-
patible for irrigation. Moreover, the threshold flux theory was applied successfully to deter-
mine the threshold operating conditions for the process. In a similar line, Stoller [10] worked 
during 3 years continuously with a NF membrane for the treatment of OMW-3 with the goal 
to check for the reliability of threshold flux optimization methodologies for the fouling control 
on the used membrane in the long run. The author reported the successful operation of the NF 
membrane for the used period of pilot-scale work. Stoller highlighted that this was possible 
if adequately targeted fouling minimization control methods were carried out, based on the 
estimation of the critical flux for the optimal operation of the plant. These theories were suc-
cessfully applied to this system, which could be explained by the threshold flux model.

Ochando-Pulido et al. [6, 7] studied the reclamation of OMW-2 (Spain) by RO, with the goal 
of “closing the loop,” as is the trend of the current “circular economy.” the quality to recir-
culate the final effluent to the olive washing machines of the manufacture process to finally 
close the loop. The effluent was firstly treated by means of an advanced oxidation process 
(AOP) which consisted in homogeneous catalysis with Fenton’s reagents [16]. The authors 
noticed the importance of an operating variable of the RO process, the recirculation of a 
fraction of the permeate. The adoption of this operating sequence permitted enhancing the 
permeate production of the membrane, which was also stabilized, and resulted as well in a 
steady rejection of the target species, comprising suspended solids, phenols, and iron removal 
total rejection, as high as 99.4 and 98.2% of the COD and conductivity, respectively.

3. Adsorption processes for olive mill effluent purification

Adsorption technology has several advantages such as simple handling, relatively low 
 operation costs, and long service lifetime because adsorption materials can be regenerated 
and reused. Also, adsorption is attractive for its simplicity of design, avoids toxic solvents, 
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and minimizes the transformation of the target substances [1]. On the contrary, it can present 
limited purification efficiency and the loss of capacity depending on the feed solution [54].

Among the adsorption methodologies tested with OMW, there are some studies using so-
called biosorbents (those of biological origin) as alternatives to other expensive adsorbents. 
Achak et al. [55] investigated the performance of a low-cost biosorbent made of banana peel. 
They examined various parameters including adsorbent dosage, pH, and contact time. After 
optimization, adsorption of phenols from 60 to 88% was achieved upon the equilibrium 
reached after 3 h of contact time. These authors also tested low-cost biosorbent, wheat bran, 
which is inexpensive and an available biomaterial. This biosorbent material yielded adsorp-
tion efficiencies toward phenolic compounds up to 67%, and the equilibrium was reached 
in 4 h of contact time. Moreover, both materials were found to provide better performances 
upon alkaline pH environments.

Another biosorbent, olive stone biomass, by-product of olive oil industry, was addressed by 
as adsorbent for iron from secondary-treated OMW [18, 56, 57]. The OMW effluent was pre-
treated by an advanced oxidation process based on Fenton’s reaction, which uses iron-based 
catalysts. The equilibrium adsorption capacity was found to increase when the particle size 
decreased (from < 1 to 4.8 mm). The percentage of iron adsorption increased from 30 to 70% 
when the initial concentration of biomass increased from 25 to 125 g/L. These authors demon-
strated that direct reuse of olive pitches or a simple washing with cold and hot water can be 
sufficient for the adsorption process, which was fast and spontaneous within the first 10–20 
min. The experimental data supports both pseudo-first and pseudo-second order models. 
Also, the adsorption capacity became incremented with the temperature, pin pointing for 
an endothermic adsorption process. In addition, the values of thermodynamic parameters of 
the process were reported: the activation energy (Ea = 8.04 kJ mol−1), the standard enthalpy 
(∆H0 = 8.86 kJ mol−1), the standard free energy (∆G0 = −19.51 kJ mol−1), and the standard entropy 
(∆S0 = 91.4 J mol−1K−1). Furthermore, column regeneration studies were carried out for vari-
ous adsorption-desorption cycles [56], and the column performance was confirmed to permit 
multiple service and regeneration cycles, thus enabling the treatment of considerably large 
volumes of wastewater. A negligible loss in bed height and olive stone mass was observed. 
After adsorption, the olive stone biosorbent could be used as a biofuel for domestic or indus-
trial uses. The present process was highlighted to be environmentally friendly and capable 
to reduce the iron load from other different effluents, providing an affordable technology for 
these small- and medium-scale industries.

Dried Azolla caroliniana, a freshwater aquatic fern, and granular activated carbon (AFC-LS 
activated with phosphoric acid) were studied to evaluate their adsorption and desorption 
capacities by Ena et al. [58]. Granular activated carbon (GAC) showed better efficiency, 
although total phenols were more than twice as concentrated in Azolla as those found in the 
GAC powder. Other studies with activated carbon, in this case in powdered form, for OMW 
treatment were performed by Sabbah et al. [59], after sand filtration, achieving 95% removal 
of the phenolic compounds present in OMW. Also, Azzam et al. [60] examined powdered 
 activated carbon in one-stage, two-stage, and three-stage countercurrent adsorption system 
series in stirred batch vessels. The three-stage countercurrent adsorption process could reduce 
the phenol concentration in 96%, and the equilibrium was reached within 2–3 h.

On the Purification of Agro-Industrial Wastewater by Membrane Technologies: The Case of Olive Mill Effluents
http://dx.doi.org/10.5772/intechopen.68401

135



the performance of a NF membrane at the end of a treatment line comprising MF and UF 
for  OMW-3 purification. A specific arrangement of the integrated membrane system was 
found to be the UF membrane followed by two-step NF membranes in series, the first NF 
step providing high flux while the second one providing high rejection. Analysis of the 
fouling behavior of the used membranes was performed, per the recovery ratio and degree of 
the total flux loss during volume reduction factor experiments.

Di Lecce et al. [53] used polyamide thin-film composite spiral-wound NF at pilot scale for the 
fractionation of OMW-3 after MF. The purified NF permeate obtained presented COD and 
phenolic loads in the range of the standards for discharge into surface waters, with a rejection 
of 98% for COD, dry matter, and phenolic compounds. However, again, the performance of 
the NF membrane regarding its fouling was not reported.

On another hand, Ochando-Pulido et al. [28, 29] tested polymeric NF and RO membranes for 
the reclamation of OWW and OMW-2. The NF membrane was downstream of an UF one, 
and the effluent was initially pretreated by flocculation and/or heterogeneous photocatalysis 
(pH-T F and/or UV/TiO2 PhC). This treatment sequence helped reducing the required mem-
brane area for both membranes, and the applied UV/TiO2 photocatalysis process enhanced the 
 productivity and longevity of both membranes, achieving a final treated effluent stream com-
patible for irrigation. Moreover, the threshold flux theory was applied successfully to deter-
mine the threshold operating conditions for the process. In a similar line, Stoller [10] worked 
during 3 years continuously with a NF membrane for the treatment of OMW-3 with the goal 
to check for the reliability of threshold flux optimization methodologies for the fouling control 
on the used membrane in the long run. The author reported the successful operation of the NF 
membrane for the used period of pilot-scale work. Stoller highlighted that this was possible 
if adequately targeted fouling minimization control methods were carried out, based on the 
estimation of the critical flux for the optimal operation of the plant. These theories were suc-
cessfully applied to this system, which could be explained by the threshold flux model.

Ochando-Pulido et al. [6, 7] studied the reclamation of OMW-2 (Spain) by RO, with the goal 
of “closing the loop,” as is the trend of the current “circular economy.” the quality to recir-
culate the final effluent to the olive washing machines of the manufacture process to finally 
close the loop. The effluent was firstly treated by means of an advanced oxidation process 
(AOP) which consisted in homogeneous catalysis with Fenton’s reagents [16]. The authors 
noticed the importance of an operating variable of the RO process, the recirculation of a 
fraction of the permeate. The adoption of this operating sequence permitted enhancing the 
permeate production of the membrane, which was also stabilized, and resulted as well in a 
steady rejection of the target species, comprising suspended solids, phenols, and iron removal 
total rejection, as high as 99.4 and 98.2% of the COD and conductivity, respectively.

3. Adsorption processes for olive mill effluent purification

Adsorption technology has several advantages such as simple handling, relatively low 
 operation costs, and long service lifetime because adsorption materials can be regenerated 
and reused. Also, adsorption is attractive for its simplicity of design, avoids toxic solvents, 

Desalination134
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ous adsorption-desorption cycles [56], and the column performance was confirmed to permit 
multiple service and regeneration cycles, thus enabling the treatment of considerably large 
volumes of wastewater. A negligible loss in bed height and olive stone mass was observed. 
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trial uses. The present process was highlighted to be environmentally friendly and capable 
to reduce the iron load from other different effluents, providing an affordable technology for 
these small- and medium-scale industries.
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although total phenols were more than twice as concentrated in Azolla as those found in the 
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Another adsorption material used is adsorption resins. Novel ion-exchange (IE) resins 
 developed over the past few decades have promoted this technology as a suitable separation 
and purification process for wastewater treatment and fractionation purposes. In this sense, 
IE is considered a green and simple technology, capable of achieving high removal efficien-
cies and targeted selectivity [2].

IE technology is very attractive because of its relative simplicity of application as well as due 
to the low cost and the effectiveness to remove target species from wastewaters, particularly 
from diluted solutions. IE resins have also found an increasing application in the drinking 
water treatment sector over the last few decades, especially when there is a high concentra-
tion of natural organic matter (NOM) since high percentages on the removal efficiency of 
NOM by IE process are found (Comstock and Boyer) [61]. The efficient use of IE depends on 
several operating factors such as the contact time, operating temperature, pH, flow rate, initial 
pollutant concentration, and resin characteristics [62].

Canepa et al. [21] used a resin-bed column for the final purification of OMW-3 previously 
treated by UF, and performed good regarding the retention of polyphenols, and could treat 
around 3000 L until saturation.

Mineral resins, such as zeolites, have been reported to be useful mineral materials for 
reducing the phenolic compound concentration from OMW compared to other substrates, 
such as clay soil and bentonite. The regeneration of zeolite was easy after treatment either 
by simple settling or light centrifugation procedures. Moreover, this material could be easily 
regenerated by a very interesting eco-friendly technique known as low-temperature ashing 
(LTA) [63].

On another hand, Amberlite XAD16, a nonpolar resin, was used by Scoma et al. [64] as the 
adsorbent phase and ethanol as biocompatible desorbing phase. This process could remove 
until the 60% of the phenolic compounds from OMW. Ferri et al. [65] studied the adsorption 
and desorption efficiency of five resins with different physical properties (Amberlite XAD4, 
XAD7, XAD16, IRA96, and ISOLUTE ENV+) toward an aqueous solution of 10 typical pheno-
lic compounds occurring in OMW. The desorption solvents tested were water, methanol, and 
ethanol under basic and acidified conditions. IRA96 polar resin reached the highest phenol 
adsorption (76%). However, the maximum desorption ratios achieved (60%) was achieved 
with ENV + resin and ethanol as the desorbing phase.

Zagklis et al. [66] tested the fractionation of OMW-3 exiting a previous membrane process 
comprising NF and RO by a three-step resin process. The nonionic XAD4, XAD16, and XAD7HP 
resins were selected. The proposed three-step resin process enabled at high extent the sepa-
ration of phenols from carbohydrates, which hinder further concentration of phenols from 
the RO concentrate. After this, vacuum distillation was implemented for the concentration 
of  phenols, facilitated by the carbohydrate removal and the change of solvent from water 
to  ethanol. The final product had phenol concentration of 378 g/L in gallic acid equivalents, 
from an initial content in the raw OMW of 2.64 g/L. Kaleh and Geißen [54] studied the behav-
ior of 16 commercial resins, and they demonstrated that the reduction and selective uptake 
of phenols from OMW are feasible by choosing the appropriate sorbents, conditions, and 
pretreatment.
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Víctor-Ortega et al. [67] studied the removal of phenols from synthetic olive mill  aqueous 
solutions with two different anionic resins: a strong-base resin (Amberlyst A26) and a 
weak-base one (Amberlite IRA-67). The effect of the phenolic load in the raw effluent and 
the  recirculation time were studied. The equilibrium data were modeled with Langmuir, 
Freundlich, and Temkin isotherms, and the best correlated one was found to be Langmuir 
isotherm for both resins. Kinetics of the IE process was examined with the pseudo-first order, 
pseudo-second order, and intraparticle diffusion models. Both second-order and  intraparticle 
diffusion models could describe the IE mechanism accurately. On the other hand, results 
revealed that phenol uptake is a spontaneous process for Amberlyst A26 anionic resin 
(ΔG° = −1.55 kJ mol−1), whereas it was found to be non-spontaneous for Amberlite IRA-67 
(ΔG° = 3.06 kJ mol−1). Finally, Amberlyst A26 resin was confirmed to be considerably more 
efficient (80–98%) than Amberlite IRA-67 for the potential removal of phenols from olive mill 
industrial effluents.

In addition to this, Víctor-Ortega et al. [68] examined a continuous-flow IE process for the 
purification of OMW-2. They compared the performance of strong-base and weak-base 
anionic resins. They found that the pH of the feed affected the IE process. This permitted to 
achieve up to 98% removal of phenols upon an increment of the pH up to 7 with the strong-
base resin. The efficiency was noted to be maintained constant at higher pH value. Otherwise, 
with the other resin, a similar behavior was observed, and the phenolic concentration could 
be removed up to 57% at pH around 7. With the aim to predict the performance of the resins 
bed break breakthrough curves, the experimental data were fitted to various models for vary-
ing effluent concentrations (5–100 mg/L) under the optimal simulated operating conditions. 
The authors found an enhancement of the IE efficacy with major concentration of phenols 
in the feed. For the different model equations tested, Thomas model yielded utmost accuracy, 
above that of Yoon-Nelson and Clark models. To sum up, and as a very important fact, column 
regeneration studies showed that almost 100% phenol recovery efficiencies were ensured. The 
proposed IE process led to a phenol solution susceptible to be concentrated and used in food, 
cosmetic, or pharmaceutical sectors and a purified effluent for irrigation purposes.

4. Conclusions

The production of olive oil is becoming global, and thus the treatment of the derived effluents 
from this industry includes wastewater from olive washing (OWW), olive mill wastewater 
(OMW, for three phases of mills), and wastewater from olive oil washing (OOW).

Conventional physicochemical treatments are not effective to eliminate the significant salinity 
of OME, reflected in their high electric conductivity values. In this context, advanced separa-
tion technologies comprising membranes and adsorption resins have been a breakthrough 
in terms of advanced separation and purification technologies, but many aspects are still in 
development or under investigation.

In this chapter, a focus on the use of membrane and ion adsorption technologies for the 
purification of OMW is reported. The effect of different factors comprising the type of mem-
brane, i.e., ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO); the type of 
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Another adsorption material used is adsorption resins. Novel ion-exchange (IE) resins 
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treated by UF, and performed good regarding the retention of polyphenols, and could treat 
around 3000 L until saturation.

Mineral resins, such as zeolites, have been reported to be useful mineral materials for 
reducing the phenolic compound concentration from OMW compared to other substrates, 
such as clay soil and bentonite. The regeneration of zeolite was easy after treatment either 
by simple settling or light centrifugation procedures. Moreover, this material could be easily 
regenerated by a very interesting eco-friendly technique known as low-temperature ashing 
(LTA) [63].

On another hand, Amberlite XAD16, a nonpolar resin, was used by Scoma et al. [64] as the 
adsorbent phase and ethanol as biocompatible desorbing phase. This process could remove 
until the 60% of the phenolic compounds from OMW. Ferri et al. [65] studied the adsorption 
and desorption efficiency of five resins with different physical properties (Amberlite XAD4, 
XAD7, XAD16, IRA96, and ISOLUTE ENV+) toward an aqueous solution of 10 typical pheno-
lic compounds occurring in OMW. The desorption solvents tested were water, methanol, and 
ethanol under basic and acidified conditions. IRA96 polar resin reached the highest phenol 
adsorption (76%). However, the maximum desorption ratios achieved (60%) was achieved 
with ENV + resin and ethanol as the desorbing phase.

Zagklis et al. [66] tested the fractionation of OMW-3 exiting a previous membrane process 
comprising NF and RO by a three-step resin process. The nonionic XAD4, XAD16, and XAD7HP 
resins were selected. The proposed three-step resin process enabled at high extent the sepa-
ration of phenols from carbohydrates, which hinder further concentration of phenols from 
the RO concentrate. After this, vacuum distillation was implemented for the concentration 
of  phenols, facilitated by the carbohydrate removal and the change of solvent from water 
to  ethanol. The final product had phenol concentration of 378 g/L in gallic acid equivalents, 
from an initial content in the raw OMW of 2.64 g/L. Kaleh and Geißen [54] studied the behav-
ior of 16 commercial resins, and they demonstrated that the reduction and selective uptake 
of phenols from OMW are feasible by choosing the appropriate sorbents, conditions, and 
pretreatment.
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Víctor-Ortega et al. [67] studied the removal of phenols from synthetic olive mill  aqueous 
solutions with two different anionic resins: a strong-base resin (Amberlyst A26) and a 
weak-base one (Amberlite IRA-67). The effect of the phenolic load in the raw effluent and 
the  recirculation time were studied. The equilibrium data were modeled with Langmuir, 
Freundlich, and Temkin isotherms, and the best correlated one was found to be Langmuir 
isotherm for both resins. Kinetics of the IE process was examined with the pseudo-first order, 
pseudo-second order, and intraparticle diffusion models. Both second-order and  intraparticle 
diffusion models could describe the IE mechanism accurately. On the other hand, results 
revealed that phenol uptake is a spontaneous process for Amberlyst A26 anionic resin 
(ΔG° = −1.55 kJ mol−1), whereas it was found to be non-spontaneous for Amberlite IRA-67 
(ΔG° = 3.06 kJ mol−1). Finally, Amberlyst A26 resin was confirmed to be considerably more 
efficient (80–98%) than Amberlite IRA-67 for the potential removal of phenols from olive mill 
industrial effluents.

In addition to this, Víctor-Ortega et al. [68] examined a continuous-flow IE process for the 
purification of OMW-2. They compared the performance of strong-base and weak-base 
anionic resins. They found that the pH of the feed affected the IE process. This permitted to 
achieve up to 98% removal of phenols upon an increment of the pH up to 7 with the strong-
base resin. The efficiency was noted to be maintained constant at higher pH value. Otherwise, 
with the other resin, a similar behavior was observed, and the phenolic concentration could 
be removed up to 57% at pH around 7. With the aim to predict the performance of the resins 
bed break breakthrough curves, the experimental data were fitted to various models for vary-
ing effluent concentrations (5–100 mg/L) under the optimal simulated operating conditions. 
The authors found an enhancement of the IE efficacy with major concentration of phenols 
in the feed. For the different model equations tested, Thomas model yielded utmost accuracy, 
above that of Yoon-Nelson and Clark models. To sum up, and as a very important fact, column 
regeneration studies showed that almost 100% phenol recovery efficiencies were ensured. The 
proposed IE process led to a phenol solution susceptible to be concentrated and used in food, 
cosmetic, or pharmaceutical sectors and a purified effluent for irrigation purposes.

4. Conclusions

The production of olive oil is becoming global, and thus the treatment of the derived effluents 
from this industry includes wastewater from olive washing (OWW), olive mill wastewater 
(OMW, for three phases of mills), and wastewater from olive oil washing (OOW).

Conventional physicochemical treatments are not effective to eliminate the significant salinity 
of OME, reflected in their high electric conductivity values. In this context, advanced separa-
tion technologies comprising membranes and adsorption resins have been a breakthrough 
in terms of advanced separation and purification technologies, but many aspects are still in 
development or under investigation.

In this chapter, a focus on the use of membrane and ion adsorption technologies for the 
purification of OMW is reported. The effect of different factors comprising the type of mem-
brane, i.e., ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO); the type of 
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adsorbent (waste material, resins); and the operating conditions will be addressed. The prob-
lem of  membrane fouling for these systems will also be covered. The use of membrane and 
adsorption technologies can be a feasible solution if properly engineered, to comply with the 
guidelines established, e.g., by the Food and Agricultural Organization (FAO) for irrigation 
purposes or discharge into public waterways.
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Abstract

Desalination, removal of salt and other minerals from seawater, brackish water, and
wastewater, is becoming a promising solution for providing the increasing need of
freshwater. It is highly desirable that environmentally friendly renewable energy
resources be utilized for water treatment to minimize the consumption of fossil fuels.
Given that most desalination systems can directly use thermal energy, concentrated
solar thermal energy is very suitable for application to the water treatment. To avoid
the potential negative impacts from disposing the concentrates, recovery of important
minerals from concentrates to achieve zero discharge is a promising option. The recent
technology development on solar thermal energy storages has shown that sea salts are
very promising materials for large-scale thermal energy storage. Hence, a full separation
of salts and water in desalination process becomes a necessity in advanced water treat-
ment technologies, which should be achieved in an economically feasible way. Literature
review and studies about innovative concept of full separation desalination system will
be presented in this study. A full separation device integrated with conventional
multieffect distillation or multistage flashing water treatment system will be introduced
into the system design to enhance the water productivity and thermal efficiency.

Keywords: desalination, full separation multieffect distillation (FSMED), concentrating
solar power (CSP), thermal energy storage (TES)

1. Introduction to desalination process

The population growth, urbanization, and climate change lead to increase in household and
industrial uses of more freshwater, while natural freshwater reserves cannot meet the
demands. Over one-third of the population lives in water-stressed countries, and by 2025 this
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figure is projected to rise to two-thirds [1]. Water with sufficient quantity and good quality for
household uses and industrial applications is critical to health and well-being, as well as the
opportunities to achieve human and economic development. Desalination, removal of salt and
other minerals from seawater, brackish water, and wastewater, is a promising solution to grow
the supply for fresh water. Presently, many arid areas have to rely on desalination to provide
major quantities of safe water [2].

According to the International Desalination Association (IDA), there are 18,426 desalination
plants in operation in more than 150 countries in June 2015, producing about 86.8 million cubic
meters of water per day [3]. This number is continuously growing as the need for fresh water
supply grows. Figure 1 shows the world desalination plants per geographical area, and over
half of these plants are in the Middle East.

A simplified process sequence of a typical desalination plant is provided in Figure 2. A brief
introduction of the source intake, pretreatment, and post-treatment is given below, whereas
the detailed description of the desalination process will be given in the next section.

Basically, there are two types of intake facilities to access reliable water sources: subsurface and
open ocean intakes [6]. Proper design of the intake facility would not only protect downstream
equipment and reduce adverse effects on aquatic life but also be beneficial to system produc-
tivity and capital/operating costs. The choice of the intake facility depends on the geographical
conditions and desalination technology employed. For example, the raw feed water obtained
from the intake well (belong to subsurface intake) is pretreated via slow filtration which is
beneficial to the pretreatment process. However, the intake well is usually used for small-scale
desalination plant due to their small productivity [5].

In addition to dissolved solids, the raw feed water generally contains other impurities such as
silt, algae, bacteria, and even small aquatic life. The pretreatment process, involving some
filtration and physical-chemical processes, is mainly used to improve the quality of the raw
feed water to meet the requirement of different desalination technologies. Generally, the
membrane desalination requires a higher degree of pretreatment than distillation technologies.
To ensure that the product water from the desalination process meets statutory water quality
standards for public health and protection of the water distribution system, post-treatment of
the product water is necessary. This process may involve pH adjustment, disinfection, boron
removal, and addition of minerals and corrosion inhibitors.

Despite the tremendous improvements in conventional water treatment technology, desalina-
tion industry is still facing several practical challenges on high-energy consumption, using
either membrane-based technologies or thermal-based phase change approaches. Therefore, it
is highly desirable that environmentally friendly renewable energy resources should be uti-
lized for water treatment to minimize the consumption of fossil fuels. More details on this issue
can be found in Section 3.

Another key concern associated with the desalination is the potential negative environmental
impacts caused by the concentrated discharges to the environment, such as the adverse effects
on water and sediment quality, aquatic lives, and the functioning of ecosystems. The concen-
trate is generated as a side product of the desalination process, which contains most of the
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minerals and contaminants of the source water and pretreatment additives in concentrated
form. Based on a survey of concentrated disposal methods in 203 desalination plants in
USA [7], it turns out that 87% of all 203 desalination plants are using surface water discharge

Figure 1. World desalination plants per geographical area [4].

Figure 2. Typical sequence of desalination treatment and distribution processes [5].
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and sanitary sewer discharge methods, while the rest part includes deep-well injection, evap-
oration ponds, and spray irrigation methods, unfortunately none of them has any zero-liquid
discharge technology applied.

Obviously, most of the desalination brines are disposed to the sea or the sewer lines, and this
will lead to adverse effects to the environment. To avoid the potential negative impacts from
disposing the concentrates, exploring the options of recovering the dissolved salts from the
desalination effluent to achieve zero-liquid discharge is necessary. The existing method to
recover salts from desalination is solar pond approach which requires extensive areas of land.
To better understand all the pros and cons, a brief review of various desalination technologies
will be provided in the next section, then a novel water and solute full separation process using
solar thermal energy will be introduced. Unlike the existing process which uses crystallizer,
the proposed approach is a once-through process involving zero recirculation and zero-liquid
discharge. It is expected that the proposed full separation thermal-driven desalination process
in this work can address problems of concentrated discharge disposal, solute recovery, and
high-energy consumption.

2. Classification of desalination technologies

Currently, most of the desalination plants have been implemented in large scales; there are more
than 15,000 desalination plants installed by 2010 in the world, with a production capacity of
65 million m3/day for both domestic consumption and industrial water production. There are a
lot of different desalination technologies, some of them have already been fully developed at
large scales, whereas others are still in pilot scales for demonstration or laboratory scales for
research and development. Figure 3 provides a list of common desalination technologies.

Basically, desalination process can be categorized as two major ones: thermal desalination and
mechanical desalination. Thermal desalination utilizes the heat from combustion, power block,
or even renewable energy to evaporate seawater. Vapor compression can be combined with
thermal and mechanical desalination, which has the capability of increasing volumes and
efficiency of the whole process. Thermal desalination has three classifications, which include
filtration, evaporation, and crystallization. Mechanical desalination is discussed in this section
and thermal desalination will be introduced in the next section.

Reverse osmosis (RO) is a membrane separation process that recovers water from a saline
solution pressurized to a point greater than the osmotic pressure of the solution. The saline
water is fed to the porous membranes at high pressures. The hydrophilic membranes allow
only water to pass through it, as shown in Figure 4. This technique requires high-pressure
pumps and costly membranes; also the membrane is susceptible to fouling and needs frequent
replacement, which results in high cost of maintenance. Incorporation of energy recovery
system reduces specific energy consumption and product cost but increases the capital cost.
The product cost is significantly affected by the price of electricity in this technique.

Pressurizing the saline water accounts for most of the energy consumed in RO. The osmotic
pressure required to separate water from the brine is related to the salt concentration; therefore,
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Figure 3. A list of contemporary desalination technologies.

Figure 4. Schematic of RO [8].
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RO has been considered as a practical approach for brackish water, due to the fact that brackish
water only requires low to intermediate pressure range (10–15 bar) for the RO process, which is
only one-fifth of the pressure for seawater RO process.

To improve the system efficiency, vapor compression can be added to a multieffect distillation
(MED) process, as shown in Figure 5. The reuse of vapor is the key for vapor compression
process, where the vapor is generated from the distiller after recompression. The first module
in Figure 5 can be heated up by utilizing the recovered heat from the partially recompressed
vapor on stage. The vapor can be compressed either by a mechanical compressor or by a steam
ejector, which can be categorized as mechanical vapor compression (MVC) and thermal vapor
compression (TVC), respectively,

For TVC, motive steam (in ejector) at higher pressure is withdrawn from another process, for
example, a steam power cycle or an industrial process steam. MVC is useful for small- or
medium-scale desalination plants. MVC units typically can generate fresh water up to about
3000 m3/day, while TVC units have much more capacity, with daily fresh water generation of
36,000 m3. Most of MVC systems have only one stage, while TVC systems usually have several
stages. This difference arises from the fact that the pressure and temperature increased by the
compressor and its capacity are limited.

3. Thermal-driven desalination systems and the application of molten
salts as heat transfer fluid in concentrating solar power plants

3.1. Thermal-driven desalination systems

Conventional thermal-driven desalination technologies are broadly classified into two major
categories: filtration and evaporation. The thermal distillation systems will heat saline water

Figure 5. Principle of vapor compression [9].
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and separate the relatively pure vapor for subsequent condensation and use. Membrane
separation systems usually drive high-pressure pumps that overcome osmotic pressure differ-
entials or create electric fields that drive electro-migration of ions in solution. Figure 6 summa-
rizes all these methods.

3.1.1. Multistage flash (MSF)

MSF is based on the principle of heating the fluid at certain pressure and then flashing it at
lower pressure to form vapor, as shown in Figure 7. This vapor is collected and condensed
which gives purified water. Here, the brine water is fed through a series of feed water heaters,
to recover the energy from flashed steam, and then fed to an unfired boiler or a heat exchanger.
The brine water gains maximum heat at unfired boiler and then flashed in several stages with
decreasing pressure, each stage giving out some amount of steam. The difference of pressure
between subsequent stages is the main factor influencing steam production in each stage.
Highly concentrated brine is discharged from the last stage. The main problem of MSF process
is the low-performance ratio which causes lower efficiency; however, it has lower scaling
problems than that of MED due to relatively simpler design [10]. The number of MSF plants
grows since its conception. And the cost of MSF equipment has been reduced by 50% in the
last 20 years; however, this is accompanied with an increasing unit size [11]. Therefore,
MSF units are economical with large capacities. In case of solar-coupled MSF system, the
low-pressure steam can be formed by circulating water through the field of parabolic trough
collectors.

An optimization study indicates that there is significant declining trend of product water cost
with increasing top brine temperature (TBT). For a 30-stage MSF plant product, water cost is
1.15 $/m3 for 347 K TBT, and that for 377 K TBT is 0.95 $/m3 [13]. However, the TBT
corresponding to the minimum product cost cannot be achieved due to the problem of scaling
at high TBT. The area of technical optimization for MSF can be new corrosion-resistant alloys
and corrosion and scale-inhibiting techniques.

3.1.2. Multieffect distillation (MED)

The governing principle for MED is to boil inlet seawater or brine in different evaporation
effects, as shown in Figure 8. In the first effect, heat given by steam from waste heat source or
solar collector is used to vaporize seawater. The generated vapor passes to the next effect. This
vapor loses its latent heat to evaporate a part of seawater fed in the next effect, and so on. Flow
schemes for MED systems include forward feeding, backward feeding, parallel feeding, and
parallel feeding with cross flow. In forward feed, the direction of brine flow and steam flow is
same and all the feed seawater is sent to first effect; in backward feeding, the direction of brine
flow is opposite to steam flow and the seawater is firstly introduced into the last effect. Back-
ward feed scheme makes more sense thermodynamically, but the first effect receives highest
concentration brine at a high temperature. This escalates the scaling problems; therefore, this
scheme is avoided. In parallel feed scheme, feed is equally divided and distributed to different
effects. MED units typically operate below 120�C TBT, to avoid the problem of scaling.
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lower pressure to form vapor, as shown in Figure 7. This vapor is collected and condensed
which gives purified water. Here, the brine water is fed through a series of feed water heaters,
to recover the energy from flashed steam, and then fed to an unfired boiler or a heat exchanger.
The brine water gains maximum heat at unfired boiler and then flashed in several stages with
decreasing pressure, each stage giving out some amount of steam. The difference of pressure
between subsequent stages is the main factor influencing steam production in each stage.
Highly concentrated brine is discharged from the last stage. The main problem of MSF process
is the low-performance ratio which causes lower efficiency; however, it has lower scaling
problems than that of MED due to relatively simpler design [10]. The number of MSF plants
grows since its conception. And the cost of MSF equipment has been reduced by 50% in the
last 20 years; however, this is accompanied with an increasing unit size [11]. Therefore,
MSF units are economical with large capacities. In case of solar-coupled MSF system, the
low-pressure steam can be formed by circulating water through the field of parabolic trough
collectors.

An optimization study indicates that there is significant declining trend of product water cost
with increasing top brine temperature (TBT). For a 30-stage MSF plant product, water cost is
1.15 $/m3 for 347 K TBT, and that for 377 K TBT is 0.95 $/m3 [13]. However, the TBT
corresponding to the minimum product cost cannot be achieved due to the problem of scaling
at high TBT. The area of technical optimization for MSF can be new corrosion-resistant alloys
and corrosion and scale-inhibiting techniques.

3.1.2. Multieffect distillation (MED)

The governing principle for MED is to boil inlet seawater or brine in different evaporation
effects, as shown in Figure 8. In the first effect, heat given by steam from waste heat source or
solar collector is used to vaporize seawater. The generated vapor passes to the next effect. This
vapor loses its latent heat to evaporate a part of seawater fed in the next effect, and so on. Flow
schemes for MED systems include forward feeding, backward feeding, parallel feeding, and
parallel feeding with cross flow. In forward feed, the direction of brine flow and steam flow is
same and all the feed seawater is sent to first effect; in backward feeding, the direction of brine
flow is opposite to steam flow and the seawater is firstly introduced into the last effect. Back-
ward feed scheme makes more sense thermodynamically, but the first effect receives highest
concentration brine at a high temperature. This escalates the scaling problems; therefore, this
scheme is avoided. In parallel feed scheme, feed is equally divided and distributed to different
effects. MED units typically operate below 120�C TBT, to avoid the problem of scaling.
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And the minimum brine temperature is determined by temperature difference between the last
effect and ambient temperature necessary for heat transfer. MED system is usually combined
with mechanical vapor compression or thermal vapor compression to use a part of steam from
any of the effects and increase its pressure. MED systems can operate at low TBT, thus enabling

Figure 6. Thermal desalination technologies.

Figure 7. Schematic of MSF [12].

Desalination150

them to use cheap heat sources such as waste heat or solar collectors. For example, an existing
diesel waste heat-coupled MED plant’s energy consumption is 2 kWh/Ton for water
pumps [15].

3.1.3. Membrane distillation (MD)

In membrane distillation process, feed water is heated and then allowed to flow through the
porous hydrophobic membrane. The high pressure or electrical potential is applied on water
vapor to produce fresh water from saline water [16]. The vapor pressure difference across
membrane causes water vapor molecules to flow and it is condensed on the other side of the
membrane. MD has the following characteristics: high porosity, hydrophobic and low thermal
conductivity; the membrane thickness should be reduced and to maintain high pore size for
the increase of flux.

The following are the operating parameters which effects distillate yield like flow rate, thick-
ness of air gap, membrane thickness, porosity, long-term operation, thermal conductivity of
membranes, and porosity. It is still a big challenge to develop high and efficient membrane
technology, since MD has basic challenges to meet to compete with MSF, MED, and RO. In
addition, MD system consumes a lot of energy [17, 18].

3.2. Application of molten salts as heat transfer fluid in concentrating solar power plants

Despite the tremendous improvements in conventional desalination technology, the desalina-
tion process is very energy consuming. For instance, to produce 1000 m3/day of desalinated
water in a year, nearly 10,000 tons of oil is required [16]. More detailed energy consumption
data for different desalination processes are listed in Table 1.

Figure 8. Schematic of triple-effect MED [14].
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any of the effects and increase its pressure. MED systems can operate at low TBT, thus enabling
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them to use cheap heat sources such as waste heat or solar collectors. For example, an existing
diesel waste heat-coupled MED plant’s energy consumption is 2 kWh/Ton for water
pumps [15].

3.1.3. Membrane distillation (MD)

In membrane distillation process, feed water is heated and then allowed to flow through the
porous hydrophobic membrane. The high pressure or electrical potential is applied on water
vapor to produce fresh water from saline water [16]. The vapor pressure difference across
membrane causes water vapor molecules to flow and it is condensed on the other side of the
membrane. MD has the following characteristics: high porosity, hydrophobic and low thermal
conductivity; the membrane thickness should be reduced and to maintain high pore size for
the increase of flux.

The following are the operating parameters which effects distillate yield like flow rate, thick-
ness of air gap, membrane thickness, porosity, long-term operation, thermal conductivity of
membranes, and porosity. It is still a big challenge to develop high and efficient membrane
technology, since MD has basic challenges to meet to compete with MSF, MED, and RO. In
addition, MD system consumes a lot of energy [17, 18].

3.2. Application of molten salts as heat transfer fluid in concentrating solar power plants

Despite the tremendous improvements in conventional desalination technology, the desalina-
tion process is very energy consuming. For instance, to produce 1000 m3/day of desalinated
water in a year, nearly 10,000 tons of oil is required [16]. More detailed energy consumption
data for different desalination processes are listed in Table 1.

Figure 8. Schematic of triple-effect MED [14].
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Due to high expenses of the conventional energy resources, renewable energy sources can
provide alternatives. Since most desalination systems can directly use thermal energy, concen-
trated solar thermal energy is very suitable for water treatment. Furthermore, the potential
negative environmental impact from the desalination process is the discharge of high concen-
trated brine to the environment [20]. To avoid the potential negative impacts from disposing of
the concentrates, the recovery of important minerals from concentrates to achieve zero dis-
charge is a promising option. Recent development on concentrating solar thermal power
generation has shown that the sea salts are very promising materials for large-scale thermal
energy storage in concentrating solar power (CSP) plants. This may dramatically change the
technology for desalination and water treatment because the salts may be collected for better
value, rather than disposed.

A typical CSP plant consists of a solar collection system and a traditional power block. Solar
energy is concentrated in the collection system, and the heat from direct normal insulation
(DNI) is collected by a heat transfer fluid (HTF). The HTF circulates to the power block and
transfers the collected heat to generate steam. The steam drives a turbine to produce electricity
in a steam cycle [21–23]. Four most commonly used solar-concentrating methods are parabolic
trough collectors, linear Fresnel reflectors, solar power tower collectors, and parabolic dish
collectors. Parabolic trough and solar power tower are the two solar-concentrating methods
mostly used in current CSP plants. HTF is the most important part in CSP plant beside energy
storage media, because it can transfer the heat from the solar field to the power block. Cur-
rently, several typical HTFs are used in commercialized CSP plants, including air, water/steam,
synthetic oils, organics, and molten salts [24, 25]. A good candidate of HTF in CSP should have
the following characteristics: low freezing point, good thermal stability, low viscosity, high
specific heat capacity, as well as acceptably low chemical corrosion rate, while low cost is
another key criterion for industrial applications [26, 27].

Concentrates from desalting process contain inorganic salts and other compounds that may be
purified for commercial value. For example, the recent technology development on solar

Desalination process Max seawater temperature (�C) Energy consumption

Thermal energy (kJ/kg) Electric power (kWh/m3)

MSF 120 184–222 2.5–4

90 252–327 2.5–4

70 462–567 2.5–4

MED 80 176–231 1.2–1.8

70 235–294 1.2–1.8

60 294–394 1.2–1.8

RO (without energy recover) – – 7–8

RO (with energy recovery) – – 5–6

Table 1. Energy consumption of seawater desalination process [19].
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thermal energy storages has shown that sea salts are very promising materials for large-scale
thermal energy storage [28–31]. At present, salt mixtures have been considered as promising
HTF candidates due to their thermal stability at high temperatures [32]. So far, alkali nitrate
and nitrite mixtures are the two most successful HTF candidates. Solar salt (KNO3 40 wt%-
NaNO3 60 wt%), Hitec (NaNO3 7 wt%-KNO3 53 wt%-NaNO2 40 wt%), and HitecXL (NaNO3 7
wt%-KNO3 45 wt%-Ca(NO3)2 48 wt%) are three commercialized alkali nitrate and nitrite
mixtures. Other nitric salt-based HTFs include Sandia Mix (NaNO3 9–18 wt%-KNO3 40–52 wt
%-LiNO3 13–21 wt.%-Ca(NO3)2 20–27 wt%) developed by Bradshaw and Brosseau [33] at the
Sandia National Laboratories and SS-500 (NaNO3 6 wt%-KNO3 23 wt%-LiNO3 8 wt%-CsNO3

44 wt%-Ca(NO3)2 19 wt%) developed by Halotechnics Inc. [34]. Reddy et al. [35] developed a
mixture of alkali-fluoride and carbonate salt (LiF-NaF-K2CO3) as the HTF with a working
temperature range of 400–900�C. Li et al. [31, 36–38] recently developed a chloride salt mixture
(NaCl 7.5 wt%-KCl 23.9 wt%-ZnCl2 68.6 wt%), its melting temperature is about 850�C, while
its viscosity is only 0.325 Pa s at 300�C. The cost of this ternary chloride salt mixture is expected
to be below 1 $/kg.

Consequently, a full separation of salts and water in desalination process needs to be devel-
oped, the byproducts of which can be utilized as the HTF in CSP plants. Furthermore, such a
full separation desalination system is expected to become a necessity in advanced water
treatment technologies in an economically feasible way.

4. Heat and mass transfer analysis of a novel full separation system
using solar thermal energy from concentrated solar power (CSP)

4.1. Motivations

As discussed in Section 1, the disposal of high-temperature-concentrated brine is a big concern
to the environment. It has been clearly documented that the discharged high-temperature
concentrates can cause a lasting change in species composition and abundance in the discharge
site and affect aquatic life [21]. To avoid the potential adverse effects from disposing of the
concentrates, the recovery of important minerals from concentrates to achieve zero discharge is
a promising option. Concentrates from desalting process contain inorganic salts and other
compounds that may be purified for commercial applications. Section 3.2 introduced a ternary
halide salts as a potential candidate of thermal storage material; this may dramatically change
the technology for desalination and water treatment. Therefore, a full separation of salts and
water for desalination becomes necessary in new water technologies. A proposed full separa-
tion multieffect distillation (FSMED) desalination system can accommodate the demands of
using high-temperature thermal energy to effectively separate salts and water at 100%,
resulting in simultaneous collection of pure water and dry salts.

4.2. Concepts

To achieve 100% water extraction, an innovative concept of FSMED system using solar thermal
energy is proposed. In the proposed FSMED desalination system, a full separation tank (FST)
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trated brine to the environment [20]. To avoid the potential negative impacts from disposing of
the concentrates, the recovery of important minerals from concentrates to achieve zero dis-
charge is a promising option. Recent development on concentrating solar thermal power
generation has shown that the sea salts are very promising materials for large-scale thermal
energy storage in concentrating solar power (CSP) plants. This may dramatically change the
technology for desalination and water treatment because the salts may be collected for better
value, rather than disposed.

A typical CSP plant consists of a solar collection system and a traditional power block. Solar
energy is concentrated in the collection system, and the heat from direct normal insulation
(DNI) is collected by a heat transfer fluid (HTF). The HTF circulates to the power block and
transfers the collected heat to generate steam. The steam drives a turbine to produce electricity
in a steam cycle [21–23]. Four most commonly used solar-concentrating methods are parabolic
trough collectors, linear Fresnel reflectors, solar power tower collectors, and parabolic dish
collectors. Parabolic trough and solar power tower are the two solar-concentrating methods
mostly used in current CSP plants. HTF is the most important part in CSP plant beside energy
storage media, because it can transfer the heat from the solar field to the power block. Cur-
rently, several typical HTFs are used in commercialized CSP plants, including air, water/steam,
synthetic oils, organics, and molten salts [24, 25]. A good candidate of HTF in CSP should have
the following characteristics: low freezing point, good thermal stability, low viscosity, high
specific heat capacity, as well as acceptably low chemical corrosion rate, while low cost is
another key criterion for industrial applications [26, 27].

Concentrates from desalting process contain inorganic salts and other compounds that may be
purified for commercial value. For example, the recent technology development on solar
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thermal energy storages has shown that sea salts are very promising materials for large-scale
thermal energy storage [28–31]. At present, salt mixtures have been considered as promising
HTF candidates due to their thermal stability at high temperatures [32]. So far, alkali nitrate
and nitrite mixtures are the two most successful HTF candidates. Solar salt (KNO3 40 wt%-
NaNO3 60 wt%), Hitec (NaNO3 7 wt%-KNO3 53 wt%-NaNO2 40 wt%), and HitecXL (NaNO3 7
wt%-KNO3 45 wt%-Ca(NO3)2 48 wt%) are three commercialized alkali nitrate and nitrite
mixtures. Other nitric salt-based HTFs include Sandia Mix (NaNO3 9–18 wt%-KNO3 40–52 wt
%-LiNO3 13–21 wt.%-Ca(NO3)2 20–27 wt%) developed by Bradshaw and Brosseau [33] at the
Sandia National Laboratories and SS-500 (NaNO3 6 wt%-KNO3 23 wt%-LiNO3 8 wt%-CsNO3

44 wt%-Ca(NO3)2 19 wt%) developed by Halotechnics Inc. [34]. Reddy et al. [35] developed a
mixture of alkali-fluoride and carbonate salt (LiF-NaF-K2CO3) as the HTF with a working
temperature range of 400–900�C. Li et al. [31, 36–38] recently developed a chloride salt mixture
(NaCl 7.5 wt%-KCl 23.9 wt%-ZnCl2 68.6 wt%), its melting temperature is about 850�C, while
its viscosity is only 0.325 Pa s at 300�C. The cost of this ternary chloride salt mixture is expected
to be below 1 $/kg.

Consequently, a full separation of salts and water in desalination process needs to be devel-
oped, the byproducts of which can be utilized as the HTF in CSP plants. Furthermore, such a
full separation desalination system is expected to become a necessity in advanced water
treatment technologies in an economically feasible way.

4. Heat and mass transfer analysis of a novel full separation system
using solar thermal energy from concentrated solar power (CSP)

4.1. Motivations

As discussed in Section 1, the disposal of high-temperature-concentrated brine is a big concern
to the environment. It has been clearly documented that the discharged high-temperature
concentrates can cause a lasting change in species composition and abundance in the discharge
site and affect aquatic life [21]. To avoid the potential adverse effects from disposing of the
concentrates, the recovery of important minerals from concentrates to achieve zero discharge is
a promising option. Concentrates from desalting process contain inorganic salts and other
compounds that may be purified for commercial applications. Section 3.2 introduced a ternary
halide salts as a potential candidate of thermal storage material; this may dramatically change
the technology for desalination and water treatment. Therefore, a full separation of salts and
water for desalination becomes necessary in new water technologies. A proposed full separa-
tion multieffect distillation (FSMED) desalination system can accommodate the demands of
using high-temperature thermal energy to effectively separate salts and water at 100%,
resulting in simultaneous collection of pure water and dry salts.

4.2. Concepts

To achieve 100% water extraction, an innovative concept of FSMED system using solar thermal
energy is proposed. In the proposed FSMED desalination system, a full separation tank (FST)
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is integrated to a conventional forward feedMEDwater treatment system to enhance the water
productivity and thermal efficiency, as shown in Figure 9. The main advantage of forward feed
system is to be able to operate at high top brine temperature. Although the mean temperature
of heat addition in forward feed is lower as compared to backward feed, it is better from the
operational point of view. In backward feed arrangement, the highest brine temperature occurs
at the highest brine salinity, thereby causing severe scaling problems [39].

The heat source for the FST is from concentrated solar thermal system. The air feed to the FST
is preheated by the exhaust air/steam mixture to achieve heat recovery. The FST receives
concentrated brine from the last effect of the MED. The concentrated brine from the MED is
atomized into tiny droplets and fully evaporated in the FSTdue to the effective convective heat
transfer between water droplets and hot airflow. The brine vaporizes into steam leaving
behind salt down to the bottom of the FST, resulting in the simultaneous collection of pure
water and dry salts. The hot air/steam mixture leaves from the top of the FST and passes
through the first effect of MED to heat the feed seawater. There is no need to retain the brine
for an internal convective heat transfer process, which eliminates the scaling problem. The only
section subject to a hot environment is the pipe introducing brine to the nozzles and sprayers,
which can be insulated and maintained at low temperature. Therefore, this novel system can
operate effectively at either very high temperatures using primary heat or at medium to low
temperatures using exhaust heat.

4.3. Heat and mass transfer analysis

The proposed process is a closed-loop system which increases the nonlinearity and complexity
of resulting system of equations, unlike conventional systems which are open loop. The mass
and energy balance analysis for the FSMED system in steady-state operation will be intro-
duced in this section. Figure 10 shows the energy balance of the FSMED system.

According to Figure 10, the input energy involves the energy from the heat source and the feed
seawater, as shown in Eq. (1)

Ein ¼ mair � Cp,air � Ths � Tn,outð Þ þ β �ms,n hgs,hs � hgs, n
� �� �þmcsw � hsw;amb ð1Þ

where mair is the mass flow rate of the dry air and mcsw is the mass flow rate of the cooling
seawater. The subscript n denotes the number of the effects, then Tn,out and hgs,n represent the
parameters in the last effect. The subscript hs means the parameters are obtained under the
temperature of the heat source. β is the bleed steam fraction, which indicates the ratio of mass
flow of bleed steam to the mass flow of steam from which it is extracted. To reduce the thermal
energy consumption, a small fraction of steam (steam 21 in Figure 9) from the last effect is bled
and mixed with the air steam (steam 13 in Figure 9), and then this mixture is heated up and
blown into the FST. The bleed fraction is a very important parameter which influences other
crucial parameter like salinity of brine and energy requirement.

The output energy is carried out by the saturated water from each effect, collected salts and the
seawater rejected from condenser, as listed in Eq. (2)

Desalination154

Eout ¼ 1� β
� � �ms,n � hf s,n þ

Xn�1

i¼1

ms, i � hf s, i þmsalt � Cp,salt � TFST � Tambð Þ þ mcsw �mswð Þ � hfsw;WH ð2Þ

where the subscript WH means the thermal properties are obtained under the temperature of
the feed seawater heater.

The mass flow into the system is the cooling seawater, and the total mass flow out involves the
rejected seawater, collected salts, and the pure water. The mass flow rates, salinity of different
streams, and total energy consumption under different temperature of hot air going into the

Figure 9. Concept of the FSMED desalination system.

Figure 10. Energy balance of the FSMED system [40].
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is integrated to a conventional forward feedMEDwater treatment system to enhance the water
productivity and thermal efficiency, as shown in Figure 9. The main advantage of forward feed
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of heat addition in forward feed is lower as compared to backward feed, it is better from the
operational point of view. In backward feed arrangement, the highest brine temperature occurs
at the highest brine salinity, thereby causing severe scaling problems [39].

The heat source for the FST is from concentrated solar thermal system. The air feed to the FST
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transfer between water droplets and hot airflow. The brine vaporizes into steam leaving
behind salt down to the bottom of the FST, resulting in the simultaneous collection of pure
water and dry salts. The hot air/steam mixture leaves from the top of the FST and passes
through the first effect of MED to heat the feed seawater. There is no need to retain the brine
for an internal convective heat transfer process, which eliminates the scaling problem. The only
section subject to a hot environment is the pipe introducing brine to the nozzles and sprayers,
which can be insulated and maintained at low temperature. Therefore, this novel system can
operate effectively at either very high temperatures using primary heat or at medium to low
temperatures using exhaust heat.

4.3. Heat and mass transfer analysis

The proposed process is a closed-loop system which increases the nonlinearity and complexity
of resulting system of equations, unlike conventional systems which are open loop. The mass
and energy balance analysis for the FSMED system in steady-state operation will be intro-
duced in this section. Figure 10 shows the energy balance of the FSMED system.

According to Figure 10, the input energy involves the energy from the heat source and the feed
seawater, as shown in Eq. (1)

Ein ¼ mair � Cp,air � Ths � Tn,outð Þ þ β �ms,n hgs,hs � hgs, n
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where mair is the mass flow rate of the dry air and mcsw is the mass flow rate of the cooling
seawater. The subscript n denotes the number of the effects, then Tn,out and hgs,n represent the
parameters in the last effect. The subscript hs means the parameters are obtained under the
temperature of the heat source. β is the bleed steam fraction, which indicates the ratio of mass
flow of bleed steam to the mass flow of steam from which it is extracted. To reduce the thermal
energy consumption, a small fraction of steam (steam 21 in Figure 9) from the last effect is bled
and mixed with the air steam (steam 13 in Figure 9), and then this mixture is heated up and
blown into the FST. The bleed fraction is a very important parameter which influences other
crucial parameter like salinity of brine and energy requirement.

The output energy is carried out by the saturated water from each effect, collected salts and the
seawater rejected from condenser, as listed in Eq. (2)
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the feed seawater heater.

The mass flow into the system is the cooling seawater, and the total mass flow out involves the
rejected seawater, collected salts, and the pure water. The mass flow rates, salinity of different
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FST and varying bleed steam fraction can be calculated through detailed energy and mass
balance analysis of each component of the FSMED system, which is not shown here for the
sake of brevity.

An example of the calculated energy consumption for FSMED system with 3, 4, and 5 as the
total number of effects is shown in Figure 11, in which the heat source temperature varies from
150 to 400�C. The bleed steam fractions for 3, 4, and 5 effects are 0.6, 0.57, and 0.55, respec-
tively. It is apparent that a five-effect system is the least energy consuming. The minimum
energy consumption for five-effect forward feed FSMED desalination system is estimated to be
about 350 kJ/kg of seawater, which compares very well to thermal energy requirements of
existing MED plant which require 394 kJ/kg of seawater [19]. More detailed operating data for
the five-effect FSMED system are listed in Table 2.

4.4. Preliminary assessment of water droplet evaporation path in FST

To achieve 100% water extraction, detailed knowledge of the water droplet behaviors in the
FST is essential to the design optimization of the FSMED desalination system. It is thus
necessary to determine the lifetime and trajectory of tiny water drops as a function of the drop
size, the ambient temperature, and the spray-injection parameters. Given that the analysis of
vaporization of saline droplet swarm is complex (involving crystallization process), the present

Figure 11. Thermal energy requirement of FSMED desalination system versus hot air and heating steam temperature.
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study mainly focuses on the evaporation of a single water droplet in hot air to make a
preliminary assessment.

A simplified non-equilibrium vaporization model is adopted to describe the movement and
evaporation behavior of a single water droplet in the FST. The model is described based on the
following assumptions:

1. No temperature gradient in the droplet;

2. Thermal properties are uniform in the droplet;

3. Droplet maintains a spherical shape during falling;

4. Vapor mass fraction in the hot airflow is 0.

The droplet size change is related to the heat/mass transfer that determines the evaporation of
the droplet. The conservation equations and mass transfer equation are described in the
following.

Mass conservation equation:

d
dt

4
3
πr3sρl

� �
¼ �G ð3Þ

Energy conservation equation:

2πrpλ T∞ � Tsð ÞNu ¼ 4
3
πr3sρlCp, l

dTs

dt
þ GL ð4Þ

Mass transfer equation:

G ¼ 2πrsρD � Sh � Lnð1þ BmÞ ð5Þ

where Bm is the Spalding mass transfer number, and is given by

Bm ¼ YFs � YF∞

1� YFs
ð6Þ

The droplet velocity and position are evaluated using the following equations:

Parameters Value

Heat source temperature (�C) 150 200 250 300 350 400

Mass flow rate of dry air (kg/s) 3.844 2.291 1.600 1.209 0.957 0.781

Mass flow rate of seawater (kg/s) 6.160 5.716 5.515 5.401 5.327 5.276

Mass flow rate of pure water (kg/s) 0.965 0.965 0.965 0.965 0.965 0.965

Energy input by heat source (kWh/1000 Gal of seawater) 407.6 390.4 382.5 378.1 375.2 373.2

Table 2. Calculated results for a FSMED system with five effects under different heat source temperature [40].
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balance analysis of each component of the FSMED system, which is not shown here for the
sake of brevity.

An example of the calculated energy consumption for FSMED system with 3, 4, and 5 as the
total number of effects is shown in Figure 11, in which the heat source temperature varies from
150 to 400�C. The bleed steam fractions for 3, 4, and 5 effects are 0.6, 0.57, and 0.55, respec-
tively. It is apparent that a five-effect system is the least energy consuming. The minimum
energy consumption for five-effect forward feed FSMED desalination system is estimated to be
about 350 kJ/kg of seawater, which compares very well to thermal energy requirements of
existing MED plant which require 394 kJ/kg of seawater [19]. More detailed operating data for
the five-effect FSMED system are listed in Table 2.

4.4. Preliminary assessment of water droplet evaporation path in FST

To achieve 100% water extraction, detailed knowledge of the water droplet behaviors in the
FST is essential to the design optimization of the FSMED desalination system. It is thus
necessary to determine the lifetime and trajectory of tiny water drops as a function of the drop
size, the ambient temperature, and the spray-injection parameters. Given that the analysis of
vaporization of saline droplet swarm is complex (involving crystallization process), the present

Figure 11. Thermal energy requirement of FSMED desalination system versus hot air and heating steam temperature.
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study mainly focuses on the evaporation of a single water droplet in hot air to make a
preliminary assessment.

A simplified non-equilibrium vaporization model is adopted to describe the movement and
evaporation behavior of a single water droplet in the FST. The model is described based on the
following assumptions:

1. No temperature gradient in the droplet;

2. Thermal properties are uniform in the droplet;

3. Droplet maintains a spherical shape during falling;

4. Vapor mass fraction in the hot airflow is 0.

The droplet size change is related to the heat/mass transfer that determines the evaporation of
the droplet. The conservation equations and mass transfer equation are described in the
following.

Mass conservation equation:

d
dt

4
3
πr3sρl

� �
¼ �G ð3Þ

Energy conservation equation:

2πrpλ T∞ � Tsð ÞNu ¼ 4
3
πr3sρlCp, l

dTs

dt
þ GL ð4Þ

Mass transfer equation:

G ¼ 2πrsρD � Sh � Lnð1þ BmÞ ð5Þ

where Bm is the Spalding mass transfer number, and is given by

Bm ¼ YFs � YF∞

1� YFs
ð6Þ

The droplet velocity and position are evaluated using the following equations:

Parameters Value

Heat source temperature (�C) 150 200 250 300 350 400

Mass flow rate of dry air (kg/s) 3.844 2.291 1.600 1.209 0.957 0.781

Mass flow rate of seawater (kg/s) 6.160 5.716 5.515 5.401 5.327 5.276

Mass flow rate of pure water (kg/s) 0.965 0.965 0.965 0.965 0.965 0.965

Energy input by heat source (kWh/1000 Gal of seawater) 407.6 390.4 382.5 378.1 375.2 373.2

Table 2. Calculated results for a FSMED system with five effects under different heat source temperature [40].
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The lifetime of the water droplet in the FST under different diameters and temperatures is
compared in Figure 12. The droplet lifetime increases with an increase in the droplet diameter
but decreases with an increase in the ambient temperate. In addition, the lifetime decreases with
the ambient temperature increase in a nonlinear way, with a gradual decrease in the slope.

To confine the vaporization within the FST with certain size, the variations of the falling
distance in the vertical direction and stopping distance in the horizontal direction were calcu-
lated for a water droplet with 400 μm in diameter under different injection parameters, as
shown in Figure 13.

For the case of θ ¼ 0�, the falling distance decreases with the increase in the initial injection
velocity. This is because the lifetime of the droplet decreases with the increase of the injection
velocity. For the case of θ ¼ 10�, when the injection velocity is below 15 m/s, the influence of
the lifetime decrease on the falling distance is larger than that of vertical component of the
injection velocity. Hence, the falling distance decreased slightly with the initial injection veloc-
ity. When the injection velocity exceeds 15 m/s, the effect of vertical component of the injection

Figure 12. Comparison of the lifetime under different droplet diameters and ambient temperatures.
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velocity overshadows that of the lifetime decrease, so the falling distance increased slightly
with the initial injection velocity. For the cases of θ ¼ 20� and 30�, because the increase of
vertical component of the injection velocity always has greater influence than the lifetime
decrease, the falling distance increases with the initial injection velocity. The stopping distance
decreases with the injection angle due to the decrease of the horizontal component of the initial
injection velocity.

5. Concluding remarks

Desalination is a promising solution for providing the increasing need of freshwater, due to the
increasing growth of population and climate change. Despite the tremendous improvements
in conventional water treatment technology, the desalination process is very energy consum-
ing. Therefore, it is highly desirable that environmentally friendly renewable energy resources
should be utilized for water treatment. Since most desalination systems can directly use
thermal energy, concentrated solar thermal energy is very suitable for water treatment. Fur-
thermore, recent developments on CSP have shown that the sea salts are very promising
materials as HTF in thermal energy storage system, which in fact provides an alternative to
desalination and water treatment by collecting the salts through full separation from seawater
and brackish water, instead of disposing the high concentrate to the environment.

To achieve 100% water extraction, an innovative concept of FSMED desalination system
using solar thermal energy was proposed in the present study. Compared with conventional
MED, the FSMED technology will overcome the limitation of operating temperature for water
desalination. The concentrated brine from the MED is atomized into tiny droplets and fully
evaporated in the FST by using the high-temperature heat from concentrated solar thermal
energy system, resulting in simultaneous collection of pure water and dry salts. A simplified
non-equilibrium vaporization model is used to investigate the lifetime and trajectory of a tiny
water droplet in the FST as a function of the droplet size, the ambient temperature, and the

Figure 13. Variation of the falling and stopping distance with the injection velocity and angle.
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ing. Therefore, it is highly desirable that environmentally friendly renewable energy resources
should be utilized for water treatment. Since most desalination systems can directly use
thermal energy, concentrated solar thermal energy is very suitable for water treatment. Fur-
thermore, recent developments on CSP have shown that the sea salts are very promising
materials as HTF in thermal energy storage system, which in fact provides an alternative to
desalination and water treatment by collecting the salts through full separation from seawater
and brackish water, instead of disposing the high concentrate to the environment.

To achieve 100% water extraction, an innovative concept of FSMED desalination system
using solar thermal energy was proposed in the present study. Compared with conventional
MED, the FSMED technology will overcome the limitation of operating temperature for water
desalination. The concentrated brine from the MED is atomized into tiny droplets and fully
evaporated in the FST by using the high-temperature heat from concentrated solar thermal
energy system, resulting in simultaneous collection of pure water and dry salts. A simplified
non-equilibrium vaporization model is used to investigate the lifetime and trajectory of a tiny
water droplet in the FST as a function of the droplet size, the ambient temperature, and the
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spray-injection parameters. The relationship of the water droplet size and falling distance with
the hot air-steam temperature, and initial injection/spray parameters is investigated and
presented. Results from the study provide important guidance to the design of such a water
treatment system. It is expected that the proposed full separation thermal-driven desalination
process can address problems of concentrated discharge disposal, solute recovery, and high-
energy consumption.
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spray-injection parameters. The relationship of the water droplet size and falling distance with
the hot air-steam temperature, and initial injection/spray parameters is investigated and
presented. Results from the study provide important guidance to the design of such a water
treatment system. It is expected that the proposed full separation thermal-driven desalination
process can address problems of concentrated discharge disposal, solute recovery, and high-
energy consumption.
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Abstract

Desalination technology and reverse osmosis in particular, is used by several island
authorities in Greece to address water scarcity. However, this is a highly energy-intensive
technique, requiring the consumption of significant quantities of fossil fuels. The case of
Syros island is presented to demonstrate the strong water-energy link in the operation of
desalination plants. The use of renewable energy sources as a means for reducing water
cost from desalination is also discussed. A simple algorithm to calculate estimating
water costs with renewable energy sources (RES) is presented and is applied in the
island of Patmos and in Hermoupolis, Syros island.

Keywords: desalination, reverse osmosis, RES-powered desalination, hybrid energy
systems, water scarcity, water-energy nexus

1. Introduction

Economic advancement and prosperity depend on the significant resources of energy and
water, the links between which are equally complex and important: energy production neces-
sitates significant quantities of water, and water supply requires great amounts of energy. The
study of the “water-energy nexus” demands a holistic view of the production and consump-
tion chains of each resource [1] presents a view of the complexity of the water–energy nexus),
focusing on the core operational components, i.e., infrastructure and technologies [2].

Energy requirements along the stages of the water chain depend on the quantity and quality of
water and usually increase over time [3]. Energy intensity will increase with growth in water
demand, as abstraction of water is carried out from deeper boreholes with lengthy interbasin
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Abstract

Desalination technology and reverse osmosis in particular, is used by several island
authorities in Greece to address water scarcity. However, this is a highly energy-intensive
technique, requiring the consumption of significant quantities of fossil fuels. The case of
Syros island is presented to demonstrate the strong water-energy link in the operation of
desalination plants. The use of renewable energy sources as a means for reducing water
cost from desalination is also discussed. A simple algorithm to calculate estimating
water costs with renewable energy sources (RES) is presented and is applied in the
island of Patmos and in Hermoupolis, Syros island.
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systems, water scarcity, water-energy nexus

1. Introduction

Economic advancement and prosperity depend on the significant resources of energy and
water, the links between which are equally complex and important: energy production neces-
sitates significant quantities of water, and water supply requires great amounts of energy. The
study of the “water-energy nexus” demands a holistic view of the production and consump-
tion chains of each resource [1] presents a view of the complexity of the water–energy nexus),
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water transfers, strict water-quality standards, and limitations on wastewater discharge.
Despite all this, there are opportunities for improving energy efficiency. According to the
European Innovation Partnership for water [4], there is an important potential for increasing
the efficiency of energy use in water supply systems by using low-energy technologies in water
treatment and wastewater cleaning processes. Also, the use of renewable resources is beneficial
for the total energy efficiency of these systems.

The sources of water (in terms of type, quality, and seasonal availability) and the end-use
characteristics (such as consumption patterns and infrastructure) play an important role on the
energy intensity of the water supply chain. An increase of 35% in energy consumption is
expected by 2035 due to the impacts of climate change on water resources [5], the increased
competition among water users, and the “loop effect” of the energy-water interlinks. This might
cause 85% increase in the water consumption and thus extra energy requirements are needed for
water distribution and treatment [6, 7]. As these interlinkages are established, the quantification
of the energy-water relationship is a priority issue, particularly in water-scarce regions.

In water-scarce areas, the main supply management methods are (1) water transports from
areas with abundant water sources to areas with water scarcity; (2) intensive use of the
available resources; and (3) use of nonconventional water resources (e.g., wastewater reuse,
desalination). All these supply methods cause an increase in the energy consumption for water
supply and as a consequence, the cost of water is higher either for consumers or governments.
Thus, any improvements in the energy use and the efficiency of water supply may lead to
profits for the environment as well as important reductions in the cost of water.

In this chapter, the water–energy nexus is presented with emphasis in remote areas. The island
of Syros, located in the Cyclades island complex, is used as a case study to demonstrate the
links between energy consumption and water production and the need to increase energy-use
efficiency in the isolated water and electrical energy systems of the Greek islands. The desali-
nation option with RES is explored through modeling, and as a case study, Hermoupolis in the
island of Syros and Patmos island is selected. The rich history of all the desalination methods
that have been applied in the Greek islands is also described in brief.

2. The water system of the Greek islands

Greece has the longest coastline in Europe, approximately 14,000 km. The country has about
2500 islands (Figure 1), with a total area of 21,580 km2. The islanders are estimated to be
1,633,433 [8].

The climate on the Greek islands is typical Mediterranean (dry summers and wet winters),
with relatively low precipitation (less than 400 mm per year, especially for the Aegean
islands [9]). The storage, surface, or groundwater of sufficient quality and quantity is impossi-
ble on some islands due to the low precipitation and the geological formations. Furthermore,
there is a peak in water demand on the summer period (due to tourism and irrigation), the
water losses are high due to the leakages in the old distribution networks, the aquifers are
degraded due to over-pumping, and above all, an integrated water management system is
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absent in most of the islands. These facts intensify the problems of water scarcity and create
water deficiencies in the local areas (Table 1).

In each island, the specific conditions shape the approach used to address water deficiency
problems. The current practices for domestic water supply according to Ref. [10] are:
(a) desalination of sea or brackish water, (b) water transfer from the mainland at high cost
(about 10 €/m3), (c) dams, and (d) boreholes. The state officials regard desalination as an
appropriate long-term settlement to the water-shortage problem.

Figure 1. Map of Greek islands and complexes.

Complex Number of islands Population Population water balance [11]

Dodecanese 24 191,084 Negative

Ionian 17 211,954 Positive

Cyclades 28 118,000 Negative

North Aegean 14 202,360 Negative

Sporades 7 16,792 Negative

Saronic 7 63,467 Negative

Table 1. Island complexes in Greece [8].
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3. Energy-intensive water desalination

Desalination was first introduced into Greek islands during 1960s, based on solar still collec-
tors. Five systems of various sizes were installed until 1973, without great success, mainly due
to operational breakdowns, poor maintenance [12], and conflicts of interest with the water
tanker owners. The success in operation of these desalination units would result in a signifi-
cant decline in the quantities of water they transferred to the islands.

In 1969, a multistage-flash system was installed in Syros, powered by fuel oil. The high cost of
fuel in addition to mechanical problems led to the shift toward RO [13]. The next desalination
attempt took place in the island of Corfu in 1977. A reverse electrodialysis (ED) plant with a
daily capacity of 15,000 m3 was installed for the treatment of low-salinity brackish water (up to
2000 ppm). The operation of this desalination plant ceased due to functional problems hap-
pened after few years [14]. Its specific energy consumption was 1.7 kWh/m3 [15].

Before the Syros RO installations, the first RO units for the public community water supply
were installed in 1981–1982 in the islands of Ithaca and Mykonos. The reasons for the domina-
tion of RO are: (1) compact design, (2) relatively low water needs, (3) modular operation to
meet seasonal and diurnal variations in demand, (4) easy operation, (5) relatively low-energy
consumption comparing to other desalination methods, and (6) fast installation (2–3 months).

Currently, the total capacity of the installed desalination units (for public use in the islands) is
about 60,000 m3/day spread over 39 islands (Figure 2) with 9000 m3/day of brackish water
feed, and 51,000 m3/day of seawater feed. Very small islands of Pserimos and Rho are not
included in the map of Figure 2. Most desalination units are located on islands, which are not
connected to the mainland electricity grid (31 out of 39 islands), and the rest are installed on
islands that are interconnected to the main grid, through underwater cables. The rate of
development of new desalination units was quite low until the early 2000s, but rose very fast
prior to the Athens Olympic Games in 2004 (Figure 3). In the coming years, almost five more
islands are about to install and operate desalination plants.

Figure 2. Desalination units in the Greek islands ([13, 16–22]; TEMAK SA, personal communication).
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Figure 3. Desalination facilities in Greece, 1981-2014 ([13, 16–22]; TEMAK SA, personal communication).

Figure 4. Specific energy consumption of Greek desalination plants (Syros WSSC, personal communication, 2014;
TEMAK SA, personal communication, 2014).
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The specific energy consumption for a number of desalination units installed on the islands is
presented in Figure 4. These data were acquired through the desalination manufactures and
local water companies (TEMAK SA, personal communication, 2014; Culligan Hellas SA, per-
sonal communication on technical characteristics of existing desalination units, 2014). Both
high pressure and booster pumps are included in these data.

4. Desalination with renewable energy sources

Renewable energy powered desalination offers noteworthy benefits in comparison to use con-
ventional energy supply. Although desalination systems with renewable energy have increased
installation costs, they have lower operating costs due to the fact that costly fuel oil used in most
islands is avoided. During the summer period, higher wind speed and solar radiation occur
while water demand is also higher, and thus these have been identified as possible energy
sources for supporting desalination systems in general and in the Greek islands especially.

Annual mean wind speed in most areas varies from 5 to 7 m/s, but it can be much higher in some
areas. Annual solar radiation varies from 1400 to 1700 kWh/m2, and in the islands of Milos,
Nisyros, Kimolos, and Thira have high-enthalpy geothermal fields. Since the installation of solar
stills, several attempts have been made to use renewable energy for desalination, both on pilot
and commercial systems. The Greek state has promoted desalination systems powered by renew-
able energy by prioritizing the licensing procedure for the installation of the renewable systems.

A desalination unit with geothermal energy as an energy source with capacity of 80 m3/day
using multi-effect distillation (MED) technology was installed in the framework of a European
project and operated effectively for demonstrations in the island of Kimolos in 1997–1998 [23].
The water production cost was estimated at € 1.7/m3. However, at the end of the project, the
desalination unit was abandoned. Avery small RO unit with a capacity of 4.8 m3/day, powered
by a stand-alone 15 kW wind turbine, was installed as a pilot system in Therasia in 1997.

Hydriada, a floating RO desalination unit (80 m3/day) with power supplied by a wind turbine
and photovoltaics, was launched in 2007. It was a promising prototype designed to meet the
potable water needs of 300 inhabitants in a small and arid island. Iraklia, a suitable island in
Cyclades was selected as a pilot area. Early technical problems emerged and were compounded
by the indifference of the local authority and the high maintenance costs, and thus the project
was abandoned [24].

In the island of Milos, a successful desalination unit was constructed during 2007–2009 using
wind energy supply. Three similar RO units with a total capacity of 3360 m3/day and very low
specific energy consumption (approximately 3.5 kWh/m3) were powered by a 850 kW wind
turbine. A supervisory control and a data acquisition system were installed to assist and to
optimize the operation of the RO units and the wind turbines as both the RO unit and the wind
turbine are connected into the island’s autonomous power grid. Optimization is accomplished by
the use of operation modes depending on climate conditions, the potable water demand fore-
casting, and the level of the water tanks. One more important innovation of this project was its
ownership status: the wind turbine and the desalination unit are private investments, and they
work under contract agreement with the island municipality for supplying water.
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A promising mechanical vapor compression (MVC) desalination system with the exploita-
tion of wind energy (330 kW) was built in the island of Symi in 2009. The installed system
was not successful due to important technical problems that caused very low water produc-
tion. This system was stand-alone, with specific energy consumption of about 14.5 kWh/m3

[25]. Its operation ceased in 2011 due to a fire and it was never repaired. An autonomous
RO unit of 8 m3/day was installed in 2013 on the very small island of Strogyli with the use
of 20 kWp photovoltaics as power source. The unit provides potable water to a small army
camp.

5. The case of Syros island: comparing the operation and energy
costs of desalination

The urban water supply in Syros is covered mainly by desalinated water. The island power
grid is autonomous and the electrical energy supply relies on diesel fuel transferred from the
mainland. Currently, there are 13 RO units distributed in five regions (Figure 5). According to
the Syros Water Company (Syros Water Supply and Sewerage Company [26] personal com-
munication) and the Hellenic Electricity Distribution Network Operator [27], more than 11% of
the electricity produced in the island is used for potable water production and the total
desalination power demand, when plants are running at full capacity is 5.2% of the conven-
tional installed power production units.

These plants require 2.08 MWof power and the cost of energy is the primary operating cost for
the Water Supply Company. The total operational cost is estimated at about €1.2–1.6/m3. The
contribution of energy to the water cost is €0.7 m3 (about 45%), with an average energy cost of
€0.086/kWh [12].

The following indicators will be used to assess the energy-for-water nexus: (a) energy con-
sumption per volume of water sold, (b) energy cost per volume of water sold, and (c) energy

Figure 5. Desalination units in Syros.
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consumption per capita. These analyses take into account only the desalination plant of Syros
capital, Hermoupolis, for which the required input data are available. For comparison pur-
poses, similar results are presented for the twomajor water supply systems in Greece (Table 2),
the Athens, and the Thessaloniki water supply systems.

5.1. Assessment indicators

The energy consumption per volume of water sold is presented in Figure 6 for three water
energy systems. The Athens water system has a value 0.75 kWh/m3, Thessaloniki’s water
system has twice that, and Hermoupolis about 15 times. The cost of energy also follows such

Hermoupolis
DEYA Syrou

Athens EYDAP Thessaloniki EYATH

Population served 13,400 4,500,000 1,000,000

Water production (hm3) 1.05 385.5 89.7

Water billed (hm3) 0.89 337 66.3

Annual per capita consumption (m3/year) 66.6 74.9 66.3

Energy consumption (GWh) 10 251 119

Reference year or period 2010–2013 2009 2008

Energy cost (€/kWh) 0.086 0.089 No data (assumed same as Athens)

Data sources [27] [28, 29] [29, 30]

Table 2. Data used for the calculation of the assessment indicators.

Figure 6. Energy consumption per volume of water sold in the water supply systems of Hermoupolis, Athens, and
Thessaloniki [27–30].
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a pattern, as seen in Figure 7. Similar ratios between water systems also apply for the case of
the per capita energy demand for water supply. Syros has a value 14 times than that of Athens
and more than twice that of Thessaloniki (Figure 8).

Figure 7. Energy cost per volume of water sold in the water supply systems of Hermoupolis, Athens, and
Thessaloniki [27–30].

Figure 8. Energy consumption per capita in the water supply systems of Hermoupolis, Athens, and Thessaloniki [27–30].
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5.2. Monthly energy consumption

Water consumption in Syros is high during summer, due to the tourism. For instance,
consumption during August is around 85% higher than in February (Figure 9). The same

Figure 9. Monthly water production and energy consumption for the Hermoupolis desalination plant (average values for
2010–2013) [27].

Figure 10. Specific energy consumption of the desalination units in the Hermoupolis desalination plant (average values
for 2010–2013) [27].
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pattern applies to the energy consumption of the desalination. However, the desalination
process is significantly more efficient in the summer period (Figure 10). Specific energy
for the Hermoupolis plant is 8.1 kWh/m3 in August and 9.7 kWh/m3 in February, a
reduction of 16.5%. This reduction can be credited to three main factors which are as
follows: (i) the units operate continuously during summer, with less start-and-stop
cycles, (ii) the temperature of the seawater during summer period is high, affecting
properties such as viscosity and lowering the energy demand of the high-pressure pump
[31], and (iii) as the Hermoupolis desalination plant comprises several desalination units,
each one with different capacities and specific energies, making extensive use of the unit
with the lower specific energy also lowers the specific energy of the desalination plant as
a whole.

6. Satisfying energy needs by using RES: a design methodology

Amethod for assessing the desalination system with RES is presented in the following section.
In most cases, the desalination systems are interconnected with the electrical grid of the island,
where the energy mix is dominated by diesel or heavy oil and a small percentage is covered by
RES or other sources. Some islands are interconnected with the mainland and thus the energy
mix contribution comes from lignite, natural gas, and RES.

The renewable sources considered in the present study are solar and wind energy. Energy
demand for desalination is covered by the produced renewable energy and the excess is
supplied to the grid. If the renewable energy is not sufficient to cover the demand, then energy
is obtained through the grid.

The optimal configuration is the one that minimizes the water cost from the investor point of
view. A configuration is defined by a set of design parameters such as the desalination
capacity, the photovoltaic installed power, etc. A methodology, using hourly simulation, was
developed to identify the optimum configuration. The islands to be examined are Syros and
Patmos.

6.1. Design methodology

6.1.1. Water demand

Water demand can be derived from real historical data, from average monthly values or from
other sources. The developed methodology requires daily water demand values throughout
the year. However, if only monthly average data are available, then it can be assumed that
water demand is the same for every day (Qdaily) of the month.

6.1.2. Desalination unit

Desalination capacity (Qcap in m3/day) is one of the design parameters. The specific
energy demand (Sp in kWh/m3) is a specification parameter of a given desalination unit
and water salinity. Thus, the average power that is needed during normal operation is as
follows:
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5.2. Monthly energy consumption

Water consumption in Syros is high during summer, due to the tourism. For instance,
consumption during August is around 85% higher than in February (Figure 9). The same

Figure 9. Monthly water production and energy consumption for the Hermoupolis desalination plant (average values for
2010–2013) [27].

Figure 10. Specific energy consumption of the desalination units in the Hermoupolis desalination plant (average values
for 2010–2013) [27].
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The optimal configuration is the one that minimizes the water cost from the investor point of
view. A configuration is defined by a set of design parameters such as the desalination
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Water demand can be derived from real historical data, from average monthly values or from
other sources. The developed methodology requires daily water demand values throughout
the year. However, if only monthly average data are available, then it can be assumed that
water demand is the same for every day (Qdaily) of the month.

6.1.2. Desalination unit

Desalination capacity (Qcap in m3/day) is one of the design parameters. The specific
energy demand (Sp in kWh/m3) is a specification parameter of a given desalination unit
and water salinity. Thus, the average power that is needed during normal operation is as
follows:

Responding to Water Challenges Through Desalination: Energy Considerations
http://dx.doi.org/10.5772/intechopen.69956

175



Pdes ¼ Sp � Qcap

24 hr
ðkWÞ (1)

The hours of operation of the desalination unit per day can be derived as follows:

Top ¼ min
Qdaily

Qcap=24 hr
, 24 hr

 !
ðhrÞ (2)

The min operator denotes that hours of operation needed for each day cannot be more than
24 hr. The desalination might not be able to fully cover the demand and in this case, there is a
water demand deficit. The operating hours of the desalination unit is a critical factor for the
exploitation of the renewable sources. In case of solar energy, the best strategy corresponds to
the operation of the unit in the period around noon (Figure 11). In case of wind energy, then
the optimum period depends on the micro scale of the location of the power plant (in most
cases, the afternoon is the windiest time).

The hourly distribution of energy requirements for desalination is given by Eq. (3):

EDESðtÞ ¼ OPðtÞ � PDESðkWhÞ (3)

where OP tð Þ is the desalination production distribution, representing the percentage of opera-
tion for each hour t of the year (OP tð Þ is 100% when the desalination unit is in operation for an
hour without breaks, 0% when the desalination is not operating at all, and a value between
0 and 100% in other cases).

6.1.3. Photovoltaic model

The installed power of the photovoltaic (PV) system is a design parameter, denoted by PPV

(kWp) and the energy produced by a PV array, in a given hour t, is given by:

EPVðtÞ ¼ ηinv � ηoef f � PPV � GTðtÞ
GSTC

� 1 hr ðkWhÞ (4)

Figure 11. Reverse osmosis operation schedule (example).
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where GTðtÞ is the mean hour solar radiation for every hour in (kWh/m2), GSTC is the standard
test condition reference radiation (1000 W/m2), ηinv, and ηoef f are the inverter efficiency and

overall efficiency respectively.

6.1.4. Wind energy conversion system model

The total installed power of the wind turbines is also a design parameter (PWEC in kW). The
energy produced by the wind energy conversion (WEC) system in a given hour t, is given by:

EWECðtÞ ¼ ηoef f � PWEC V tð Þð Þ � 1 hr ðkWhÞ (5)

where PWEC V tð Þð Þ is the power produced by the wind energy system for wind speed V tð Þ. In
the case of a single wind turbine, the power from the WEC system is given by the power curve
of the wind turbine.

6.1.5. Energy management scheme

The scheme concerning the energy flows is quite simple. There is no sale of extra electrical
energy to the grid, but net metering method is applied with annual clearance.

The renewable energy consumed by the RO unit is the sum of the wind turbine energy and
photovoltaic energy produced during the operating time of the unit:

ERESav tð Þ ¼ EWEC tð Þ þ EPV tð Þð Þ �OP tð Þ (6)

The energy produced from renewable sources when the RO unit is not operating is as follows:

Erest tð Þ ¼ EWEC tð Þ þ EPV tð Þ � ERESav tð Þ (7)

The energy difference among the available renewable energy and energy needed for desalina-
tion is as follows:

ENET tð Þ ¼ ERESav tð Þ � EDES tð Þ (8)

If ENET tð Þ ≥ 0, then the renewable energy is not fully exploited by the RO unit. Therefore, the
total amount of renewable energy that can be infused into the grid is.

ETogridav tð Þ ¼ ENET tð Þ þ Erest tð Þ (9)

If ENET tð Þ < 0, then there are additional energy needs and they are going to be covered from
the grid.

EFromgrid tð Þ ¼ jENET tð Þj (10)

Due to technical limitations or legislation, there is an upper limit to the amount of energy that
can be infused into the grid, depending on the relation between the conventional and RES
energy production in the island. Thus, the energy that can be infused to the grid will be
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Pdes ¼ Sp � Qcap

24 hr
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where GTðtÞ is the mean hour solar radiation for every hour in (kWh/m2), GSTC is the standard
test condition reference radiation (1000 W/m2), ηinv, and ηoef f are the inverter efficiency and

overall efficiency respectively.

6.1.4. Wind energy conversion system model

The total installed power of the wind turbines is also a design parameter (PWEC in kW). The
energy produced by the wind energy conversion (WEC) system in a given hour t, is given by:

EWECðtÞ ¼ ηoef f � PWEC V tð Þð Þ � 1 hr ðkWhÞ (5)

where PWEC V tð Þð Þ is the power produced by the wind energy system for wind speed V tð Þ. In
the case of a single wind turbine, the power from the WEC system is given by the power curve
of the wind turbine.

6.1.5. Energy management scheme

The scheme concerning the energy flows is quite simple. There is no sale of extra electrical
energy to the grid, but net metering method is applied with annual clearance.

The renewable energy consumed by the RO unit is the sum of the wind turbine energy and
photovoltaic energy produced during the operating time of the unit:

ERESav tð Þ ¼ EWEC tð Þ þ EPV tð Þð Þ �OP tð Þ (6)

The energy produced from renewable sources when the RO unit is not operating is as follows:

Erest tð Þ ¼ EWEC tð Þ þ EPV tð Þ � ERESav tð Þ (7)

The energy difference among the available renewable energy and energy needed for desalina-
tion is as follows:

ENET tð Þ ¼ ERESav tð Þ � EDES tð Þ (8)

If ENET tð Þ ≥ 0, then the renewable energy is not fully exploited by the RO unit. Therefore, the
total amount of renewable energy that can be infused into the grid is.

ETogridav tð Þ ¼ ENET tð Þ þ Erest tð Þ (9)

If ENET tð Þ < 0, then there are additional energy needs and they are going to be covered from
the grid.

EFromgrid tð Þ ¼ jENET tð Þj (10)

Due to technical limitations or legislation, there is an upper limit to the amount of energy that
can be infused into the grid, depending on the relation between the conventional and RES
energy production in the island. Thus, the energy that can be infused to the grid will be
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ETogrid tð Þ ¼ min ETogridav tð Þ, EgridS tð Þ� �
(11)

EgridS is the RES margin of the autonomous grid system.

The annual energy demand for the desalination is

EDESan ¼
X8760
t¼1

EDES tð Þ (12)

and the renewable energy collected in one year is

ERESan ¼
X8760
t¼1

EWEC tð Þ þ EPV tð Þð Þ (13)

6.1.6. Economic evaluation

Economic evaluation will allow the identification of the most profitable and optimal configu-
rations with the use of water cost as the main decision parameter. The levelized water cost
(WC) per cubic meter can be calculated as:

WC ¼ ICEN þ ICROð Þ � RþOMþ EC
WP

(14)

where: ICEN is the installation cost of the power system.

ICRO is the reverse osmosis installation cost.

R is the annuity factor (n is the life time of the investment and i the interest rate):

R ¼ i
1� 1þ ið Þ�n (15)

OM is the annual operation and maintenance cost that contains consumables (CN),
(filters, spare parts), chemicals for posttreatment and pretreatment (CHM), membrane
replacements (MR) and labor (LB):

OM ¼ CN þ CHMþMRþ LB (16)

EC is the annual cost of energy and ECSP is the specific cost of energy (€/kWh):

EC ¼ ECSP �max
X8760
t¼1

EFromgrid tð Þ �
X8760
t¼1

ETogrid tð Þ
 !

, 0

 !
(17)

WP is the annual water production:

WP ¼
X8760
t¼1

Qcap

24 hr
OP tð Þ (18)
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6.2. Case study

The installation of renewable energy systems for covering water demand will be examined for
the city of Hermoupolis in the island of Syros and for the island of Patmos. As detailed above,
Hermoupolis has high energy needs for water production; therefore, the introduction of RES
technologies could be beneficial in minimizing the cost of the water. The island of Patmos still
covers its water needs by water transports and local drills. However, two units of 600 m3 each
have already been installed and are planned to be operational in the near future.

6.2.1. Model inputs

6.2.1.1. Water demand

Monthly water production for Hermoupolis is given in Figure 9. Maximum water demand for
Patmos, according to a recent public tender, was estimated at 236,000 m3 per year, but not all of
the demand will be covered by the desalination. Thus, an estimation can be derived from the
amount of water that was transferred to the island by tanker ships, according to Special
Secretariat for Water. For 2014, this value was 68,654 m3. Due to the lack of monthly distribu-
tion data, we can assume that the profile is the same as the previous years (monthly data
exists). Also, due to the rebound effect on desalination, the water produced by desalination can
be up to 20% more than water transferred. However, the case of covering all water needs
through desalination will be examined.

6.2.1.2. Meteorological data

The data needed for the simulation are the wind speed and the solar radiation as hourly time
series for 1 year. For Hermoupolis, the average wind speed at wind turbine height is 6.5 m/s
and the total solar radiation at the photovoltaic inclination is 1847 kWh/m2. As the island of
Patmos is an important site of cultural heritage, the wind energy option is not examined. The
annual solar radiation is 1935 kWh/m2.

6.2.1.3. Installation cost

Total cost has been estimated at 2.082 M€ using data from the Syros Water Service [32]. The
installation cost of the reverse osmosis unit in Patmos installation was estimated at 0.739 M€.
The specific cost of the photovoltaic system was calculated for a fixed price of 1200 €/kWp and
the installation cost of the wind turbine system is estimated at 1500 €/kW.

6.2.1.4. Operation and maintenance cost

These costs are either fixed or dependent on the water production:

• Labor is a fixed cost, in a small desalination plant estimated at LB ¼ 25000 € per year and
per person. When the annual water production is low, the labor cost is an important factor
in the water cost. One person was employed for the RO unit of Patmos and four persons
for the unit of Hermoupolis.
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Hermoupolis has high energy needs for water production; therefore, the introduction of RES
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covers its water needs by water transports and local drills. However, two units of 600 m3 each
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the demand will be covered by the desalination. Thus, an estimation can be derived from the
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through desalination will be examined.
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The data needed for the simulation are the wind speed and the solar radiation as hourly time
series for 1 year. For Hermoupolis, the average wind speed at wind turbine height is 6.5 m/s
and the total solar radiation at the photovoltaic inclination is 1847 kWh/m2. As the island of
Patmos is an important site of cultural heritage, the wind energy option is not examined. The
annual solar radiation is 1935 kWh/m2.

6.2.1.3. Installation cost

Total cost has been estimated at 2.082 M€ using data from the Syros Water Service [32]. The
installation cost of the reverse osmosis unit in Patmos installation was estimated at 0.739 M€.
The specific cost of the photovoltaic system was calculated for a fixed price of 1200 €/kWp and
the installation cost of the wind turbine system is estimated at 1500 €/kW.

6.2.1.4. Operation and maintenance cost

These costs are either fixed or dependent on the water production:

• Labor is a fixed cost, in a small desalination plant estimated at LB ¼ 25000 € per year and
per person. When the annual water production is low, the labor cost is an important factor
in the water cost. One person was employed for the RO unit of Patmos and four persons
for the unit of Hermoupolis.
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• Chemicals cost is variable and depends on the water production. The specific cost of the
chemicals is estimated from 0.02 to 0.05 $/m3 [33], but in some cases it can be as high as
0.23 $/m3 [34]. For the Greek islands a value of 0.065 €/m3 is proposed [35]. Thus, the
chemical costs are CH ¼ WP � 0:065€=m3.

• Membrane cost is the most difficult to estimate, due to the fact that the life span of a
membrane depends on many parameters. Proper use of the reverse osmosis system can
produce water of potable quality for 5 years or more. In literature and in feasibility
studies, the life span of the membrane varies from 3 to 5 years. Water production in
the islands is limited and the periodical operation of the reverse osmosis can incur
a specific replacement cost that is three times higher. For this reason, membrane cost
varies from 0.04 to 0.34 €/m3[36]. In this study, membrane replacement cost will be
an average 0.15 €/m3, which agrees with data from real plants in similar areas MR ¼
WP � 0:15€=m3[17].

• Consumables and other costs: will be taken equal to CN ¼ WP � 0:04€=m3 [16].

6.2.1.5. Other inputs

The specific energy for Patmos is assumed to beSp ¼ 5:5 kWh=m3 and for Hermoupolis, a
monthly specific energy is used (Figure 10). The flushing duration will be 15 min (fm ¼ 0:25 hr).
The cost of electrical energy for Hermoupolis is 0.086 €/kWh according to local data, and for
Patmos a value of 0.1 €/kWh was assumed.

6.2.2. Results

The water cost in the island of Patmos, using conventional energy sources, is estimated at
WC ¼ 1:62€=m3. Figure 12 presents the cost breakdown graph, where it is obvious that all
cost components have approximately the same participation in water cost. If the RO unit is
sized to produce water to cover all the demand of Patmos, then the water cost drops to
WC ¼ 1:154€=m3.

Figure 12. Water cost breakdown into the basic components for Patmos and Hermoupolis.
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When installing photovoltaic units in the island of Patmos, water cost reaches a minimum of
about 1.52 €/m3, which can be achieved when the installed power of the photovoltaic system is
about 200 kWp (Figure 13).

Water cost in the city of Hermoupolis is estimated at 1.26 €/m3, but the contribution of each
cost component is different. Energy contributes 61% of the total water cost (Figure 12).

The installation of photovoltaics minimizes water cost to the value of 1.16 €/m3for a photovol-
taic power plant of 2.3 MW The reduction in water cost is 0.1€/m3 (the same as is in Patmos).
On the other hand, when installing wind turbines, the water cost can be as low as 1.12 €/m3for
total wind turbine installed power of 1750 kW. In Figure 14, the water cost is presented versus
the installed power of each technology.

Figure 13. Water cost versus photovoltaic install power for Patmos.

Figure 14. Water cost versus wind and photovoltaic install power for Hermoupolis. One technology each time.
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Figure 14. Water cost versus wind and photovoltaic install power for Hermoupolis. One technology each time.
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When both photovoltaics and wind turbines are installed simultaneously, water cost has an
absolute minimum value at 1.09 €/m3, which is 0.17 €/m3 less than the case with conventional
energy. This value can be achieved for various installed power combinations of each technol-
ogy. The lower values for both the photovoltaics and wind turbine-installed power (which
consequently gives the lower installation costs) are for 1250kWp and 1250 kW, respectively
(Figure 15).

In both cases, an increase in water demand during the next years has not been taken into account;
even so, the installation of renewable energy technologies will be beneficial and will make water
cheaper due to higher utilization of the desalination units and due to cheap energy sources.

7. Discussion and conclusions

The practice of desalination has been identified as a promising solution to the water scarcity
problem of the Greek islands (Cyclades and Dodecanese). The early efforts during the 1960s
with the use of solar distillation technology were not successful, as the technical know-how
was very limited and maintenance was inadequate. Also, the operational costs (labor) were
very high due to the lack of automation technologies. The advances in desalination technology,
combined with the need to meet water demand in the rapidly developing tourist areas,
enhanced the prospects of desalination as a supplementary or even primary source of potable
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water. Both at the pilot and commercial levels, efforts have been made to improve the perfor-
mance of desalination technology. Economic considerations and technical limitations are the
most important reasons that such efforts are not always successful.

The primary challenge in the desalination practice and specifically in the reverse osmosis technol-
ogy is the reduction of the energy consumption of the units. As energy is a very high cost factor
for desalination, various methods for lowering the specific energy consumption can help decrease
the cost of water. Another important option is the use of cheaper energy sources. Renewable
energy technologies can offer a feasible way to reduce the pressure on energy systems for water
production, and thus developing renewable-energy-powered desalination plants has become a
priority in the Greek energy and water sectors. Energy storage is not a practical solution due to its
high investment cost and the low lifetime of battery systems, but the net metering method can
lower water cost by up to 13.5%. As a state of the art technology, hybrid systems, combined with
operation optimization methods, provide appropriate solutions for cheaper energy; however,
wind farms and photovoltaic arrays often face disapproval, especially in the tourism-dependent
islands, as local inhabitants find that the local esthetic value is reduced. Environmental reasons
and land-use conflicts may also prevent the integration of renewable-energy-powered RO sys-
tems. To construct efficiently operated, optimal RO desalination powered by renewable energy
systems, the state should promote pilot systems through the relevant studies.

Water deficiency in most of the arid islands is treated with water transfers at the expense of the
central government. The operation and maintenance cost of the desalination units is subsi-
dized. In an era of economic crisis, this condition may not be feasible and there is a pressing
need to move on toward sustainable solutions. Private sector participation, though not always
socially acceptable by the locals, has to be examined. Moreover, as water and energy resources
are due to face increasing pressure over the next few decades, the evaluation of trade-offs and
the encouragement of cross-sector planning will be critical for further development and for
their sustainable management.

The Greek experience indicates that constructing and operating RO units is made possible by
state support (in the form of subsidies). The energy intensity of RO units remains high. However,
RO technology, although with high cost, is reliable and offers potable water of adequate quality
and quantity. Therefore, technical and operation policy challenges (including securing adequate
funding) should be addressed so that the implementation of RO technology will further enhance
energy efficiency and will be a part of an integrated water management system.
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Abstract

The proposed chapter addresses a comprehensive overview of the history and future outlook 
of ultrafiltration/microfiltration (UF/MF) membrane for desalination water pretreatment. 
Known theories on UF/MF membrane formation from phase inversion (Dr/wet) systems 
can be prolonged to define the consequences of high or low molecular weight additives. 
Also, direct material reengineering and surface modification for high-performance anti-
fouling of UF/MF membranes are also highlighted. Before the modern final polymeric film, 
the characterization techniques, particularly molecular weight cut-off, pore size, pore size 
distribution, and microbiological activity classification, on to the UF/MF membrane surface 
were presented, respectively. Lab scale to commercial scale UF/MF membrane configura-
tion and market size of UF/MF membranes for pretreatment desalination are described. The 
significance of UF/MF provided here as an unconventional approach for desalination water 
pretreatment is in contrast with the current conventionally used technologies. The recent 
development made in the integration of established desalination processes, such as spiral 
wound reverse osmosis (SWRO), multi-stage flash (MSF), multi-effect distillation (MED), 
electrodialysis (ED) desalination, and UF pretreatment, is addressed. Finally, the influence 
of UF/MF on desalination water pretreatment step on to the energy cost of desalination 
process system is discussed.
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1. Introduction

1.1. An early history of UF membrane

Almost every chemical process involves at least one separation or purification step, and the 
chemical industry has developed a range of separation techniques to facilitate recovery of the 
required products. In recent years, membranes and membrane separation techniques have 
grown from laboratory tool to an industrial process with considerable technical and commer-
cial impact. Instantly, the membrane processes are faster, more efficient, and economical than 
conventional separation techniques, particularly for desalination water treatment. Among all the 
membranes process, UF/MF membranes have the largest variety of applications in various indus-
tries, because it is a separation technology of high efficiency and low energy consumption [1].

The permeation of water by a thin sheet of animal bladders (diaphragm) was introduced by 
Abey’s Nollet in 1755 (France), and the phenomenon of water permeation was named as osmo-
sis [2]. Later on, Dr. Adolf Eugen Fick from Germany has introduced diffusion law and was 
developed the first high-pressure synthetic membrane made from nitrocellulose in 1855 [3]. 
After 50 years, Dr. Bechhold from Germany developed first low-pressure cellulosic membranes 
(collodion), which is prepared by impregnating filter paper with glacial acetic acid. The first 
such low-pressure membranes were produced in 1907, and Dr. Bechhold revealed the term 
“Ultrafilter” collodion membranes. Since for Bechhold’s original membranes were introduced 
and applied protein solutions by forcing at several pressures against to the atmospheric pressure 
through his collodion membranes [4]. After Dr. Bechhold breakthrough in UF/MF membrane, 
there has been continuous effort to develop improved UF membranes, which have resulted in 
many diverse types of such membranes [5]. Further early developments, principally Zsigmondy 
and Bachmann [6] and Ferry [7] improved on Bechhold’s membrane fabrication method, Elford 
developed graded porosities UF membranes having the properties “Gradocol” [8]. By the early 
1930s, microporous cellulosic membranes such as cellulose nitrate, cellulose di/triacetate were 
commercially available [9, 10]. With further growth of UF/MF synthetic cellulosic membrane dur-
ing 1950s, the synthetic membrane technology was commonly available for removal of bacteria, 
virus, dextrin, protein from water, in addition to salinated water cleansing, respectively. But, the 
little flux was the main drawback of such Bechhold's type membranes. These deficiencies put 
together are too costly and practically inappropriate. The period of cost-effective feasible mem-
brane advancement, which was started in the late 1950s and prolongs to this date, may be divided 
into two time periods. The first generation was from 1959 to 1970 of cellulose acetate integral 
asymmetric membranes, and the second generation started from 1971 to 1984 of noncellulosic 
asymmetric membranes [10, 11].

The significant development in artificial membrane technology began in the 1960s and to be 
headed toward the growth of new UF/MF membranes materials. These events allowed for 
wider industrial and commercial application of UF/MF [10, 11]. In 1962 Loeb and Surirajan 
developed a new method of polymeric membrane fabrication, called dry/wet phase inver-
sion process. After the breakthrough of phase inversion the history of the synthetic mem-
brane were entirely changed which was active properties regarding mechanical strength, 
membrane morphologies, and ten times higher performance than the earlier membrane. 
Table 1 shows the first contribution to UF membrane development [10, 11]. The beginning of 
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 thin-film-composite (TFC) polymeric membranes started during 1963, initiated by a research 
institute and one of its first employees, Peter S. Francis [11, 12]. A significant discovery was 
made in the art of thin-film-composite membranes by Cadotte in 1970 with the beginning of 
large-scale commercial polymeric membrane. Cadotte invented two innovative techniques 
of TFC membrane based on interfacial polymerization and solution coating methods [12]. 
During 1970–1990, the researchers developed important methods of membrane materials 
synthesis, membrane fabrication process, membrane geometry, separation, and purification 
processing techniques. Also during 1985, the synthetic commercial membrane entered into a 
new era, and by the end of 1990, the MF, UF/dialysis, nanofiltration (NF), RO, ED, and gas 
separation membranes technology have grown steadily at the industrial level. Moreover, by 
the end of 19th century, the advancement of membrane growth has enhanced performance, 
steadiness, and provided lower operating costs, making membranes the preferred technology 
in the water treatment industry as well as in the food and pharmaceutical industries [1, 10, 13].

1.2. Theoretical background of UF/MF

UF/MF membranes [14, 15] have a porous barrier structure that retains components by a siev-
ing mechanism and used for separation of solutes from the feed solution. The water flux in MF 
and UF is proportional to the applied pressure (Darcy's law). A pressure gradient (0.5–5 bar) 
across the membrane transports the solvent through, while the substances larger than the pores 
are rejected. It is agreed that the important process involved in UF/MF is one of sieve action, 
tricky by adsorption and other consequences are emerging from the unusually large ratio of 

Inventor Development Year

Bechold Prepares collodion membranes of graded pore 
size measure bubble point and use the term 
ultrafilter

1906

Zsibmondy and 
Bachmann

Patent collodion filter (German Patent 329-060) 1918

Filter GmbH Commercializes ultrafiltration membranes 1926

Reid and Breton Selection of cellulosic material for membrane 
making

1959

Loeb and Surirajan Cellulosic acetate integral-asymmetric 
membranes

1960

Amicon by Koch Market laboratory-scale UF membranes develop 
polysulfone, PVDF membranes

1966

Amicon by Koch Make first UF hollow fiber membrane 1967

Abcor by Koch Installs commercial tubular UF plant (electro 
coat paint)

1969

Romicon by Koch Introduces hollow fiber capillary UF plants 1973

Abcor by Koch Commercializes spiral wound UF modules 1980

Abcor by Koch First commercially significant ceramic 
membrane

1988
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pore length to pore diameter in all pressure-driven membranes. The principle of the pure water 
flux into the UF/MF membranes is due to the capillary pore diffusion model and the mean pore 
radius can be calculated by Hagan-Poiseuille equation [15, 16],

    
__

 r    =   (  
8  J  μ   ∆ x  H  p   _____________ ε  )    

  1 __ 2  

   (1)

whereas    __
 r     is a mean pore radius, Jμ shows pure water viscosity, ∆x is membrane thickness, 

Hp is hydraulic pressure, and ε shows membrane porosity.

However,

   H  p   =   Jp      
⁄ TMP   (2)

whereas, Jp shows water permeation, and TMP presents transmembrane pressure (∆P).

Combine Eq. (2) into Eq. (1),

    
__

 r    =   (  
8  J  μ   ∆ x TMP τ

 ____________________ ε  J  p   
  )    

  1 __ 2  

   (3)

The leading theory of fluid flow through UF/MF membrane in an ideal condition such as 
consistently sized pores in the membrane, negligible concentration polarization, no fouling, 
respectively. Figure 1 summarized the theory of transport phenomenon and fluid dynamics 
of an UF membrane. Also the pore size, some other factors such as interactions between UF 
feed components and membrane matrix play a significant role in the transport through the 
membrane [10, 17–19].

Sakai [19] reported that the Eq. (3) is directly relating to the membrane structure. Sakai and 
co-worker also indicated that Verniory et al. improved the UF/MF membrane transport 
parameters. Among membranologist, it has been widely proven that UF/MF membranes flux 
and rejection are depended upon their structure. Nakao [19–22] has reported that in the case 
of known relation between flux and rejection,  the membrane structure can be characterized 

Figure 1. Predicting flux from pore statistics using Hagen-Poiseuille Equation [17].
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such as thickness, pore size, pore radius, pore volume, pore density, and tortuosity, respec-
tively. However, Sakai successfully investigated the qualitative attempts to account for tortu-
osity (τ) in the pore model. Tortuosity τ perhaps described the ratio of pore as,

  τ =   
Mean pathh length

  _________________________  Membrane thickness   =  L ⁄ ∆ x  =   W  C  ⁄ ∆ a  > 1  (4)

where Wc is present water content, which approximates the pore volume in the membrane.

   J  p   =  (  
 ε .  d  p  2  .∆  P  T   

 ________________________  32 ∆ x . μ  )   (5)

When Eq. (3) is used to calculate the mean pore radius, it becomes complicated because 
of the introduction of tortuosity, and the result is larger than that obtained from Eq. (1). 
Unfortunately, it is impossible to determine the pore sizes of asymmetric membranes with 
the aid of Hagen Poiseuille equation (3), which makes it necessary to use, for this purpose, the 
data of more complicated methods [23]. Among all above methods, the most informative are 
the means of electron microscopy, gas pycnometer, which give the possibility to determine 
pore sizes and pore size distributions (PSD) of asymmetric membranes [18, 24–27].

2. Significant development of low-fouling UF/MF membranes lab scale to 
commercial scale

Synthetic polymeric membranes can be divided into hydrophobic and hydrophilic classifica-
tions, and structure can also be classified. Structural classification is critical because it is the 
structure which determines the separation mechanisms and the membrane application [10, 
28, 29]. Membranes can be further classified as symmetric or asymmetric [10, 29]. The sym-
metric membranes can be porous, cylindrical porous, and homogeneous (nonporous). The 
asymmetric membranes can be porous, microporous with top layer, and composite that is 
consisting of a porous substrate with a dense top layer. The thickness of the top layer in asym-
metric membranes is in the range of 0.1–0.5 μm and is supported on a porous sub-layer with 
a thickness of about 50–150 μm [10, 11, 29]. The development of pressure-driven membrane 
technology was began after Loeb-Surirajan and Riley et al. [30, 31] and Cadott discovered 
about the three following significant developments [12],

i. Ability to fabricate particular selective membrane that has high permeation, essential-
ly ultrathin, dense layer, surface barrier layer, integrally supported by a thick, porous, 
spongy structure and was able to produce at commercial scale.

ii. Ability to form polymeric membranes into compact, high-surface-area, economical mem-
brane configuration.

iii. TFC or ultra thin film (UTF) able to be laminated on microporous or porous support layer.

Modern membrane technology began in late 1990s, the development of polymeric membrane 
chemistry and processing techniques are used in membrane fabrication. With the developments 
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in polymeric membrane materials, manufacturing technologies, and water treatment process-
ing systems have made this technology an efficient, economical for water treatments, and com-
petitive with traditional water treatment methods [10, 15, 29]. Recently, UF/MF membranes 
have been succeeded for a range of industrial applications [32]. Each application enforces 
precise specifications on the membrane material and membrane structure. The revolution in 
understanding the origin of these structural elements of Loeb and Surirajan phase inversion 
process was obtained by Wienk et al. and Wu et al. [33, 34],

i. Thermodynamic calculation and kinetics of phase separation of polymer/solvent/
nonsolvent.

ii. The role of additives, both high- and low-molecular weight, on membrane formation.

iii. Theory behind macrovoids porous and nodular structures formation.

The latest development revealed "next generation" of membrane materials for UF/MF focus 
onto:

i. Well-distinct configuration as ‘tailored’ membrane materials.

ii. Innovative processing of polymers for membranes, particular neatness of membrane 
industrialized.

iii. Superior functional polymer membranes,  qualifying the integration of active barrier 
structure with ‘customized’ approach of interactions.

iv. Groundwork of nanoparticles mixed matrix membranes for the synergistic allying of dif-
ferent functions by different polymeric materials.

Also, the development is involved in both organic and interpenetrating multiphase structures 
with excellent transport properties, agreement to allow membranes with superior chemical/
thermal stability, fouling resistance, organic solvent resistance, and unusually high perm-
selectivities and permeabilities [35]. Such kind of polymeric membranes may well circum-
vent many of these limitations. Similarly, recent developments in UF/MF membrane module 
design, including rotational membrane devices and cycled flow fluid management for foul-
ing control, use of low-cost refractory monoliths as membrane supports, and use of electric 
potentials to minimize the fouling rate on to the membrane surface [24]. Today, almost 98% of 
cross-flow membrane systems installations use polymeric UF/MF membranes [13, 36].

Principally, almost all commercial membrane lifespan faces two serious issues due to natural 
phenomena during separation (solutes) and purification (fluxes/permeate) such as concen-
tration polarization (solutes) and fouling. A typically asymmetric polymeric membrane as 
shown in Figure 2 has random pore sizes. Therefore, concentration polarization plugging up 
on membrane pores and fouling is happened due to the living microorganism adhesion, gel 
layer formation, and solute adhesion at the membrane surface (see Figure 1) [37, 38]. Several 
researchers and manufacturers have revealed that the natural phenomenon is responsible 
for restricting the permeate flux during cross-flow (i.e., permeation followed by cleaning). 
Throughout the early stage of filtration process within a cross-flow rotation, concentration 
polarization is one of the prime causes for flux reductions [39, 40].

Desalination192

Commercial scale polymeric UF/MF membrane systems run in a continuous cross-flow 
mode, where backwash and cleaning operation interchanges with the normal operation. The 
decrease in the flux for pure water from cycle to cycle, because of fouling, the flux decline 
within a period due to concentration polarization, and the average flux under steady state 
level. The latter is also decreasing from cycle to cycle, suggests irreversible solute adsorption 
or fouling [41–43]. And of the solute retained on a membrane surface leads to increasing per-
meate flow resistance at the membrane wall region. Strategies to minimize the effect of foul-
ing can be divided into two groups: avoidance and remediation. The remediation is to clean 
up by the cleanup process, is usually done by chemical cleaning at regular times [44], and this 
is necessary for all membrane processes in nearly all applications. However, large differences 
in the cleaning frequency can be found, ranging from daily to yearly, depending on the con-
centration of foulant and the pretreatment. A large number of cleaning agents are commer-
cially available. The choice of optimal product depends on feed characteristics. Acid cleaning 
is suitable for the removal of precipitated salts, such as CaCO3, whereas alkaline cleaning is 
used to remove adsorbed organics. Nearly, all cleaning products contain detergents. Another 
remediation technique often used in UF/MF is backwashing or back pulsing. A short pulse 
of water or air from the permeate side to the feed side efficiently removes all fouls blocking 
the membrane pores [45]. This principle is often applied in a dead-end or semi-dead-end fil-
tration. It is possible to avoid fouling by using adequate pretreatments, such as coagulation 
precipitation, or slow sand filtration [10, 15, 29, 46].

2.1. Material selection for UF/MF fabrication

Recently, UF/MF membranes become an innovative and dominant technology and have been 
extensively used in many areas, including wastewater treatment, protein separation, dialysis, 
and dairy industry [47]. However, the most common applications of UF/MF in downstream 
processing are protein concentration (i.e., solvent removal), buffer exchange and desalting, virus 
removal and clarification [41]. Since, the improvements of UF/MF technology to make mem-
brane water treatments economically competitive with traditional water treatment methods 

Figure 2. Typical cross-flow process with asymmetric membrane [17].
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[10, 29, 32], the use of these membranes has increased exponentially for the downstream process 
of sea water desalination (SWD). Also, the UF/MF membranes employed in SWD have gained 
significant attention as these methods are efficient in removing the turbidity, the particles, and 
the microorganisms present in wastewater [10, 29]. With the improvements in this technology 
to make membrane for separation and purifications economically competitive with traditional 
separation methods [10, 17, 45], the use of these membranes has increased exponentially.

It has been established that the porous structure and hydrophilicity of UF/MF play crucial 
roles in membrane manufacturing processes [29, 34, 48]. A suitable porous membrane should 
be excellent in permeability, hydrophilicity, and chemical resistance to the feed streams. An 
asymmetric membrane is a good option for high permeability. Thus, currently, much effort is 
being devoted to improve the performance of the existing membranes regarding anti-fouling 
properties, high mechanical strength, and excellent chemical resistance. To make a porous 
or microporous membrane, some mineral or ceramic membranes have been developed. 
However, polymeric membranes are yet mostly used [49, 50]. Therefore, different polymeric 
materials have been used for UF/MF membranes and investigated at lab scale to be com-
mercial with changing results, as not all of them produce membranes with suitable perfor-
mances [50]. Nevertheless, since the first membrane cellulosic and noncellulosic materials 
were described by Reid and Breton in late 1959 [51], numerous materials have been devel-
oped to improve the capacity and performance of membranes filtration [11, 17, 29]. For a 
given treatment stream, a particular polymeric membrane material can be selected from an 
assortment of candidates. Till now, there are more than 130 materials (cellulosic, noncellu-
losic polymers, composite, and inorganic) that have been used to manufacture membranes 
[11, 17]. The range of materials from which it is possible to create some form of artificial mem-
brane structure is extensive. Each year, number of research papers in polymer and membrane 
science present many new examples of materials that demonstrate semi-permeable quali-
ties at some scale. However, only a very limited number of these potential candidates make 
it to the commercial environment [1, 52–54]. Very few materials possess the structural and 
chemical properties necessary to render them suitable for application in industrial scale mem-
brane processes. Table 2 shows the various hydrophilic and hydrophobic polymers used for 
membrane production at lab scale to commercial scale [11, 17, 29, 53]. Furthermore, typical 
commercial hydrophilic co-polymers are made of polyethylene oxide (PEO), crystallizable 
polyamide (PA), nylon or aliphatic polyamide (PA6 and PA66), polyurethanes (PU), and poly-
ester (PET). These materials can be used to make a hydrophobic polymer more hydrophilic. 
Hydrophobic polymeric materials such as PC, PSF, PES, PVDF, PI, PEI, Ar.PA, polyether 
ether ketone (PEEK), and PAN, are also conventional polymeric materials for the preparation 
of UF/MF membranes [10, 17, 29, 55].

Among all those materials, CA, PSF, PES, SPES, PAN, and PVDF are the most commonly used 
polymers for UF/MF membranes at lab scale to commercial scale [1, 17, 29, 52]. Generally, PSF, 
PES, and polycarbonate (PC), respectively are produced by aromatic bisphenol intermediates 
such as bisphenol-A-PSF, tetramethyl bisphenol-A polysulfone (TM-PSF), bisphenol-B poly-
sulfone (PSF), and their modified form such as sulfonated polysulfone (SPSF), and sulfonated 
polyethersulfone (SPES) have been used extensively to fabricate UF/MF [11, 17, 54]. Figure 3 
shows several types of aromatic bisphenol intermediates used for PES, PSF, and  polycarbonate 
(PC) preparation [56]. Typically, all these thermoplastic base materials can  easily be dissolved 
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in aprotic solvents and produce membranes with excellent thermal, hydrolytic, and mechani-
cal stability properties in both hot and wet environments. Figures 4 and 5 show chemical 
structures of CA, CTA [56, 57], and thermoplastic polymers [17, 58–62], and Table 3 summa-
rized the leading manufacturer of polymer used for membrane fabrication. Almost more than 
90% of membrane manufacturer are producing PSF, PES, TM-PSF, SPSF, SPES, PVDF, and 
PAN membrane in a wide range of UF/MF applications. To prepare membranes for the liquid 
separation processes using repeated applications with either hot water or sterilization to keep 
the membrane clean [11, 17, 63]. Sulfonated polyethersulfone membrane has been customized 
to be drastically more hydrophilic than standard PES, PSF membranes [29, 42, 58–60, 62, 63]. 
It is biocompatible and has highest opposition to fouling by hydrophobic compounds such 
as fats, lipids, anti-foams, and other similar highly fouling substances [1, 10, 32, 42, 60, 64].

Figure 4. Chemical structure of commercial CA and CTA [56, 57].

Figure 5. Chemical structure of hydrophobic PSF, PES and modified hydrophilic SPSf, SPES [58, 59].
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Manufacturer Product name Trade mark WA TM Tg MW

% MPa oC g/mol

BASF Blend GF45 1010 G9 0.65% 15,500 216 np

PESU E 1010 NAT 0.80% 2650 222 np

PESU E 2010 SW Q31 0.80% 2650 225 np

PESU-CF30 E 2010 C6 0.60% 22,000 225 np

PESU-GF20 E 2010 G4 0.60% 7300 225 np

PESU-GF20 E 2010 G4 MR 0.60% 7301 225 np

PESU-GF30 E 2010 G6 0.60% 9800 225 np

PESU E 2010 HC 0.80% 2650 225 np

PESU E 2010 MR 0.80% 2650 225 np

PESU E 2020 P 1% 2650 2250 4800

PESU E 2020 P SR 1% np np 55,000

PESU E 2020 P SR 1% np np 55,001

PESU E 3010 0.80% 2650 228 np

PESU E 3010 MR 0.80% 2650 228 np

PESU E 6020 P 1% 2650 225 75,000

PESU E 7020 P 1% np 225 92,000

PESU+PTFE KR 4113 1.50% 11,000 225 np

PPSU P 3010 1.20% 2270 220 np

PPSU P 3010 MR 1.20% 2270 221 np

PSU S 2010 0.80% 2550 187 np

PSU S 2010 G4 np np np np

PSU-GF30 S 2010 G6 0.60% 8900 187 np

PSU S 3010 0.80% 2550 187 52,000

PSU S 3010 MR 0.80% 2600 187 np

PSU S 6010 0.80% 2550 187 60,000

SOLVEY Udel PSU P-1700 0.30% 2480 174 np

Udel PSU P-1720 0.30% 2480 174 np

Udel PSU P-3500 LCD 0.30% 2480 174 np

Udel PSU GF-110 0.29% 3720 179 np

Udel PSU GF-120 0.29% 3720 180 np

Udel PSU GF-130 0.20% 8690 181 np

Veradel PES 3000 P 0.50% np np np

Veradel PES 201 NT 0.50% 2100 np np

Solvey Solef PVDF 6020 0.04% 1700 −40 np
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2.1.1. Surface chemistry and choice of additives

The significance of all pressure-driven membranes particularly UF/MF rely on the properties 
of their surfaces. As reviewed above and has been proven that the thermoplastic polymers 
specifically PSF, PES, SPES, PVDF, and PAN are dominant materials for membrane making 
at retail level [10, 17, 63]. However, surface contamination which may lead to deterioration 
in membrane performance is also known to be governed by the membrane surface proper-
ties and obstacle in membrane performance. Therefore, the membronologist has been paid 
much attention to the membrane surface modification and were identified theoretical and 
phenomenological reasons behind the hydrophobic reasons of thermoplastic polymers [17, 
29, 32, 64, 65]. Also during 50 years, membronologist has developed very innovative methods 
to modify the hydrophobic membrane surface into hydrophilic. Zeman and Zydney [66] have 
reported that almost 50% of all MF and UF membranes traded by 1996 were surface-modified. 
Moreover, many numbers of high cited research manuscripts and books have been published 
regarding membrane surface modification techniques. Mittal1 has compiled highly cited 
work in several volumes entitled “Polymer Surface Modification: Relevance to Adhesion.” 
Pinnau and Freeman [65] edited a book of a membrane-based symposium entitled “Advanced 
Materials for Membrane Separations” [62]. In this book, relevant topics covered in the 2001 
ACS Symposium summarize recent advances in various research areas for development of 
novel materials used in membrane separations. Benham and Kinstle [67] edited ACS sympo-
sium entitled “Chemical Reactions on Polymers,” the topics included as one of the greatest 
active fields in polymer science because of its unique ability to produce specialty polymers 
with desirable chemical and physical properties through modification of readily available 
polymers [58]. Xu and co-authors [68] published a very comprehensive book on surface engi-
neering of polymer membranes, squeezes those processes which alter membrane surfaces 
to improve their in-service performance. The book shows the basics of the surface design of 
UF/MF polymeric membranes, together with membrane surface modification, to minimize 
fouling, to modulate hydrophilic and hydrophobic. Also, improve biocompatibility, act as a 
diffusion barrier, provide bio- or chemical functionalities, mimic a biomembrane, fabricate 
nanostructures, or directly improve the esthetic appearance of the membrane surface. Xu and 
co-authors [68] also described general techniques of surface modification of membranes 

Manufacturer Product name Trade mark WA TM Tg MW

% MPa oC g/mol

Sumitomo 
chemicals

Sumikaexcel 
PES

3600P 0.43% 2550

4100P np np np np

4800P np np np np

5200P np np np np

5003P np np np np

np: not provided.

Table 3. Membrane polymer manufacturer.
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via functionalization and macromolecule immobilization methods for membrane surface 
modification.

Morao et al. [69] also reported a comprehensive literature work on surface modification 
plans that include ion-beam irradiation [70]. Mulder, Pinnau and Freeman said plasma 
treatment or grafting [29, 66] and UV-induced grafting [67] on a polymeric membrane 
surface. Several other authors also reported chemical sulfone enrichment [60, 71], chemical 
dehydrofluorination by alkaline solution [71–73], coating temperature-sensitive polymeric 
brushes [74], and grafting with pH- and ionic-strength-sensitive polymeric brushes [10, 29, 
72, 74]. Moreover, researchers has been used several other techniques such as, the irradi-
ation-induced grafting [75], physical adsorption of water-soluble polymers [76], a forma-
tion of Langmuir-Blodgett films [77], thermal grafting of a hydrophilic polymeric surface 
coating [78, 79], and photografting with UV irradiation [68], respectively. All these sur-
face modification techniques are usually applied on hydrophobic-casted surface and these 
are complicated and expensive and require at least one additional step in the membrane 
preparation process [68]. Besides, the physical techniques, all the methods mentioned 
above allow the membrane surface to be modified without affecting the bulk properties 
too much when appropriate conditions (the modification time) are selected. Technically 
the modification of thermoplastic or thermoset types of UF/MF membrane surface by using 
physical techniques revealed are easy, economical, green, and improved surface proper-
ties. However treating polymeric membrane surface by physical method resulting unstable 
and mechanical strength drawback [80–82].

Typically, several methods have been widely used to fabricate synthetic membranes using 
all mentioned polymers (See Table 2). The principle of synthesis is to transform the poly-
meric material using a convenient method to achieve a polymeric membrane structure with 
a significant morphology for a distinct separation. The techniques that are being employed 
for the preparation of artificial membrane are phase inversion, stretching of films, irradia-
tion and etching of films, track-etching, sintering of powders, sol–gel process, microfabri-
cation vapor deposition, and coating [11, 29, 33, 49, 81]. The ultimate morphology of the 
membrane film or fibers will deviate significantly based on the properties of the selected 
polymeric materials and the operational conditions. The majority of membranes at the lab to 
commercial scale are prepared by controlled phase inversion process, i.e., dry/dry, dry/wet, 
and wet/wet; yet, preferably, the dry/wet phase inversion techniques are the most useable 
process currently [1, 29, 33, 49, 81]. Consequently, polymeric membranes are formed by the 
so-called phase inversion techniques, which include the main steps of Refs. [33, 49, 81] are:

a. Dissolving the polymer together with pore-forming additives (either organic or inorganic) 
in an aprotic solvent (preferably NMP, DMAc, DMF, DMSO, acetone, etc.).

b. Flat sheet casting the resulting solution as a thin film on the surface of nonwoven PET 
fabric.

c. The solution is spinning the self-support as a geometry of capillary or hollow fiber.

d. Dipping the spun hollow fiber or cast film in a polymer nonsolvent bath.
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2.2. Comprehensive characterization of UF/MF membrane

The most significant methodological problem in engineering and fabricating of pressure-
driven membranes is “tailoring” of membrane surface function into hydrophilic or hydropho-
bic together with anti-fouling properties, uniform structure, and pore forming properties for 
the selective sieving process [62, 81, 83]. Therefore, the characterization of surface chemistry 
is an essential tool in membrane science and technology, because it is well known that mem-
brane performance depends not only on feed hydrodynamics and steric hindrances but also 
on membrane surface (hydrophobicity, hydrophilicity, and membrane surface charge) and 
membrane-solute(s)-solvent chemical interactions. Moreover, without characterization, the 
synthesized pressure-driven membrane cannot predict their properties mainly pore size or 
molecular weight cut-off (MWCO); thus, it is only a tool for membranologist to emphasize the 
significance of prepared polymeric membranes. Nevertheless, to tailor UF/MF membranes 
and eventually use the most important polymeric membrane for a final application, most 
important membrane has to determine the attribute of MWCO, pore size distribution, using 
independent characterization methods [10, 11, 29]. Among these are:

i. Surface functionalization analysis

(a) Contact angle

(b) Fourier transform infrared (FTIR)

(c) X-ray diffraction

ii. Structural analysis

(a) AFM and SEM/EDX

(b) Membrane equilibrium water content (EWC) and porosity

iii. Performance evaluation

(a) Membrane affinity test

(b) Molecular weight cut-off (MWCO)

(c) Pore size and pore size distribution

(d) Solute rejection curve

2.2.1. Surface functionalization analysis

2.2.1.1. Contact angle

As reviewed above that the surface hydrophilicity of selected polymer is a major component to 
predict the membrane affinity with permeate and anti-fouling properties of UF/MF membranes. 
Hydrophobic polymeric membranes have nonpolar groups and lower surface free energy; this can 
prevent contact with water and can push out the water molecules adjoining it [36, 75, 84]. The major-
ity of membranologists and manufacturers are using the hydrophobic polymer as a base polymer 
for UF/MF fabrication. The relative hydrophobicity and hydrophilicity of membrane surface can be 
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qualitatively determined by computing the contact angle of a water drop deposited onto the sur-
face, which has commonly been used to assess the wettability and interfacial energy of the substrate 
surfaces [76]. Figure 6 summarized several types and most suitable hydrophobic and hydrophilic 
thermoplastic polymers for membrane constructions [17, 58–61]. In Figure 6, among all polymers, 
sulfonated polymers are hydrophilic form of PSF, and PES and their contact angle almost 50% 
lower than virgin polymer [85]. Typically, contact angle measurements should be made inside an 
enclosed chamber to stop airborne particles and establish an equilibrium vapor pressure of the liq-
uid tested, which is especially preferable when the test liquid is volatile. It has been observed that 
evaporation can cause the fluid front to retract and that a retreating or an average contact angle is 
recorded unintentionally. However, the inherent inaccuracy of the direct measurement technique 
and the use of liquids with high boiling points make the enclosed chamber unnecessary in many 
cases.

Therefore, the contact angle of the surface of the membrane can be measured at ambient 
conditions using the contact angle to water the produced membranes was measured by the 
sessile drop method [85–87]. Sample coupons at horizontal dimension (2.5*6 ± 0.5 cm) should 
be prepared by cutting the membranes sheet at random locations. Then, the sample should 
be placed on a glass plate (active surface of the membrane must be upward) and fixed with 
a double-sided tape. A drop of double-distilled water (5 μl) should be placed on the surface 
using a microsyringe (Hamilton Company, Reno, NV). The position of the moving bed can 
be adjusted manually so that the water drop will be fitted to the scale when projected on the 
screen. After a fixed deposition time (10 sec), the image will be recorded. To measure the 
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2.2. Comprehensive characterization of UF/MF membrane
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2.2.1.2. Fourier transform infrared (FTIR)

The analysis of polymeric membrane films in transmission using FTIR is particularly a consis-
tent method for assessing the significant properties of polymers due to additives for achieving 
quantitative information on modified polymer used for the membrane [53, 88]. There are dif-
ferent methods of polymer sample handling used with FTIR, together with diffuse reflectance 
(DRIFTS), attenuated total reflection (ATR), and correct specular reflectance/reflection absorp-
tion. Established methods of sample holding are more helpful than others for particular speci-
men types. To analyze and achieve a high-quality spectrum of a sample, it is important to 
know which handling technique works best for the sample type. Since, FTIR scanning is too 
responsive, therefore, before analyzing membrane samples make sure the sample should be 
free of contamination. Therefore, before scanning membrane sample should be clean with 
1:1 alcohol/DI-water and then dry in nitrogen chamber at 50–60°C (subject to base polymer 
properties) for 24 h. Typically, almost all ATR accessory equipped with a Zinc selenide (ZnSe) 
and diamond crystal at a nominal incident angle of 45°, yielding to 12 internal reflections at 
the membranes surface with 16 scans at 4 cm−1 resolution and ratio to background spectra 
recorded in the air at abscissa 350–4000 cm−1 [17].

2.2.1.3. X-ray diffraction (XRD) techniques

X-ray diffraction method is nondestructive analytical techniques, which reveal information 
about the crystal structure, chemical composition, and physical properties of materials. Also 
with the help of XRD, the memranologist can be identified unknown material during mem-
brane modification particularly while we use nanoparticles during dope solution preparation 
and membrane fabrication and can be compared its crystal structure to that of a standard 
database [83]. XRD can also be used to identify the presence of multiple phases where differ-
ent crystalline compounds coexist [89].

2.2.2. Structural analysis

2.2.2.1. AFM and electron microscopy

Atomic force microscopy (AFM) is a comparatively a vital tool for membranologist to under-
stand the surface roughness of membrane. As compared to scanning electron microscopy 
(SEM), AFM is capable of producing images both in air and liquid without conducting the 
membrane. Besides, the samples do not require any chemical etching or conductive metal 
coating. However, due to membrane surface roughness, it is often difficult to obtain a pore 
size distribution. Nevertheless, since the discovery of AFM, it has been used broadly for inves-
tigating the surface roughness of UF/MF membranes [26]. Moreover, a significant attribute of 
AFM is its tendency to measure force interactions as a function to look into surface separa-
tion distance [90]. All AFM measurements can be carried out using multimode AFM with 
a Nanoscope IIIa controller and contact mode OTR8 silicon nitride probes (Olympus, from 
Japan, Bruker, USA, Agilent, USA). Before scan polymeric membrane samples, the probes 
should be wiped in argon plasma [90]. Membrane samples can be fixed to the metal sam-
ple discs using epoxy resin. Measurements should be carried out under ambient conditions 
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using the contact mode of imaging. The surface roughness morphology at 2D and 3D topo-
graphic images can be extracted. The roughness analysis of mean roughness (Ra), the root 
mean square of data (Rz), and the average difference in the height between the five highest 
peaks and the five lowest valleys (Ry), as well as regarding the diameter of the nodules [27] 
of prepared membrane and additives such as BSA, PEG, and PVP, etc. Z is described as the 
difference between the highest and lowest points within the given area (nm).

Membrane imaging with scanning electron microscopy (SEM), transmission electron micro-
scope (TEM), and field-emission scanning electron microscopes (FESEM) has become standard 
method to investigate membrane morphology or structure and the mechanism of membrane 
formation [91, 92]. However, all these microscopic samples required one additional step of 
the metal coating before scanning, but a metalization of the membrane sample is necessary to 
yield high-quality images and for the visualization of the pore structures [93]. Kim et al. [91], 
have revealed that polymeric membrane coating is essential at low voltage for conductivity 
and high voltage for contrast. Also, Kim et al. [91], have revealed that FESEM has proven 
essential tools for membranologist to examining both surface morphology of finely porous 
membranes and the fouling process in membrane research. Several researchers [26, 27, 94–96] 
has combine AFM with SEM together with solute transport data and were determined UF/
MF membrane pore size and pore size distribution. Earlier researchers used AFM to study 
the UF/MF membrane surface structures [96–99] and to interpret the mechanisms of fouling 
in membrane processing [85].

To analyze polymeric membrane with SEM/FESEM, the sample should be washed with ion-
ized water and dried in vacuum oven at 50–60oC. Also, to get an efficient cross-sectional mor-
phology, the membrane samples must be ruptured in liquid nitrogen [46]. The sample needs 
to be electroconductive for current, and it can be done by coating them with a very lean 
layer of about 1.5–2.0 nm using gold or gold/palladium, platinum metals. Also, polymeric 
membranes sample must be capable of upholding at high vacuum and should not change the 
space. Polymers, metals, and crystals are usually little problematic and keep their structure 
in the SEM [89].

2.2.2.2. Membrane equilibrium water content (EWC) and porosity

Equilibrium moisture content or water uptake or water swelling is considered to be an essen-
tial tool to characterization factor as it indirectly shows the degree of hydrophilicity or hydro-
phobicity of a membrane [17, 100–102]. EWC is directly related to the porosity, and UF/MF 
membrane and the porosity play a vital role not only in also characterizing in important in 
membrane application. Therefore, some researchers have described the porosity and numbers 
of techniques have been suggested to estimate membrane porosity [35, 103–108]. Some of 
them give information on the overall membrane porosity. Nevertheless, the porosity of the 
membrane can be measured by the gravimetric method, and by apparent density method 
as reported several researchers [11, 100–107]. According to this approach, the average mem-
brane porosity is determined as the overall void fraction, calculated as the volume of the 
pores divided by the total volume of the membrane. Perfectly dried membrane samples were 
weighed with a precision balance. Membrane samples, then, immersed in pure water for 
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24 h and weighed again. The overall porosity (ε) was calculated using the following formula 
(Eq. (6)):

  ε =   
 ( M  wet   -  M  dry  ) 

 ____________________ A  ∆  x  
   × 100  (6)

where Mwet is the wet membranes, Mdry is the weight of dry membranes,

The volumetric porosity,

  ε =   
 V  e   ___  V  w     =   

 V  w   -  V  d  
 ________________  V  w     = 1-   

  V  d  
 ________  V  t  
    (7)

  ε = 1-   
  ρ  m  

 ________  ρ  p      (8)

where Ve is the empty volume of the membrane, Vd is the dry volume of the membrane, Vw is 
the wet volume of the membrane, ρm shows membrane density, and ρp is the density of base 
polymer used for UF/MF membranes fabrication.

Porosity via pycnometer calculation as follows,

  ε =   
 [ M  dry   +  P  l   -  (  P  l   +  M  wet  )  ] 

  ____________________________________  ρ  m    V  t  
    (9)

Where Mdry is the weight of dry membrane, Pl is the weight of pycnometer totally filled with 
the pure liquid, such as pure water, kerosene, toluene, etc., and Pl + Mwet is the weight of pyc-
nometer filled with liquid and membrane. The density of membrane shows ρm [17, 103]

2.2.3. Performance evaluation

2.2.3.1. Membrane affinity test

Typically, the primary characterization of any membrane is their performance and rest of all 
above characterization are depended on and to support the performance. Theoretically, the 
permeate (flux) of any substance per unit driving force which is “transmembrane pressure” is 
directly proportional to the permeability of the material. Before evaluating UF/MF membrane 
for protein or waste water treatment, it is critical to examine the membrane affinity test of the 
pure water. Thus, in membrane affinity, the hydraulic resistance (Rm) is one of the important 
properties to study the membrane compatibility with clean water against transmembrane 
pressure (∆P) with respect to time [11, 95]. To characterize the membrane hydraulic resistance 
(Rm) and compaction, the pure water (de-ionized water) flux of membranes can calculate at dif-
ferent transmembrane pressures (∆P) later than compaction. Yasuda and Tsai [100], revealed 
that after earlier time, the initial flux would be started after the pressurization of a test cell. 
The de-ionized water permeates usually dropped severely in the starting and flattened steady 

Desalination204

state after about 6 to 8 h. The resistance of the membrane, Rm, can be examined from the slope 
of water flux vs. (∆P) graph, and Figure 7 shows Rm vs. flux with respect to time.

Following equations can be used to calculate the membrane resistance and membrane com-
paction against pressure [11, 102]:

   J  w   =   ∆ P ___  R  m    , where ∆ P =  π  m   -  π  b    (10)

   J  w   =   
∆  W  p   _______ ρA ∆ t ∆ P    (11)

Where Rm shows membrane hydrodynamic resistance and can be determined by the slope of 
the water vs transmembrane pressure (∆P) difference graph, πm is the applied pressure on the 
membrane (driving force), πb is the osmotic pressure, and ∆Wp is the permeate weight. The 
difference, ∆t is an interval of time, A is the membrane active surface area, and ρ is the density 
of permeate.

2.2.3.2. Molecular weight cut-off (MWCO)

Technically, UF/MF is a pressure-driven process designed to remove large macromolecule 
(>0.001 μm for UF and >0.1 for MF) from selected solution (see Figure 8a). MWCO is a pore 
characteristic of membranes and is related to rejection for a given molecular weight of a solute 
and the value frequently used by membrane manufacturers to described their porous UF/MF 
membranes. Dextran, PVP, PEG, and BSA of a range of molecular weights are often used to rate 
the MWCO of UF/MF membranes [11, 17, 29]. For example, a membrane that can remove dis-
solved solids with molecular weights of 150+ has a molecular weight cut-off of 150. Figure 8b 
[17] shows a retention vs. molecular mass curve and membranes with this particular MWCO 

Figure 7. Classification of solute separation and MWCO of UF/MF [17].
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would be appropriated for applications. Theoretically, UF and MF have the same chemistry 
and same phenomenon except for pore size difference. Figure 8a [17] shows a pore size or 
MWCO differences between UF/MF membranes. Typically, UF membrane has pore sizes in the 
range from 10 to 1000 Å and is capable of retaining species in the molecular weight range of 300 
to 500,000 Daltons, while MF pore size is usually almost 100 times higher than UF. Typically, 
the value of MWCO is defined as the molecular weight (MW) which is rejected by 90%. The 
molecular weight has a linear relationship with the pore radius or pore size of a membrane [10, 
11, 25–27, 108]. In general, the MWCO of a membrane is determined by the identification of 
an inert solute, which has the lowest molecular weight and has a solute rejection of 80–100% 
in steady state UF experiments. The permeate solutes (bovine serum albumin or polyethylene 
glycol or PVP) concentration can be determined using UV-vis spectrophotometer at a wave-
length of 280 nm. Theoretically, solute rejection performance for UF/MF membranes is usually 
illustrated as the observed amount of rejection, and it can be defined as,

  Solute rejection  (R)  =  [1⁻   
 C  p   ___  C  f  

  ]  × 100  (12)

Whereas, Cp and Cf are the solute concentration in the flux and feed, respectively. In UF/MF 
macromolecular solutions, the concentration polarization phenomenon always happened. As a 
result of this phenomenon, the solute concentration at the membrane surface Cs is higher than for 
UF/MF membranes; therefore, it is expressed as the true rejection, Rt, and it can be evaluated as:

   R  t   =  [1⁻   
 C  p   ___  C  m    ]   (13)

Figure 8. A typical rejection curve, variable shows UF membranes with and without (0%) additives [17].
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The value of Cm can be calculated using the boundary layer resistance (BLR) model for the 
permeate flux. In BLR, the permeate flux is expressed as the following Eq. (14):

   J  w   =   ∆ P ______  μ  O ( R  m  + R  b1  ) 
      (14)

Insert Eq. (10) in Eq. (14)

   J  w   =   
 π  m   -  π  b    _____________________  μ  O     R  b1  

   =   
 π  b   ________  μ  O     R  b1  

    (15)

where Rb1 is the hydrodynamic resistance of the boundary layer to the flow of solvent defined 
as:

   R  b1   =  ∫ 
0
  δ     P  s     (x)    -1   d  x    (16)

If the relationship of transmembrane pressure as a function of solute concentration is known, 
then the value of Cm can be determined from Eqs. (14) and (15).

2.2.3.3. Pore size and pore size distribution

Typically, the average pore size, pore volume, pore size distribution, pore density, pore 
geometry, and properties of UF/MF porous membranes are imperative. Also, it is vital to 
the development of new kind of membrane [19, 21, 23] but also a great help in selecting and 
using membrane correctly and fast in the application. Kaneko [106] and Nakao [21, 22] has 
comprehensively reviewed and described various kind of pore size and pore size distribution 
methods. Sakai was also discussed and provided a general description of the concept of pore 
size and pore size distribution method for UF/MF. Calvo and co-authors [104] have reported 
comprehensive reviews on almost all pore size and pore size distribution methods used for 
UF/MF. However, recently among all the methods, the membranologist is using true solute 
rejection data and MWCO (solute rejection curve) for pore size and pore size distribution 
method.

2.2.3.4. Solute rejection curve

The variations of solute rejection with solute molecular diameter yield and shaped curve 
as illustrated in Figure 9 (MWCO) and Figure 10 (log-normal). Figure 9 suggests that the 
relation between solute rejection and solute diameter is described by log-normal probability 
function as reported by several authors [22–27] and yields a straight line on a log-normal 
probability graph as shown in Figure 10. If the solute rejection correlates with solute diameter 
by the log-normal probability function, this relationship can be expressed as:
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Figure 8. A typical rejection curve, variable shows UF membranes with and without (0%) additives [17].
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    (18)

Where Ds is the solute diameter, μ is the geometric mean diameter of solute at Rt = 50%, and σg 
is the geometric standard deviation about the mean diameter. According to the Eqs. (17) and 

Figure 9. A typical rejection curve on log normal probability graph, variable shows PES UF membranes with LiBr 
(1%-5%) and without additives (0% LiBr) [17].

Figure 10. Recent status of commercial HF membranes [63, 108].
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(18), a straight line in the form of solute yield among R (solute separation in %) and Ds (solute 
diameter) on a log-normal,

  R ( R  t  )  = A + B (ln  D  s  )   (19)

Where, A and B are the intercept and the slope, respectively. From this log-normal plot, mean 
solute size (Ds) can be calculated as Ds corresponding to R =ˆ50% can be determined from the 
ratio of Ds at R =ˆ84.13% and 50% [26, 27, 106]. By ignoring the dependence of solute separa-
tion on the steric and hydrodynamic interaction between solute and pore sizes [25, 26], the 
mean pore size (Ds) and the geometric standard deviation (σg) of the membrane can be con-
sidered to be the same as that of solute mean size and solute geometric standard deviation. 
From Eqs. (18) and (19) and the tables of statistics that were presented by Michaels  [25], μ 
and σg are evaluated as:

   μ = ln   D ¯    s   =   (ln  D  s  )    R  t  =0.5
   = -A /  B   (20)

   σ  g   =   
  ( lnD  s  )    R  t=0.84  

   -   (ln D ¯  )    R  t=0.159  
   
  ________________________________ 2   =   1 __ B    (21)

2.3. UF/MF membrane configuration and components

To minimize the operational in desalination process, beach well-intake pretreatment is used 
[10, 14, 28, 32, 36, 46, 109]. However, this is not always precisely promising and not liable 
to headway due to operating cost. Thus, the pressure-driven membrane processes such as 
MF, UF, and NF are now the new drift in deceitful n RO or MSF pretreatment systems [46]. 
Microfiltration (MF) is an open technique for the removal of suspended solids and for low-
ering the silt density index (SDI). Energy consumption in MF is relatively small so that the 
total costs for the MF pretreatment are comparable to the beach well intake [83, 84, 109–112]. 
Whereas, the cost for a corresponding conventional pretreatment is more than double. MF 
provides an RO feed water of high quality, with (slightly) lower COD/BOD, and smaller SD1 
in comparison to the untreated seawater, although there is a significant influence on the feed 
water quality [111–114]. Good quality seawater may be used for large SWRO plants with a 
minimal pretreatment and at relatively low cost.

To minimize the energy cost, scaling inhibitor, and fouling lessening, respectively for the 
useful of the RO, and MSF treatment practice of MF and UF optimizes only the pretreatment 
given lower capital and operating costs, or on a wider variety of sources [83]. Besides, the 
implementation of NF as a pretreatment, on the other hand, will lead to a breakthrough in 
the application of RO or MSF because it has implications for the desalination process itself 
and not only on the quality of the feed water. Turbidity, microorganisms, and hardness are 
removed in the NF unit, as well as a fraction of the dissolved salts [14, 109]. The worldwide 
market for UF membranes has moving parallel with RO, grown to nearly $3.3 billion in 2016 
from $3.1 billion in 2015. The market is expected to increase at a 5-year compound annual 
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growth rate (CAGR) of 6.9% from 2016 to 2021, increasing to nearly $4.6 billion in 2021 [115, 
116]. Thus, the world demand of UF is parallel moving with RO membranes. As described 
above that majority of membrane manufacturer and supplier currently prefer hollow fiber 
membrane components for UF and MF application. Recently, MF/UF membrane systems have 
enjoyed exceptional growth, producing high-quality feed waters to downstream RO systems 
and as stand-alone filtration methods for a variety of applications. Therefore, the majority of 
fresh water treatment plants are preferred low-pressure hollow fiber membranes elements 
configuration [63, 113, 114]. Figure 10 summarized the recent status of hollow fiber mem-
brane elements as compared to SW setup and flat sheet elements [63, 108]. Several types of 
HF elements configuration are available commercially depend upon types of water treatment 
or other applications. Figure 11 summarized the HF elements for a configuration such bun-
dles, using a simple technique or spiral winding techniques that better shell flow distribution 
and lower mass transfer resistance [108, 111, 117]. Fiber crimping also has been introduced 
to reduce mass transfer resistances. The introduction of fluid into the shell region of these 
devices has received significant attention as it can impact performance significantly [108].

Commercially, available in microfiltration and ultrafiltration, and the tubular membranes 
operate in tangential, or cross-flow, a configuration where process fluid is pumped along the 
membrane surface in a full action. Several membrane manufacturer and suppliers provide 
several offers of strong choice that are effortless to control and clean, serving many indus-
trial and municipal applications [63, 108].The major demand of HF element configuration is 
usually the strict quality requirement of pharmaceutical, food industry. Besides, HF is also 
suitable for wastewater treatment, gas separation, etc. Figure 11 also shows several types 
of tubular membrane configuration, and Figure 12 revealed top seller of UF/MF membrane 
configuration. Tubular membrane elements easy procedure, high suspended solids, and con-
centrate product competent and often to greater end-point concentration degrees without 
plugging, making them ideal for recovering wastewaters, and clarifying juices [63, 108, 111].

2.4. Commercial UF/MF materials

Currently, several membrane configurations are available commercially. Table 4 lists some 
of the commercially available membranes for UF [1, 17, 63]. The membranes itself must 
satisfy some mechanical, hydrodynamic, and economic requirements [17, 63]. Automatic 
membrane condition means the ability to provide the necessary physical support for the 
membrane including the capacity to undergo the required pressure drop and any back flush-
ing. Hydrodynamic membrane requirement means minimizing pressure drop through the 
device and thus reduce pumping costs [52, 118]. The solute mass transfer is optimized, and 
thus, concentration polarization is reduced. Particulate plugging and dead spots for clean 
design are minimized. Economic membrane requirements reduce membrane packing den-
sities, manufacturing costs, permit easy access for cleaning/replacement and provide suffi-
cient chemical resistance [45, 52, 63, 110, 115]. Recently, Millipore Corporation from the USA 
has introduced their new generation of UF membranes. These membranes are based on new 
casting processes that provide void-free membranes and high process flux with enhanced 
product retention and significantly increased mechanical resistance. These membranes have 
been commercialized under the trade names of Biomax (void-free PES family) and Ultracel 

Desalination210

(void-free composite regenerated cellulose family). Applied membrane Inc from the USA is a 
leading supplier of RO and UF membranes systems and water filtration elements under the 
AMI label for over 25 years. Previously, FILMTEC produced a broad range of CA thin com-
posite membranes ranges for RO. Dow/FILMTEC is currently commercializing UF membrane 
series M-U4040 PES and MU2540 PAN for pharmaceutical, food beverage, and wastewater 
treatment [17, 52, 63].

Figure 11. Commercial available hollow fiber membrane elements configuration.
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Figure 11. Commercial available hollow fiber membrane elements configuration.
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Manufacturer Brand Material & module MWCO (kDa) Flux (L.m−1.h−1) Application

Applied 
Membranes 
(USA)

M-U4040 PES (SW) 10 4.5–18.2 at 3.2 bar Pharmaceutical 
& food

MU2540 PAN (SW) 20 50 at 3.5 bar Wastewater

DOW/FLMTEC SFP & SFD PVDF, (HF) 0.03 μm 40–90 at 2.5 bar RO feed water & 
Wastewater

AMC (USA/
China)

AC 120R01 PES (HF) 15 112 at 4.1 bar Pharmaceutical 
& food

AsahiKasei, JP AP PAN (HF) 69 16 Pharmaceutical 
& food

KOCH, USA HFK PES, 5–10 24–53 at 3–4 bar Wastewater

HF8H7235PMPW PSF 100 32 at 3 bar PVC separation

Luxx Ultratech, 
USA

L series PES, PSF, PVDF 
(tubular

5 27–45 Food & 
Wastewater

PCI, USA CA, ES, PU, FP, 
AN, FP

CA, PES, PSF, PVDF, 
PAN (Tubular)

2–200 NP MBR, 
wastewater, 
Pharmaceutical 
& food

American Membrane Corporation (AMC) was incorporated in Michigan USA in 2001 and 
established its first subsidiary in China in 2002. AMC has launched the Accupor membrane 
which is a highly microporous membrane composed of modified hydrophilic PES that is a 

Figure 12. Top seller of UF/MF membrane configuration [17, 63].
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tough, durable, and temperature-resistant aromatic polymer. This membrane is specifically 
designed for biological, analytical, electronic, pharmaceutical, beverage, and sterilizing fil-
tration applications [17, 63]. Nitto Denko and Asahi Kasei commercialized Hydracap (hydro-
philic PES), UF AP series (Hydrophilic PAN), low-pressure UF hollow fiber membranes for 
wastewater, pharmaceutical, and food industry. Recently, KOCH has supplied a series of 
UF HFK-131/138 (PES) and HF8H-72-PMPW (PSF) spiral wound and hollow fiber mem-
branes for wastewater treatment [17, 52, 63]. PALL has introduced BTS highly asymmetric 
membranes; these membranes are cast from PES and PSF by a unique process exclusive to 
another supplier. The “cut off” layer in the BTS membranes is only about 10 μm thick, vs. 
traditional membranes with cut-off layers of about 100–125 μm thickness. This difference in 
thickness gives the BTS highly asymmetric membrane significantly higher flow with much 
lower pressure drop for pharmaceutical purposes. Besides that Polymer has also launched a 
very high-performance asymmetric PSF hollow fiber membrane with uppermost permeation 
rate at very low pressure for Protein Purification.

3. Conclusion

During 50 years, UF/MF membrane technology has experienced a quick growth as it relates to 
most applications such as pharmaceutical, food, and beverage industries. Also, theoretically, it 
has been proven that UF/MF is the best post-treatment process (upstream) for RO, eliminating 
from the feed water nearly all of the possible constituents liable of desalinating membranes 
fouling. The 30 years of commercialization have viewed new materials of UF/MF membranes 

Manufacturer Brand Material & module MWCO (kDa) Flux (L.m−1.h−1) Application

Millipore, USA Biomex & 
Amicon

CA& PES 5–10 35–97.2 at 1 bar Protein 
purification

membrane 
element

M-series PAN (HF) 0.03–1 μm 4.5–18.2 at 9.3 bar Oil water 
separation

Nitto Denko, JP Hydracap PES (HF) 150 51–128 at 3 bar Wastewater

PALL, USA BTS PES (Cassette) 0.5–10 187.2 at 3 bar Pharmaceutical 
& food

Polymem polymem PSF (HF) 6 313.2 at bar Protein 
purification

Synder, Canada PES 100 PES (SW) 70 51 at 3 bar Gelatin 
separation

Trisep, Canada UE10 PES (SW) 10 2.1 at 2–3 bar Dairy and Food

Toray, 
Switzerland

HFU, HFS, HSU PVDF (HF) 150–200 2.6–8 at 3 bar RO feed water & 
Wastewater

Note: Polyethersulfone (PES), polysulfone (PSF), polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), cellulose 
acetate (CA), spiral wound (SW), hollow fiber (HF), Japan (JP), note provided (NP).

Table 4. Commercially available membranes for ultrafiltration.
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employed at ever lower pressures (1–2 bar) and with remarkable performance. However, UF/
MF technology still has some limits, and yet membrane fouling is a destructive obstacle for 
UF/MF membranes. Material customization and membrane configuration (modules) for selec-
tive application and molecular transport modeling are efficient tools to minimize the fouling 
phenomenon, which is used in the advancement of membrane technology. Also, UF/MF sys-
tem design continues to progress, and current movements in MF and UF in certain are a feed-
back to industry pressures for a basic MF/UF system design that holds a diversity (not clear) 
of membrane components and system configurations. Consequently, the remarkable UF/MF 
market growth leads to continuously increasing demand particularly in feed water treatment 
for SWD and wastewater treatment process and without doubt, UF is recently becoming a 
reasonable feed water system for RO in an extensive field of raw water quality.
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Sea water desalination SWD Calcium carbonate CaCO3

Spiral wound reverse 
osmosis

SWRO Zinc selenide ZnSe

Multi-stage flash MSF Polyethylene oxide PEO

Multi-effect distillation MED Polyamide PA

Electrodialysis ED Polyurethanes PU

Reverse osmosis RO Polyethylene terephthalate PET

Nanofiltration NF Polycarbonate PC
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Microfiltration

UF/MF Polysulfone PSU or PSF

Thin film composite layer TFC Polyethersulfone PES

Ultra thin film UTF Polyvinylidene fluoride PVDF

Pore size distributions PSD Polyimide PI
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Technical words Abbreviations Chemical compounds and 
polymers

Abbreviations

Molecular weight MW Aliphatic polyamide 
(Nylon)

PA6 and PA66

Molecular weight cut-off MWCO Aromatic polyamide Ar.PA

Fourier transform infrared FTIR Polyethylenimine (PEI) or 
polyaziridine

PEI

Equilibrium water content EWC Polyether ether ketone PEEK

attenuated total reflection ATR Polyacrylonitrile PAN

Atomic force microscope AFM Cellulose acetate CA

Scan electron microscopy SEM Cellulose triacetate CTA

Energy-dispersive X-ray EDX Trimethyl polysulfone TM-PSF

Field emission scanning 
electron microscopic

FE-SEM Sulfonated polysulfone SPSF

transmission electron 
microscope

TEM Sulfonated 
polyethersulfone

SPES

Kilo Dalton KDA N-Methyl-2-pyrrolidone NMP

Ultraviolet UV Dimethylacetamide DMAc

Silt density index SDI Dimethylformamide DMF

Carbon oxygen demand COD Dimethyl sulfoxide DMSO

Biological oxygen demand BOD Bovine serum albumin BSA

Annual growth rate CAGR Polyethylene glycol PEG

Hollow fiber HF Polyvinylpyrrolidone PVP

Equations

Mean pore radius    r ¯¯   pure water viscosity Jμ

Membrane thickness ∆x or ∆a Hydraulic pressure Hp

Membrane porosity ε Water permeation Jp

Transmembrane pressure TMP (∆P) Tortuosity τ

Water content Wc Pore volume Pv

Pore size distributions PSD Mean roughness Ra

Root mean square of data Rz Highest peaks Ry

Difference between the 
highest and lowest points

Z Wet membranes Mwet

Dry membranes Mdry Empty volume Ve

Dry volume Vd Wet volume Vw

Membrane density ρm Density of base polymer ρp

Pure liquid Pl Wet membranes Mwet
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Abstract

The predatory exploitation techniques used for the supply of protein resources have been 
systematically causing the decrease in seafood. The solution was sought in the form of 
marine farms, for the purpose of production of fish and seafood. Brazil created an incen-
tive production of seafood in order to increase seafood production. In 1998, the state 
governments joined the project, encouraging the creation of marine farms without an 
assessment of the impact on the environment. In 2005, after several records of seafood 
production in Santa Catarina started an epidemic of white spot shrimp, decimating sev-
eral fishing farms. In Bahia came the disease lethargic crab, which simply decimated 
almost 90% of crabs those states. In 2010, the State Government of Bahia invested in 
research to combat this degradation of mangroves; the project had to in essence deal with 
the brown mare and help save the fishing industry of the state. It was based on these 
principles that Nereu project emerged, which provides for the rational and intelligent 
use of contaminated and hypersaline water of the marine farms from the production area 
of fish and seafood, in order to neutralize all pathogens and produce pure water with 
energy cogeneration.

Keywords: colloidal carbon, desalination, hydrogen, methane, stirling engines

1. Introduction

The constant negative action of man over nature, promoting deforestation, releasing waste 
without treatment and chemicals in the water, grounding of the mangroves that are nurseries 
for many species, and overfishing causing the decrease of fish stocks and leading the fisher-
man to stop fishing and look for other activities. The crisis in the fisheries sector caused by the 
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Abstract

The predatory exploitation techniques used for the supply of protein resources have been 
systematically causing the decrease in seafood. The solution was sought in the form of 
marine farms, for the purpose of production of fish and seafood. Brazil created an incen-
tive production of seafood in order to increase seafood production. In 1998, the state 
governments joined the project, encouraging the creation of marine farms without an 
assessment of the impact on the environment. In 2005, after several records of seafood 
production in Santa Catarina started an epidemic of white spot shrimp, decimating sev-
eral fishing farms. In Bahia came the disease lethargic crab, which simply decimated 
almost 90% of crabs those states. In 2010, the State Government of Bahia invested in 
research to combat this degradation of mangroves; the project had to in essence deal with 
the brown mare and help save the fishing industry of the state. It was based on these 
principles that Nereu project emerged, which provides for the rational and intelligent 
use of contaminated and hypersaline water of the marine farms from the production area 
of fish and seafood, in order to neutralize all pathogens and produce pure water with 
energy cogeneration.
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uncontrolled exploitation of the coastal zone with the consequent reduction of marine stocks 
makes aquaculture an important food production alternative, significantly contributing to 
food security and poverty alleviation on the planet [1, 2].

The aquaculture is a deliberate attempt by humans to modify and manipulate the trophic rela-
tionships controlled by nature. Thus, it can be seen that all production activities are influencing 
the environment and in aquaculture, such impacts can be classified into three groups: those 
from the environment (exogenous), those resulting from aquaculture owned (endogenous), 
and those caused by the aquaculture on the environment. Moreover, it is noteworthy that the 
environmental impacts caused by aquaculture will always be more negative than positive [2, 3].

Thus, fish farming and shellfish generate waste in the form of particles and inorganic and 
organic soluble material. The nature and quantity of effluent vary with the type of cultiva-
tion, crop species, and intensification level. In general, feces, excreta, and pseudo-feces are the 
main sources of inorganic and organic nutrients [4].

The bacteria, fungi, and protozoa participate in the degradation process of organic matter, 
and release of toxic gases such as sulphur become unavoidable. The ideal of sustainable aqua-
culture, which is consistent with the economic, social, ecological, spatial, and cultural contexts 
[4, 5], is at an early stage in Brazil, where mistakes are being evaluated and studied so that 
new management techniques may be suitable for targeting a smaller effect on the ecosystem 
balance.

This concern about the environmental impact was not taken into account by the Federal 
Government of Brazil, which despite the warnings given by CONAMA [6] decided, through 
the Ministries of Agriculture, Environment and Development of Industry and Trade in 1997, 
to create an incentive to the fishing and production of seafood through the creation of marine 
farms. In 1998, the state governments began to join the project, and the states of Bahia, Santa 
Catarina, Ceara, and Espirito Santo invested heavily in the project for installation of farms 
mainly shrimp, oysters, and scallops. Through tax incentives, public funding, and federal 
funding, there was an incentive to create these marine farms, but there was no evaluation on 
the impact of aquaculture in the environment [4–9].

Between 2000 and 2005, the record increase in the seafood production was achieved. A total 
of 75% of this production aimed at export [4, 6–9]. However, in 2005, it began a produc-
tive decline, beginning with Santa Catarina, southern Brazil, which started an epidemic of 
white spot syndrome in the shrimp. It is a disease that affects shrimps and is one of the four 
identified in Brazil contained in the OIE list of aquatic animals. The WSSV—“White Spot 
Syndrome Virus”—is a persistent infection, with high mortality in shrimp cultivation. This 
disease began to spread along the Brazilian coast, currently reaching the state of Ceara, with 
production loss of nearly 80% of shrimps. Almost concurrent appearance of this disease arose 
in the mangroves of Espirito Santo and Bahia, the disease lethargic crab (DCL). It was found 
that the causative agent of DCL is the pathogenic fungus Exophiala cf psycrofila that simply 
decimated almost 90% of crabs in these states [3, 4, 9].

In 2015, the disease proliferates reaching other states, decimating the mangrove areas and 
ending with the crab. After several analyses of the environmental agencies, it was found that 
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the marine farms established in these states generate waste, which cause the problem, gener-
ating conditions for the proliferation of pathogens in the environment, often resistant to the 
immune system of animals due to the indiscriminate use of antibiotics in effluent ponds and 
crops laboratories. The DNAs of the Exophiala cf psycrofila and Nimaviridae were found in the 
existing mangrove in the region of Jaguaribe, fishing town in the state of Bahia. This organic 
material was present in a phenomenon known as brown tide and was caused by the discharge 
of waste from marine farms who had settled in this region [4, 6–9].

It is problematic and with the need to clean the environment of this waste, the principles of 
Nereu project were built, which provides for the rational and intelligent use of contaminated 
water and hypersaline of the marine farms, in order to neutralize all pathogens and produce 
pure water with energy cogeneration.

2. Farm of shrimp: the problem

Despite the changes in development models that have taken place throughout history, natu-
ral resources have always been exploited without any concern for the sustainability of the 
system, often exhausting these resources to the extreme. The current model of development 
has generated global environmental impacts, putting the biosphere at risk. Development 
models that revert to the situation or at least minimize impacts on the biosphere are urgently 
needed.

According to some data, world mariculture expanded rapidly from 16.7 million tons in 2004 
to 22.8 million tons in 2014, an increase of 35.8%, whereas the fishing sector declined in this 
period from 83.8 to 69.9 million tons. In 2004, mariculture accounted for 16.6% of the world’s 
fish production, which increased to 30.1% in 2014. In contrast to the increasing decline in fish-
eries, seafood production is seen as an alternative to maintain the world demand for aquatic 
products. If current development is maintained over the next 15 years, 32% of the world’s 
total production of marine fish will come from mariculture [1, 4–7, 9].

In Brazil, mariculture has been progressively expanding, mainly since the 1990s due to gov-
ernment programs, which is represented by bivalve mollusks in the South and Southeast 
regions and by shrimps in the North and Northeast regions [4].

Brazil produced 91,405 t of mariculture products in 2014, of which 71,000 t are shrimp and 
20,405 t represented by mollusks. The total value of mariculture production is US$876.8 million, 
of which US$256.8 million is represented by mollusks [3, 4, 8–10].

Thus, mariculture is a deliberate attempt by humans to modify and manipulate nature-
controlled food relationships. It can be observed that all productive activities are impacting 
the environment and that in aquaculture, these impacts can be classified into three sets: 
those from the environment (exogenous); those resulting from aquaculture (endogenous), 
and those caused by aquaculture on the environment [8–10].

In addition, it is emphasized that the environmental impacts caused by aquaculture will 
almost always be more negative than positive.
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These impacts arise mainly from the use of resources, such as space, water, raw materials, 
and food, reduction of biodiversity, as well as from the production of organic and inorganic 
waste (e.g., excreta production, introduction of microorganisms, pathogens and parasites in 
the environment, accumulation of residues of cultivated organisms, and release of antibiotics 
in the effluent of nurseries and crop laboratories) [3–5, 10].

Therefore, it can be observed that the negative impacts can be of two types: direct, for exam-
ple, by the introduction of exotic genetic material into the environment and indirect, due to 
loss of habitat and ecological niche.

Any alteration of the physical, chemical, and biological properties of the environment 
caused by any form of matter or energy resulting from human activities that directly or 
indirectly affect the health, safety, and well-being of the population shall be considered an 
environmental impact, which include social and economic activities; biota, aesthetic, and 
sanitary conditions of the environment and the quality of environmental resources. These 
changes need to be quantified, since they present relative variations, which can be positive 
or negative, big, or small [8, 10]. The different aquaculture modalities can generate diverse 
environmental impacts, depending mainly on the cultivation system (closed, semi-open, 
and open systems), aquaculture (freshwater or marine), of the species used and especially 
the density and quantity of production. Due to the many variables that may influence the 
generation or identification of such impacts, and because it is a relatively recent activity in 
Brazil, few conclusive studies have been published on the possible environmental impacts 
caused by aquaculture, especially by mariculture. Nevertheless, in any form of production, 
the impact on the environment occurs through three processes: the consumption of natural 
resources, the process of transformation, and the generation of final products (waste) [3].

The main environmental impacts caused by aquaculture (including fish farming and shrimp 
farming) are conflicts with the use of water bodies, sedimentation and obstruction of water 
flows, over nutrition and eutrophication, discharge of pond effluents, and pollution by chemi-
cal residues used in the different stages of cultivation [2, 5].

Thus, fish, crustacean and mollusk crops generate waste in the form of particles and organic 
and inorganic soluble material. The nature and quantity of the effluent vary with the type of 
farm, cultivated species, and level of intensification. In general, feces, excreta, and pseudo-
feces are the major sources of inorganic and organic nutrients [5].

The water column is the container for the dissolved material, while the greater proportion of 
solid waste precipitates into the sediment below the growing area or in the immediate vicinity 
of the farm. This almost immediate deposition of daily organic matter in the sediment leads 
to an onset of eutrophication with the decrease of the oxygen rate dissolved in the medium. 
The level of water contamination of the shrimp farms in the Jaguaripe/Bahia—Brazil can be 
demonstrated by Figure 1, which contains the photo of containers of water samples, which 
were collected by federal agents of the Ministry of the Environment.

Bacteria, fungi, and protozoa participate in the process of degradation of organic matter, and 
the release of toxic gases such as sulphur become unavoidable. In this sense, the alteration 
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of the marine community caused by the accumulation of organic matter in the sediment has 
already been studied by several researchers. The ideal of sustainable aquaculture, which is 
consistent with the economic, social, ecological, spatial, and cultural contexts, is at a final 
stage in Brazil, where errors are being evaluated and studied so that new management tech-
niques can have a lower effect on the ecosystem balance [3, 8, 10].

This concern about the environmental impact was not taken into account by the Federal 
Government of Brazil, which, despite the warnings given by CONAMA, decided, through 
the Ministries of Agriculture, Environment and Development of Industry and Commerce, to 
create in 1997 a project to encourage fishing and seafood production, through the creation of 
marine farms, in order to increase the production of seafood, mainly crustaceans and mol-
lusks. In 1998, the state governments began to join the project, and the states of Bahia, Santa 
Catarina, Ceara, and Espirito Santo invested heavily in the project for the installation of farms 
mainly shrimp, oysters, and scallops. Through fiscal incentives, public funding, and federal 
funds, there was an incentive to create marine farms in these states, but there was no prior 
and direct evaluation of the impact of the implementation of aquaculture in these states and 
in the environment [4, 6–10].

Between 2000 and 2005, records of seafood production were achieved. A total of 75% of this 
production was for export [4, 10]. But in 2005, a productive decline began, beginning in Santa 
Catarina, southern Brazil, where an epidemic of shrimp of the white spot started. It is a dis-
ease that affects shrimps and is one of the four identified in Brazil that are listed in the OIE 
in aquatic animals. It is of viral ethology. WSSV—“White Spot Syndrome Virus” is a per-
sistent infection throughout the animal’s life and has a high mortality in shrimp  cultures. 

Figure 1. Sample containers of contaminated water discharged to ocean [8].
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Animals that recover from the infection are persistent carriers of the virus. There are no 
known  biological vectors. This virus has a type of flagellum and its genetic material is DNA 
(being  genetically more stable) and is part of the Nimaviridae family, decimating several fish-
ing grounds. This disease began to extend along the Brazilian coast, currently reaching the 
state of Ceara, with productive loss of almost 80% of the prawns [4, 5, 9].

Almost concomitant with the appearance of this disease, in the mangroves of Espirito Santo 
and Bahia, appear the disease of the lethargic crab (DCL), it was found that the agent that 
causes DCL is the pathogenic fungus Exophiala cf psycrofila, which simply decimated almost 
90% of the crabs in these states [3].

By 2015, this disease spread to other states, decimating the mangrove areas and drastically 
reducing the population of crabs. After several analyses of environmental agencies, it was 
verified that marine farms, implanted in these states, generate residues that provoke the prob-
lem, generating conditions for the proliferation of pathogens in the environment, often resis-
tant to the immune system of the animals, due to the indiscriminate use of antibiotics from 
nurseries and crop laboratories.

The DNAs of Exophiala cf psycrofila and Nimaviridae were found in the mangrove in the region 
of Jaguaripe, a fishing town in the State of Bahia—Brazil. This organic material was present in 
a phenomenon known as brown tide and was caused by the discharge of tailings from the 
fishing farms that had settled in this region (see Figure 2).

Thus, from the studies of the discharge effluents from tanks of shrimp farms in the Jaguaripe—
Bahia/Brazil region, promoted by the Ministries of Fisheries and Environment, a map of the 
destruction and contamination of the region known as the coast of the Dende was created that 
raised the points of impact and associated the degradation of the aquatic environment to the 
effluents discarded by these farms, which influenced native marine life, causing the degrada-
tion and destruction of native species [8].

Figure 2. Shrimp farm: region of Jaguaripe—Bahia, Brazil [8].
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3. Nereu project

The oceans and seas are vital to sustain life and to provide for the various human activities 
and are the primordial elements for the entire global economy.

In this context, it is verified that the activity of fishing and gathering of seafood stands out 
due to its importance in the production of food and world economy. But in order to reach the 
levels of production and productivity demanded today, fishing has destroyed most of the 
oceans’ fishing grounds due to the phenomenon of overfishing.

The oceans have strategic relevance for maintaining the dignity of human life and for the 
economy, which converges to the challenge of integrated management of seafood production 
and management. Environmental resources, especially ocean resources, are currently in a 
vulnerable position of degradation and scarcity. Several authors argue that the main factors 
of the maritime crisis are the environmental pollution and the unbridled increase of the world 
population, without the policies on territorial planning and environment to adequately meet 
the new demands.

The degradation of ocean water quality is a reflection of the current pattern of consumption 
and lack of care with the oceans. In addition, the Industrial Revolution, in which the concern 
to increase fish production, without considering the externalities, resulted in the degradation 
and waste of marine resources. In this crisis scenario, countless losses can be raised, such 
as loss of ecological balance, loss of biological diversity, climatic imbalance, and profound 
changes in the water cycle, which affect society and the environment leading to reduced or 
depleted resources. Thus, today, the world population has established a situation of imbal-
ance between the spatial pattern of availability in the oceans and the spatial pattern of demand 
for consumption centres’ [11–13].

With the emergence of aquaculture, the first attempt was made to reduce the pressure on 
fishing banks, but the lack of an environmental policy to treat wastewater has increased the 
degradation of the oceans. To address this degradation caused by the seafood farms that 
affected several Brazilian states, the Ministry of the Environment analyzed the environmen-
tal issue in order to build an environmental awareness. In this sense, with the introduction 
of new sustainable development concepts, a new cycle began, based on the elaboration and 
implementation of environmental policies, in the search for negotiation and understanding 
between preservation of the environment and production processes.

Advances can be verified with the Green Protocol (Federal Law: institutional device of intro-
duction of the environmental variable as a relevant criterion in economic policy decisions and 
project financing) and other devices of environmental dimension inserted in the decisions of 
public policies. Specific measures for the rational management of irrigated areas and collec-
tion for the use of water are already established by law.

From these premises, the Nereu project was conceived by associating two Chiron and 
Prometheus projects, which combine three basic conditions for the production of water and 
energy, with food production based on a clean production system. A conception was used 
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Figure 2. Shrimp farm: region of Jaguaripe—Bahia, Brazil [8].
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that interrelated CH4 reform through a systematic pyrolysis in a cold plasma reactor to obtain 
H2 whose thermal cycle was used for water desalination and energy generation combining 
with the production of totally sterilized rock salt (see Figure 3).

With this conception, the Nereu1 project has the following structure:

• Chiron2 project: the purpose of this project is to carry out pyrolysis of CH4 through a cold 
plasma reactor for the separation of colloidal carbon and hydrogen, which will feed the Pro-
metheus reactors and produce O2 using a modular and interchangeable structure [12, 13].

• Prometheus3 project: it provides for the rational and intelligent use of reuse water from 
aquaculture systems, whether having a high content of dissolved solutes, with the purpose 
of sterilizing, purifying, and neutralizing pathogens present in process waste water, through 
a reactor of hydrogen. This process desalinates water by generating the superheated steam 
which is sent to a set of the stirling system, without affecting the environment and having 
by-products of the process the generation of clean energy, gem salt, and demineralized and 
deionized water (water pure; see Figure 4) [12, 13].

In view of these premises, the Nereu project seeks to meet the main characteristics of the Apollo 
Research Group projects, that is, to have a simple automation in their constructive character-
istics, guaranteeing their interchangeability and maintenance, as well as their low automation 
costs. In addition, the Nereu Project units were conceived and developed in modular systems, 
proto-units, to be placed in reduced and limited physical spaces; from its constructive concept, 
the Nereu project can expand its productive capacity according to the needs.

1The Nereus project is a tribute to Nereus (Greek: swim), in Greek mythology, is a primitive sea god, depicted as an 
elderly character - the old man of the sea. He is known for his virtues and his wisdom. Pindar celebrates his fairness, 
hence his epithets “true,” “benevolent,” “without lying or oblivion”.
2The Chiron project is a tribute to Chiron (Greek: hand), in Greek mythology, was a centaur, considered superior by his 
own peers. Chiron was intelligent, civilized and kind, and celebrated for his knowledge and skill in medicine; he was 
professor of Heracles and other demigods.
3The Prometheus project is a tribute to Prometheus (in Greek: foresight), in Greek mythology is a titan; he was a defender 
of humanity, known for his astute intelligence, responsible for stealing the fire of Hestia and giving the Mortals.

Figure 3. Diagram of the Nereu project.

Desalination232

3.1. Chiron project

The desalination process is a complex process because the salts are strongly bound to the 
water molecules, which makes conventional water treatment processes inefficient. Therefore, 
it is necessary to make use of other processes capable of breaking the forces of attraction 
between molecules [12, 14, 15].

3.1.1. Plasma generation reactor for H2—Unit 01

In the specific case of pyrolysis of CH4 by thermal plasma, the products formed include 
hydrogen, which can be used as fuel, and colloidal carbon, with many uses in the cement and 
rubber industry.

Conventional hydrogen and black carbon production processes are based on the incomplete 
combustion of hydrocarbons, subject to low yields and emission of high levels of pollutants. 
Due to incomplete combustion in the presence of oxygen, the process is inevitably accompa-
nied by the emission of CO, CO2, SO2, NOx, and volatile hydrocarbons. In addition, the maxi-
mum reaction temperature achievable is from 1500 to 2000 K [11–15].

The reactor of the Chiron project was designed to produce colloidal carbon and hydrogen, 
through thermal plasma, although using electric energy and an inert gas in the process have 

Figure 4. Process flowchart [12, 13].
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several advantages in its application that are compensatory, as for example: increased effi-
ciency, reduction of the reaction time, low cost of the equipment, favoring variety of produc-
tive size, and making possible its industrial application. The use of a noble gas as a plasma gas 
avoids the formation of CO2 in the process and is only necessary to initiate plasma formation 
and was initially replaced by H2, and then by CH4, another important factor is that the plasma 
process enabled the use of different sources of raw material, besides CH4 gas, butane and 
propane, but for this project, we chose to use the gases from landfill gas. Thus, the production 
of hydrogen as an energy source and that of colloidal carbon as an industrial input becomes 
attractive and compensates the energy and operational expenditure of the system [11–13, 15, 16].

3.1.1.1. The plasma system

The Chiron project has a thermal plasma system, which is composed of a plasma arc torch, 
and a reactor or pyrolysis chamber designed to retain most of the heat flux from the plasma 
jet. The inert gas argon (Ar) was used as a plasma gas and was introduced in the torch by a 
controlled flow [12, 13, 15, 16].

The electric arc between the cathode and anode was initiated by a high-voltage discharge and 
a variable current. The formation of the plasma arc occurs between the cathode and the anode 
(cooled by water). The gas to be degraded, CH4, was introduced into the pyrolysis chamber 
with controlled flow [12–14, 16].

The torch consisted of a cone-shaped cathode and an anode rivet, channel-shaped. The electric 
arc established between the electrodes (cathode and anode) was initiated by a high-voltage 
discharge. The gas is heated, ionized, and emerged from the torch as a plasma jet. CH4 injected 
into the reactor was heated and passed then into the liner, by contacting the plasma and suf-
fering degradation [11, 12, 16].

3.1.1.2. The process

The values of degradation of CH4 and the efficiency of H2 production depend directly on the 
CH4 flow; these results do not depend on the argon flow. Important to note that the amount of 
CH4 converted is related to the total flow of CH4, relating to what has been transformed into 
solid and gaseous products. For example, when the flow of CH4 was adjusted to 0.001 m3/min, 
59.4% of the gas was transformed into solids and the remainder 40.6% by gaseous products 
(see Figure 5) [12–16].

The proportional reduction in the conversion relates to the constant electric power applied to 
the torch; since the available power is controlled, the CH4 conversion is also limited and any 
additional amount of CH4 remains in the system as a nondegraded fraction. To correct this 
problem, argon flow was increased in the plasma torch, which caused the increase in plasma 
jet temperature and consequent increase in system power [11, 12].

The decomposition of CH4 to produce hydrogen and colloidal carbon is quite promising, if 
aggregated with other activities that use their products. As the CH4 conversion function is endo-
thermic, the thermal plasma is very efficient because in these conditions of high  temperatures 
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and high degree of ionization, chemical reactions are accelerated by the power supply, and 
moreover, there is no CO2 emissions or other contaminant gases, once the system is deoxygen-
ated [12, 13, 16].

In the Unit 01 plasma pyrolysis reactor, CH4 is broken down mainly by the heat from the arc 
plasma. However, the existence of a collision process between the existing elements in the plasma 
catalytically assists the decomposition reaction of CH4. Different types of crashes happen in a 
plasma state of this nature; dissociation of CH4 and other molecules (CH3, CH2, and CH) may also 
occur as a result of impacts between the molecules, atoms, ions, electrons, and protons [11–15].

A CH4 molecule can be dissociated into one or more parts to collide with another particle. 
Various collision processes may occur inside the plasma reactor, including the recombination 
of occurring particles forming a molecule [16].

The usage of Unit 01—reactor pyrolysis—has several advantages such as high energy density 
existing in the plasma which allows the construction of a compact reactor. Due to the plasma 
characteristics, a continuous flow is possible, enabling the formation of carbonaceous materi-
als of different qualities and providing no pollution to obtain two commercial products (H2 
and C), both of high purity [12, 13].

A revolutionary constructive architecture for the treatment of methane, the reactor provides 
a greater CH4 residence time in the reaction zone and also a longer residence time inside the 
reactor, enabling minimizing the ionization of CH4 molecules. This feature is important for a 
high efficiency in the conversion of CH4 into H2 and C. In addition to presenting a favorable 
flow of the mixture of CH4 and hydrogen flow, important for the heat exchange between the 

Figure 5. Percentage of degradation of CH4 (■) and efficiency of H2 (▲).
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flows and good distribution of current lines coupled with good mixing between the flows, it 
is important to provide a homogenous treatment of particles of carbon [13, 15].

Thus, in the pyrolysis gas plasma, the energy required for reaction is supplied to the elements 
in the reaction chamber of the reactor by a high-energy electrical discharge. The electrical 
discharge at atmospheric pressure generates thermal plasma with high temperatures that can 
completely dissociate CH4 molecules. The molecular decomposition in the absence of oxygen 
generates hydrogen and carbon, which do not bother catalysts, for there is the formation of 
CO and CO2 [12, 13].

The pyrolysis of CH4 does not produce CO or CO2; the carbon in CH4 molecule does not react 
with the oxygen because it does not exist in the process. What happens in the process is the break-
ing of the molecules; resulting in isolated black carbon. The process allows a simple purification 
of hydrogen, since the solid carbon may be extracted by physical separation of the flow [12].

3.1.2. Oxygen unit

Oxygen is the most known and widespread of the gases, being the most abundant element in 
the earth’s crust, about 46.6% by weight. To meet the oxygen needs of the Prometheus project, 
a little production plant of O2 was created in this unit, taking advantage of the project’s power 
generation. Thus, the O2 production system followed a PSA (“Pressure Swing Adsorption”) 
process, which is a classical mechanical O2 production system [16].

Pressure swing adsorption—PSA allows the viability of obtaining oxygen at various on-site 
scales and its low operating cost was the main drivers of this process.

In this system, there is an oxygen production plant, which is installed next to the consumer 
(on site). This technology allows the separation and concentration of oxygen (approximately 
95% O2) by subjecting the ambient air to a zeolite molecular sieve under low pressure (3–6 bar) 
for a period sufficient to adsorb carbon monoxide, steam, CO2, and almost all of the nitrogen 
present in the air [13].

The process uses two metal vats containing molecular sieve (zeolite) in antiparallel, through 
six valves, which retains nitrogen from the air at high pressure, which will be released at low 
pressure, and allows the oxygen to cross the adsorbent bed as final product.

Also, there must exist in the process a filtration and drying step of the compressed air that is 
admitted in the sieves, protecting the zeolite from contamination so as not to compromise the 
efficiency of the sieve.

Thus, this is an alternative of lower cost and better energy efficiency, if compared to the cryo-
genic process, but produces a gas with a lower oxygen percentage, that is, a minimum purity 
of 92% (see Figure 6)

3.1.3. Power generators—using stirling engine

This type of engine operates with a thermodynamic cycle composed of four phases and exe-
cuted in two-stroke piston: isothermal (= constant temperature) compression, isochronous 
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heating (= constant volume), isothermal expansion, and isochronous cooling. This is the 
idealized cycle (valid for perfect gases), which diverges from the actual cycle measured by 
instruments. Nevertheless, it is very close to the so-called Carnot Cycle, which establishes the 
maximum theoretical limit of thermal machines performance.

The Stirling engine surprises for its simplicity, because they are of external combustion and 
are used in the process to generate energy, since they can work with more than one source 
of heat and thus are projected, receiving heat of the cooling water of the pyrolysis reactor, of 
the salt leaving the bottom of the salinization unit at a temperature of approximately 1000 K 
of the steam leaving the desalination unit and even of heating of solar origin (see Figure 7).

Because they are very simple machines with easy maintenance, easy operation, quiet opera-
tion, and low vibration, these peculiarities made possible their use in a distributed way 
throughout the entire production chain, reducing the cost of energy and the need for large 
generation units. The use of the stirling engine for power generation is the best way to reduce 
costs and increase energy production. Thus, the option to use the stirling engine as driver for 
power generation units is due to its low cost of manufacturing, the ease of working with small 

Figure 6. Oxygen unit [13].

Figure 7. Prometheus unit [12, 13].
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Because they are very simple machines with easy maintenance, easy operation, quiet opera-
tion, and low vibration, these peculiarities made possible their use in a distributed way 
throughout the entire production chain, reducing the cost of energy and the need for large 
generation units. The use of the stirling engine for power generation is the best way to reduce 
costs and increase energy production. Thus, the option to use the stirling engine as driver for 
power generation units is due to its low cost of manufacturing, the ease of working with small 

Figure 6. Oxygen unit [13].

Figure 7. Prometheus unit [12, 13].
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generating units, and the distribution of several generating units throughout the production 
unit. Thus, Stirling engines are used along the production line, using the generated steam and 
heat of the gem salt, which is extracted by the lower nozzle of the Prometheus unit.

3.2. Prometheus project

The need to obtain drinking water, increasing demand and neglect of much use by the popu-
lation are the few factors because of which water scarcity begin to emerge in places where 
hitherto was not a problem. Water, unlike other natural resources, cannot be replaced, must 
be preserved, and distributed properly to avoid its loss.

Desalination is a technique that has been used for thousands of years in places where we can-
not get enough fresh water. It is considered the future alternative to meet the needs of living 
beings, since 97.2% of the planet’s water is salty or brackish. It is currently underutilized due to 
the high cost of the process, since it requires a lot of energy and sophisticated materials [12, 13].

Since the sixteenth century the desalination of sea water was used in vessels. Land desalina-
tion began in the 18th century and began to play an important role in the late 1940s and the 
early 1950s, especially in countries where potable water is scarce as in the Arab Gulf, USA, 
Caribbean and some areas of North America.

The composition of the salinized water varies according to the source, although the concen-
tration of salts varies from place to place, the ratio between the most abundant constituents 
is practically constant. Among these constituents are sodium chloride, bicarbonates, calcium 
sulphate, and magnesium sulphate [12, 13].

Another alternative to obtain water is to reuse it, by replacing a source of drinking water with 
another of inferior quality where such substitution is possible, supplying the less restrictive 
demands made, releasing water of better quality for the noblest uses, such as domestic supplies.

The reuse of water in the urban sector can be accomplished by appropriate treatment of sew-
age and its reuse for potable purposes (indirect reuse) or non-potable (irrigation, fire reserve, 
dust control, decorative aquatic systems, etc.). In the industrial sector, the reuse of water is 
a frequent practice, since it reduces production costs. They are often used in cooling towers, 
boilers, civil construction, and maintenance of industrial facilities and within industrial pro-
cesses. The recharge of aquifers is another form of water reuse [12, 13].

The Prometheus project uses a systematic rationalization in the use of water and energy, bas-
ing its process on a continuous control of what is generated and what is consumed. Thus, the 
project provides for the rational and intelligent use of wastewater from industrial processes, 
whether it has low oxygenation content and a high presence of dissolved salts, in order to 
desalinate and neutralize dissolved solutes in the water.

In Counterpart, there is to the production of electricity by the use of H2 and associated thermo-
generation cycles, at low cost and with high profitability, constructed in a modular and inter-
changeable way, without affecting the organizational structure and the environment, and 
having by-products of the process generation of clean energy, gem salt and demineralized 
and deionized water [12, 13].

Desalination238

Thus, the reactor receives the salinized water mixed with all the solutes of the production 
of mariculture, which would become a contaminant very dangerous for the environment, 
mainly to the mangroves; although the concentration varies according to the source, the 
productive stage and the type of production and the relationship between the most abun-
dant constituents is practically constant. Among these constituents are chlorides, sulphates, 
iodides, bacteria, fungi, protozoans among others.

The reactor configuration used in plant is the type of rotor under pressure with an arrange-
ment in which the saline solution is introduced into the chamber through a spray system; the 
spraying occurs on a vortex hydrogen plasma vaporizing it. One container captures the salts 
deposited in the bottom in the form of rock salt. The superheated steam is sent to Unit 03 in 
order to generate energy (see Figure 7) [12, 13].

4. The results analysis

The production of energy, water, and food in sufficient quantity and at competitive prices 
is important for economic development. At present, there is great concern about the envi-
ronmental aspects of production in these segments, with emphasis on the use of renewable 
sources that do not degrade the environment and guarantee the productive continuity for 
future generations.

Therefore, it is no secret that fishery supplies are being affected by predatory fishing and dis-
charges of chemical and organic waste. The disorderly growth of the world’s population, coupled 
with the intensified demands of protein needs, has been draining the oceans. But, the solution 
found by mankind through aquaculture apparently solved the question of productive continu-
ity and protein reserves. What is the problem with this activity? The vast majority of the water 
available for swimming pools is not suitable for return to the oceans and also is not suitable for 
the demands of aquaculture. These tailings are dumped in the oceans and can create areas of 
marine desertification in dump areas, which would lead to famine in many communities.

Over the years, the conviction that infrastructure in the world should be based on a mix of pro-
ductive sources and self-sustainable systems, composing production triad—sustainability—
environment. In the same way, it offers great opportunities for expansion of new business 
initiatives and integrated production projects; they are relatively new and suffer the discrimi-
nation of the need for productive specialization to guarantee the maximum profit of the capi-
tal employed.

As the production of energy, food, and water treatment are important elements for the eco-
nomic development of societies and the maintenance of the quality of life and health of fami-
lies; in recent years, emphasis has been placed on the relationship between production and 
the environmental issue, considering possible reductions in the availability of nonrenewable 
natural resources.

Thus, in order to evaluate these investments, there are indicators of analysis capable of assist-
ing in the perception of the behavior between risk and return, the Nereu Project would have a 
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generating units, and the distribution of several generating units throughout the production 
unit. Thus, Stirling engines are used along the production line, using the generated steam and 
heat of the gem salt, which is extracted by the lower nozzle of the Prometheus unit.

3.2. Prometheus project

The need to obtain drinking water, increasing demand and neglect of much use by the popu-
lation are the few factors because of which water scarcity begin to emerge in places where 
hitherto was not a problem. Water, unlike other natural resources, cannot be replaced, must 
be preserved, and distributed properly to avoid its loss.

Desalination is a technique that has been used for thousands of years in places where we can-
not get enough fresh water. It is considered the future alternative to meet the needs of living 
beings, since 97.2% of the planet’s water is salty or brackish. It is currently underutilized due to 
the high cost of the process, since it requires a lot of energy and sophisticated materials [12, 13].

Since the sixteenth century the desalination of sea water was used in vessels. Land desalina-
tion began in the 18th century and began to play an important role in the late 1940s and the 
early 1950s, especially in countries where potable water is scarce as in the Arab Gulf, USA, 
Caribbean and some areas of North America.

The composition of the salinized water varies according to the source, although the concen-
tration of salts varies from place to place, the ratio between the most abundant constituents 
is practically constant. Among these constituents are sodium chloride, bicarbonates, calcium 
sulphate, and magnesium sulphate [12, 13].

Another alternative to obtain water is to reuse it, by replacing a source of drinking water with 
another of inferior quality where such substitution is possible, supplying the less restrictive 
demands made, releasing water of better quality for the noblest uses, such as domestic supplies.

The reuse of water in the urban sector can be accomplished by appropriate treatment of sew-
age and its reuse for potable purposes (indirect reuse) or non-potable (irrigation, fire reserve, 
dust control, decorative aquatic systems, etc.). In the industrial sector, the reuse of water is 
a frequent practice, since it reduces production costs. They are often used in cooling towers, 
boilers, civil construction, and maintenance of industrial facilities and within industrial pro-
cesses. The recharge of aquifers is another form of water reuse [12, 13].

The Prometheus project uses a systematic rationalization in the use of water and energy, bas-
ing its process on a continuous control of what is generated and what is consumed. Thus, the 
project provides for the rational and intelligent use of wastewater from industrial processes, 
whether it has low oxygenation content and a high presence of dissolved salts, in order to 
desalinate and neutralize dissolved solutes in the water.

In Counterpart, there is to the production of electricity by the use of H2 and associated thermo-
generation cycles, at low cost and with high profitability, constructed in a modular and inter-
changeable way, without affecting the organizational structure and the environment, and 
having by-products of the process generation of clean energy, gem salt and demineralized 
and deionized water [12, 13].
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Thus, the reactor receives the salinized water mixed with all the solutes of the production 
of mariculture, which would become a contaminant very dangerous for the environment, 
mainly to the mangroves; although the concentration varies according to the source, the 
productive stage and the type of production and the relationship between the most abun-
dant constituents is practically constant. Among these constituents are chlorides, sulphates, 
iodides, bacteria, fungi, protozoans among others.

The reactor configuration used in plant is the type of rotor under pressure with an arrange-
ment in which the saline solution is introduced into the chamber through a spray system; the 
spraying occurs on a vortex hydrogen plasma vaporizing it. One container captures the salts 
deposited in the bottom in the form of rock salt. The superheated steam is sent to Unit 03 in 
order to generate energy (see Figure 7) [12, 13].

4. The results analysis

The production of energy, water, and food in sufficient quantity and at competitive prices 
is important for economic development. At present, there is great concern about the envi-
ronmental aspects of production in these segments, with emphasis on the use of renewable 
sources that do not degrade the environment and guarantee the productive continuity for 
future generations.

Therefore, it is no secret that fishery supplies are being affected by predatory fishing and dis-
charges of chemical and organic waste. The disorderly growth of the world’s population, coupled 
with the intensified demands of protein needs, has been draining the oceans. But, the solution 
found by mankind through aquaculture apparently solved the question of productive continu-
ity and protein reserves. What is the problem with this activity? The vast majority of the water 
available for swimming pools is not suitable for return to the oceans and also is not suitable for 
the demands of aquaculture. These tailings are dumped in the oceans and can create areas of 
marine desertification in dump areas, which would lead to famine in many communities.

Over the years, the conviction that infrastructure in the world should be based on a mix of pro-
ductive sources and self-sustainable systems, composing production triad—sustainability—
environment. In the same way, it offers great opportunities for expansion of new business 
initiatives and integrated production projects; they are relatively new and suffer the discrimi-
nation of the need for productive specialization to guarantee the maximum profit of the capi-
tal employed.

As the production of energy, food, and water treatment are important elements for the eco-
nomic development of societies and the maintenance of the quality of life and health of fami-
lies; in recent years, emphasis has been placed on the relationship between production and 
the environmental issue, considering possible reductions in the availability of nonrenewable 
natural resources.

Thus, in order to evaluate these investments, there are indicators of analysis capable of assist-
ing in the perception of the behavior between risk and return, the Nereu Project would have a 
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distinct characteristic for all desalination projects. To carry out this technical-economic evalu-
ation, it is necessary to make a hybrid analysis, taking into account four basic characteristics 
of this project, which are as follows:

• Technique: development of new technologies; reducing the emission of greenhouse gases 
into the atmosphere; producing water and energy for regions lacking these resources.

• Economic: the low cost of implementation, the low maintenance cost, and diversification 
of income and production.

• Environmental: carbon sequestration, eliminating greenhouse gases, and producing water 
and energy without generating contaminant residues.

It is worth noting that the Nereu project aimed to reduce the risks of contamination in the 
oceans caused by aquiculture tailings, supported by a demand from CONAMA, which pro-
vided for the eradication of pathogenic releases to coastal areas.

The project, in an experimental phase, was built in a proto-unit system in the region of the 
Dende Coast, in the city of Jaguaripe–Bahia, Brazil, operating for 8 months, in laboratory scale, 
with the support of Funil Farm, which invested in materials and assembly, with the purpose 
of neutralizing the pathogenic elements of the pool 03AD, with volume of 3.5 m3, purge tank 
used to deposit filtration wastes from other pools. Thus, the Nereu project operated to make 
the cleaning residual water from the existing filtration system.

4.1. Techniques resulting

The Nereu project used its two reactors and seven generators with stirling engine to treat waste 
water from Funil Farm, generating energy and producing food. To perform this procedure, 
the Chiron Project was miniaturized to work with limited flow rates to meet the needs of the 
Prometheus project. Thus, the project was conceived as a pilot plant with the following technical 
characteristics: total flow: 100 l/h; CH4 flow rate: 400 l/h; and average concentration of salts: 35 g/l.

It was verified that the Nereu project consumes a total of 25.4 kWh of energy to meet the 
energetic demands of desalination and decontamination of the waste water, and the reactor 
consumption, in maximum efficiency, for CH4 pyrolysis, is 7.2 kWh, with advantages over 
other techniques, as the process does not release CO2.

The percentage of degradation of CH4 reaches the maximum value of 98.8% for an applied 
power of 7.2 kWh. In order to cope with the energy needs of the system, seven stirling engines 
of the Alpha type have been adapted which have been developed for other purposes and 
reused for the project. Thus, it was possible to adapt them for power generation, producing a 
total of 40 kWh of energy, which has its stepped drive, being connected as the energy needs 
are presented. The Nereu project consumed 54.4% of the energy produced, and 45.6% was 
made available to the electricity grid of the farm.

The C produced by the degradation of CH4 in thermal plasma has hydrophobic characteris-
tics, is amorphous and of high purity, presenting added value and can be commercialized, for 
companies producing carbon fibber and carbon nanotubes.

Desalination240

In spite of the Nereu project, a miniaturized version of the Chiron project and the equip-
ment of the Prometheus project were coupled to its structure, and the average project yield 
was 79.6%.

The average yield in the project stems from the main constraint adopted in the operational-
ization and implementation of the Nereu project. In other words, due to budget constraints, 
it was only possible to use recycled materials, scrap, and/or products recovered from old 
irons.

Thus, the great problem generated by the filtration of the shrimp production ponds and 
dumped in the pool 03AD, without having a real destination for this residue, was solved with 
the Nereu project, which desalinized and sterilized this residue, producing pure water and 
gem salt, totally free of any pathogenic element. At this point, the Nereu project stands out in 
relation to the other desalination processes, because while the other systems consume energy, 
the Nereu project produces its own energy to maintain the system and to be commercialized 
in the energy market.

4.2. Economic resulting

When analyzing the feasibility of desalination projects, one should not only consider the ques-
tion of return on investment, but also the impact on the entire productive and social context, 
especially for locations lacking these resources. It is therefore of utmost importance not to 
dwell on a simplistic reading of numbers and results. The Nereu project was a predetermined 
research funded by an investor with limited resources, with a limited value of US$35,000.00 
to prove that it was technically and economically viable.

With the architecture of the project working with the thermal cycle of the H2, the nonexistence 
of the generation of residues, nor greenhouse gas emanations, in the operation of the system 
was verified. Thus, the combination of the processes added to a system of financial control 
would enable the recovery of the investment in a period of 10 months. This was made possible 
by the generation of several marketable by-products that have added value.

Throughout the Nereu project’s operating time, it was possible to operate at low production 
costs and it was observed that, based on the standards of taxes and input costs in Brazil, the 
project has a low maintenance cost, despite being fully developed with scrap. In this way, 
the average cost of the plant is low per hour of operation. The cost of each product, including 
taxes and operating costs, can be deployed as follows: pure water: US$0.12 per 1 l/h; electric 
power: US$0.037 kWh; Carbon: US$1.46 per 1 kg/h; hydrogen: US$1.46 per 1 kg/h; and rock 
salts: US$ 0.028 per 1 kg/h.

With the diversity of by-products generated, the Nereu project had a multiplicity of revenues 
that allowed the recovery of investments within 6 months, and an investment profit of around 
10.6%, despite being a basic small plant, built from scraps. These results reflect the reality of 
the Brazilian market, incidental taxes and charges, labor costs, and employed automation. 
These values will change according to the economic, fiscal, and equipment conditions present 
in each country.
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distinct characteristic for all desalination projects. To carry out this technical-economic evalu-
ation, it is necessary to make a hybrid analysis, taking into account four basic characteristics 
of this project, which are as follows:

• Technique: development of new technologies; reducing the emission of greenhouse gases 
into the atmosphere; producing water and energy for regions lacking these resources.

• Economic: the low cost of implementation, the low maintenance cost, and diversification 
of income and production.

• Environmental: carbon sequestration, eliminating greenhouse gases, and producing water 
and energy without generating contaminant residues.

It is worth noting that the Nereu project aimed to reduce the risks of contamination in the 
oceans caused by aquiculture tailings, supported by a demand from CONAMA, which pro-
vided for the eradication of pathogenic releases to coastal areas.

The project, in an experimental phase, was built in a proto-unit system in the region of the 
Dende Coast, in the city of Jaguaripe–Bahia, Brazil, operating for 8 months, in laboratory scale, 
with the support of Funil Farm, which invested in materials and assembly, with the purpose 
of neutralizing the pathogenic elements of the pool 03AD, with volume of 3.5 m3, purge tank 
used to deposit filtration wastes from other pools. Thus, the Nereu project operated to make 
the cleaning residual water from the existing filtration system.

4.1. Techniques resulting

The Nereu project used its two reactors and seven generators with stirling engine to treat waste 
water from Funil Farm, generating energy and producing food. To perform this procedure, 
the Chiron Project was miniaturized to work with limited flow rates to meet the needs of the 
Prometheus project. Thus, the project was conceived as a pilot plant with the following technical 
characteristics: total flow: 100 l/h; CH4 flow rate: 400 l/h; and average concentration of salts: 35 g/l.

It was verified that the Nereu project consumes a total of 25.4 kWh of energy to meet the 
energetic demands of desalination and decontamination of the waste water, and the reactor 
consumption, in maximum efficiency, for CH4 pyrolysis, is 7.2 kWh, with advantages over 
other techniques, as the process does not release CO2.

The percentage of degradation of CH4 reaches the maximum value of 98.8% for an applied 
power of 7.2 kWh. In order to cope with the energy needs of the system, seven stirling engines 
of the Alpha type have been adapted which have been developed for other purposes and 
reused for the project. Thus, it was possible to adapt them for power generation, producing a 
total of 40 kWh of energy, which has its stepped drive, being connected as the energy needs 
are presented. The Nereu project consumed 54.4% of the energy produced, and 45.6% was 
made available to the electricity grid of the farm.

The C produced by the degradation of CH4 in thermal plasma has hydrophobic characteris-
tics, is amorphous and of high purity, presenting added value and can be commercialized, for 
companies producing carbon fibber and carbon nanotubes.
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In spite of the Nereu project, a miniaturized version of the Chiron project and the equip-
ment of the Prometheus project were coupled to its structure, and the average project yield 
was 79.6%.

The average yield in the project stems from the main constraint adopted in the operational-
ization and implementation of the Nereu project. In other words, due to budget constraints, 
it was only possible to use recycled materials, scrap, and/or products recovered from old 
irons.

Thus, the great problem generated by the filtration of the shrimp production ponds and 
dumped in the pool 03AD, without having a real destination for this residue, was solved with 
the Nereu project, which desalinized and sterilized this residue, producing pure water and 
gem salt, totally free of any pathogenic element. At this point, the Nereu project stands out in 
relation to the other desalination processes, because while the other systems consume energy, 
the Nereu project produces its own energy to maintain the system and to be commercialized 
in the energy market.

4.2. Economic resulting

When analyzing the feasibility of desalination projects, one should not only consider the ques-
tion of return on investment, but also the impact on the entire productive and social context, 
especially for locations lacking these resources. It is therefore of utmost importance not to 
dwell on a simplistic reading of numbers and results. The Nereu project was a predetermined 
research funded by an investor with limited resources, with a limited value of US$35,000.00 
to prove that it was technically and economically viable.

With the architecture of the project working with the thermal cycle of the H2, the nonexistence 
of the generation of residues, nor greenhouse gas emanations, in the operation of the system 
was verified. Thus, the combination of the processes added to a system of financial control 
would enable the recovery of the investment in a period of 10 months. This was made possible 
by the generation of several marketable by-products that have added value.

Throughout the Nereu project’s operating time, it was possible to operate at low production 
costs and it was observed that, based on the standards of taxes and input costs in Brazil, the 
project has a low maintenance cost, despite being fully developed with scrap. In this way, 
the average cost of the plant is low per hour of operation. The cost of each product, including 
taxes and operating costs, can be deployed as follows: pure water: US$0.12 per 1 l/h; electric 
power: US$0.037 kWh; Carbon: US$1.46 per 1 kg/h; hydrogen: US$1.46 per 1 kg/h; and rock 
salts: US$ 0.028 per 1 kg/h.

With the diversity of by-products generated, the Nereu project had a multiplicity of revenues 
that allowed the recovery of investments within 6 months, and an investment profit of around 
10.6%, despite being a basic small plant, built from scraps. These results reflect the reality of 
the Brazilian market, incidental taxes and charges, labor costs, and employed automation. 
These values will change according to the economic, fiscal, and equipment conditions present 
in each country.
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4.3. Environmental results

The development of projects based on environmental preservation attitudes is part of the 
goal plan of any research project prepared by GPAp. The goal proposed in any project of 
the research group is in the search for the development of actions with emphasis on sustain-
able development projects, the insertion of needy communities, in generation of new projects, 
always focused on the protection of the environment.

Contained in the thinking of sustainability is the possibility of change in the relationship 
between the individual and the environment. From the normative point of view, it is the nec-
essary adoption of attitudes more coherent with the demands of environmental conservation. 
Thus, the development of an education strategy that allows better relations with the environ-
ment is undoubtedly one of the most strategic and effective actions to achieve the objectives 
proposed by the notion of sustainability.

With these bases, the Nereu project was built with a sustainable development procedure, so as 
not to generate any residue and to use only what one cannot take advantage of. Using natural 
resources such as hypersaline waters, greenhouse gases and scrap, sequestering C and gen-
erating pure water. The main characterization of sustainable development is the assurance of 
environmental concern. As, the plasma reactor did not generate CO2, decomposed CH4, with 
C sequestration, which can be sold or used in the production of shrimp.

The salt produced by the Nereu project was sent for testing at the university. It was veri-
fied that there were no pathogens present in the product. This had a very relevant chemical 
balance of chlorides, iodides, sulphides, and carbonates in the mixture, similar to the rock 
salt that is produced in mines in Europe and Asia. As the salt produced was processed from 
wastewater treatments, despite being completely free of pathogens and contaminants, under 
Brazilian laws, the rock salt could only be sold for animal feed.

Thus, serious environmental problems from desalination plants, such as high energy con-
sumption, greenhouse gases, and waste generation were solved in the Nereu Project, which 
processed and neutralized greenhouse gases, generated its own energy for desalination, and 
treated the waste from the desalination process.

5. Final considerations

The Nereu project combined two different guideline projects, combining a plasma reactor for 
H2 generation, a steam desalination unit and a turbo-generator of electrical energy in a totally 
clean system. This was created to work with desalination residues. In this way, a system of 
treatment of contaminated hypersaline waters of any origin has been developed. To achieve 
these goals, the Nereu project has adopted a sustainable development rule and, consequently, 
the nonproduction of waste that damages the environment.

The Nereu project, when it unified the two projects, created a totally high sustainable and 
closed process, ensuring that the most critical points in Prometheus, which is continuity of 
energy supply and combustion for thermal energy generation, were fully met by Chiron.

Desalination242

It should be noted that the project’s application potential is directly associated with its 
uniqueness, simplicity, portability, modularity, and constructive speed, so the Nereu proj-
ect is fully applicable to work in consortium with other desalination systems, producing 
energy to sustain them and treat the waste from the filtration without the environment 
being attacked, as it works as an alternative to take advantage of the wastewater potential 
without the need for large engineering projects and civil works for its implementation. 
In addition, the generation of energy is justified by the thermal availability of the pro-
cess, compared to the conventional production of separate thermal and electromechani-
cal energy, which, from this point of view, has led to the search for the most appropriate 
technology in order to provide the highest possible energy efficiency, therefore the option 
to use stirling engines to power the generators, due to its low cost of production and ease 
of maintenance.

In the process, it was possible to determine that the most relevant costs in the project come 
from four basic factors: energy, pure water, natural gas, and oxygen, which have a much 
greater influence than other costs. In this way, the Nereu project prioritized to minimize costs 
in three of the four items, which were energy, oxygen and water, directly impacting the final 
cost of the project.

As the Nereu project produces pure water, this productive cost is minimized by using the 
water that is provided by the Chiron subproject. With this advantage in mind, stirling engines 
are used for energy production, since they can be introduced at any stage of the production 
system in order to generate energy with any existing thermal potential, minimizing costs, 
and dependence on external energy to the project, stirling engines have low production and 
maintenance costs.

Nomenclature

ANA National Water Agency

BR Brazil

HDI Human Development Index

MMA Ministry of the Environment

Ar Argon

CO Carbon monoxide

CH4 Methane

H2 Hydrogen

NG Natural gas

O2 Oxygen

CONAMA National Council for the Environment

MPA Ministry of Fisheries and Aquaculture

IBGE Brazilian Institute of Geography and Statistics
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4.3. Environmental results

The development of projects based on environmental preservation attitudes is part of the 
goal plan of any research project prepared by GPAp. The goal proposed in any project of 
the research group is in the search for the development of actions with emphasis on sustain-
able development projects, the insertion of needy communities, in generation of new projects, 
always focused on the protection of the environment.

Contained in the thinking of sustainability is the possibility of change in the relationship 
between the individual and the environment. From the normative point of view, it is the nec-
essary adoption of attitudes more coherent with the demands of environmental conservation. 
Thus, the development of an education strategy that allows better relations with the environ-
ment is undoubtedly one of the most strategic and effective actions to achieve the objectives 
proposed by the notion of sustainability.

With these bases, the Nereu project was built with a sustainable development procedure, so as 
not to generate any residue and to use only what one cannot take advantage of. Using natural 
resources such as hypersaline waters, greenhouse gases and scrap, sequestering C and gen-
erating pure water. The main characterization of sustainable development is the assurance of 
environmental concern. As, the plasma reactor did not generate CO2, decomposed CH4, with 
C sequestration, which can be sold or used in the production of shrimp.

The salt produced by the Nereu project was sent for testing at the university. It was veri-
fied that there were no pathogens present in the product. This had a very relevant chemical 
balance of chlorides, iodides, sulphides, and carbonates in the mixture, similar to the rock 
salt that is produced in mines in Europe and Asia. As the salt produced was processed from 
wastewater treatments, despite being completely free of pathogens and contaminants, under 
Brazilian laws, the rock salt could only be sold for animal feed.

Thus, serious environmental problems from desalination plants, such as high energy con-
sumption, greenhouse gases, and waste generation were solved in the Nereu Project, which 
processed and neutralized greenhouse gases, generated its own energy for desalination, and 
treated the waste from the desalination process.

5. Final considerations

The Nereu project combined two different guideline projects, combining a plasma reactor for 
H2 generation, a steam desalination unit and a turbo-generator of electrical energy in a totally 
clean system. This was created to work with desalination residues. In this way, a system of 
treatment of contaminated hypersaline waters of any origin has been developed. To achieve 
these goals, the Nereu project has adopted a sustainable development rule and, consequently, 
the nonproduction of waste that damages the environment.

The Nereu project, when it unified the two projects, created a totally high sustainable and 
closed process, ensuring that the most critical points in Prometheus, which is continuity of 
energy supply and combustion for thermal energy generation, were fully met by Chiron.
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It should be noted that the project’s application potential is directly associated with its 
uniqueness, simplicity, portability, modularity, and constructive speed, so the Nereu proj-
ect is fully applicable to work in consortium with other desalination systems, producing 
energy to sustain them and treat the waste from the filtration without the environment 
being attacked, as it works as an alternative to take advantage of the wastewater potential 
without the need for large engineering projects and civil works for its implementation. 
In addition, the generation of energy is justified by the thermal availability of the pro-
cess, compared to the conventional production of separate thermal and electromechani-
cal energy, which, from this point of view, has led to the search for the most appropriate 
technology in order to provide the highest possible energy efficiency, therefore the option 
to use stirling engines to power the generators, due to its low cost of production and ease 
of maintenance.

In the process, it was possible to determine that the most relevant costs in the project come 
from four basic factors: energy, pure water, natural gas, and oxygen, which have a much 
greater influence than other costs. In this way, the Nereu project prioritized to minimize costs 
in three of the four items, which were energy, oxygen and water, directly impacting the final 
cost of the project.

As the Nereu project produces pure water, this productive cost is minimized by using the 
water that is provided by the Chiron subproject. With this advantage in mind, stirling engines 
are used for energy production, since they can be introduced at any stage of the production 
system in order to generate energy with any existing thermal potential, minimizing costs, 
and dependence on external energy to the project, stirling engines have low production and 
maintenance costs.
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ANA National Water Agency
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HDI Human Development Index

MMA Ministry of the Environment

Ar Argon
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H2 Hydrogen
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Abstract

Multi effect solar still (MES) has a stack of multiple layers for evaporation and con-
densation. The latent heat dissipated during condensation at the front layers are 
repeatedly recycled for evaporation at the back layers to increase overall desalination 
productivity. Despite of high efficiency and long history, MES has not been widely 
used yet, because of relative high cost. In this chapter, newly designed MES is intro-
duced. Since it has low cost, light weight material and simple structure, it could be 
easily mass even at less developed country. The cost of production for a 1 m2 unit is 
expected to be less than 300 USD. Structural features are introduced with experimental 
result which was outdoor tested with homemade lab prototype with 0.219 m2 effec-
tive area. 9kg/m2 per day of fresh water was obtained at sunny day (19.5MJ/m2) in 
Seoul, Korea, which is close to WHO’s recommended minimal daily water supply for 
individuals (7.5~15 liters). For more practical implementation, further development on 
prototype and production process should be made as well as long term outdoor test 
under actual climate it would be used. Worldwide collaboration would be necessary 
for speeding up implementation.

Keywords: solar still, multi-effect solar still, desalination, low cost, appropriate 
technology, water purification, mass production, small scale, renewable energy, solar 
heat, personal, individual

1. Introduction

Various desalination methods have been developed since clean water is one of the most vital 
resources for human life. Generally, the unit cost of fresh water production tends to decrease 
dramatically, as the total scale of production has increased [1]. Therefore, mega-desalination 

© 2017 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.
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plants have become a popular trend in modern civilization. However, smaller scale desalina-
tion is still important for many applications: (i) It could supply water in remote areas where 
a water supply line is hardly available. (ii) It would be useful for people who cannot afford 
large investment for a water plant. (iii) It could also be useful as a temporal water source for 
many people, such as nomads, campers, sailors, or survivors of various disasters.

Thanks to modern technology development, efficient small-scale desalinators became fre-
quently used. Portable reverse osmosis water purifiers powered by electric or fuel engine 
are commonly used instruments for such purposes. However, such instruments are still too 
expensive, hard to supply energy source or difficult to maintain for many people in the world, 
who cannot afford substantial budget, resource or education. For such cases, the desalination 
method is appropriate technology, which is affordable to the actual users in do-it-yourself 
(DIY) style and would be a more realistic option than the expensive high-technology solution.

Solar stills are one of the simplest ways of desalination. In solar still, saline water is evapo-
rated by solar heat and condensed to become fresh water. Though it is old, primitive tool, 
but is still useful for many people. It can be simply made out of low-cost common material, 
such as plastic sheet or bottles. Therefore, it could be easily installed and operated with do-
it-yourself manner. Various solar stills were made and used for long history [2–6]. However, 
the extreme low productivity has limited its application only to emergency or temporal water 
source. Considering that the latent heat of water vapour is about 540 cal/g or 2.26 kJ/g and 
assuming solar energy per unit area as 1 kJ/s m2 (equivalent to 1 sun, which is nominal full 
sun intensity on bright clear day on earth), we may get about 1.6 kg of distilled water with 1 
m2 solar still in an hour. However, even this is only a theoretical maximum value. In reality, 
only few cups of fresh water could be obtained daily, since there is additional energy loss by 
vapour leakage or heat dissipation. Though several cups of water should be valuable to save 
thirsty sufferer, but it might not be enough for sustainable use in everyday life. Of course, we 
can enlarge the area of solar still to increase water production. However, in many cases, sunny 
land is also finite resource to be occupied only by solar still.

As shown in Table 1, WHO, the world health organization, recommended 2.5–3 L of drinking 
water per day per person for survival, including the basic hygiene and cooking purpose, at 
least 7.5–15 L per day per person is required [7].

Type of need Quantity Comments

Survival (drinking and food) 2.5–3 lpd Depends on climate and individual 
physiology

Basic hygiene practices 2–6 lpd Depends on social and cultural 
norms

Basic cooking needs 3–6 lpd Depends on food type, social and 
cultural norms

Total 7.5–15 lpd Lpd: Litres per day

Table 1. Minimal amount of fresh water required for a human living, recommended by the World Health Organization.
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Therefore, substantial improvement of productivity should be made on solar still for more 
practical applications. Multi-effect solar still (MES) was developed to overcome this low pro-
ductivity problem, by recycling wasted latent heat repeatedly [8–27]. As shown in Figure 1, in 
MES, multiple layers of evaporating wicks and condensing surface are stacked together [14].

Saline water flowing through first evaporation wick is partially evaporated, while the con-
densed saline water is drained out. The water vapour condensed on the first condensation 
surface would be collected as fresh water. During the condensation process, dissipated latent 
heat is reused to evaporate saline water running on the second evaporation wick. By repeat-
ing this process on multiple layers, the overall water productivity is very much increased. 
The Tanaka’s group proved both theoretically and experimentally that MES can produce over 
10–20 L of fresh water per day with a square metre effective area [8], which is comparable 
amount to that WHO recommended.

Though MES has more than half century history [2, 3] and performance verification, it is not 
widely used on practical application yet because of relatively high cost. Metal plates covered 
with fabric, glass cover, metal or wooden frames and airtight vapour sealants were commonly 
used materials for traditional MES system. Though they enable rigid and effective MES struc-
ture, but still they are relatively expensive and heavy material, which increase overall system 
cost.

Figure 1. Typical structure of MES. Saline water in upper troughs (114, 124, 134, 144) flows through evaporation wicks 
(112, 122, 132, 142) and condensed on the condensation surfaces (121, 131, 141) to be collected through the collectors 
(123, 133, 143).
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Figure 1 represents typical inner structure of MES. It may include upper saline water trough, 
vapour condensing plates, wicks where the saline water evaporates, condensed fresh water 
collecting guide trough. The structures are packed in sun light passing windows and housing.

For higher productivity in MES, intervals between each evaporation wick and condensing 
surface should be minimized [9, 11]. However, if the distance is too short, the layers could 
touch each other, so that water droplet on the condensing surface can move to evaporation 
wick, which causes loss of distilled water. Similarly, if the saline water overflow into condens-
ing surface, serious contamination of produced water could be occurred. Therefore, the wick 
and condensing surface should be securely isolated by air gap. Despite air gaps between the 
layers, there is always a chance of contact within layers because of impact, vibration, and 
gravitational deformation. To minimize such deformation, various approaches were made. 
Rigid metallic plates were commonly used for stable condensing layer. However, it resulted 
in increase of cost and system weight. Spacers were placed between the layers [4]. However, 
water droplet may flow back to wick along the spacer if too much spacers were applied, which 
may reduce productivity. The layers were placed vertically to avoid gravitational deforma-
tion [8–13]. However, it may increase discrepancy between solar incident angle to the system 
window, which reduces solar energy usage. Reflecting mirrors [12, 24] or tilted window [8, 9, 
13, 27] could be placed in front of the vertical layers to maximize solar intensity. However, it 
may increase the system cost.

To solve this high-cost problem, new MES was designed and tested. To reduce production cost, 
alternative light-weight and low-cost material was used instead of such expensive materials. 
Structure of each component was also designed for easier mass production, which may reduce 
cost. In the next section, the materials and structure of the low-cost MES would be described.

2. Structure and material of the low-cost MES

2.1. Design of the wick/condenser laminated film layer

In this work, flexible thin plastic film laminated to black fabric wick was used instead of stainless 
plate covered with fabric wick [14, 15]. The laminated film is obviously low-cost, light-weight 
alternative than metallic plates. It could be produced by roll-to-roll process, which is mass pro-
duction favourable. The laminated film was folded like origami as shown in Figure 2 [14].

Evaporation wick, condensation surface, upper saline water trough, condensed water guiding 
channel and concentrated saline water draining guide could be included in this single origami 
structure. Mixing the fresh and saline water at the end of draining guide could be avoided by 
folding the edge of the film. This simple structure and process may enable mass production 
and reduce the production cost.

2.2. Design of the spacer layer

Flexible wick/condensing layer is vulnerable for deformation which causes mixing back the 
fresh and saline water. Therefore, specially designed spacers are required for this system. In 
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other hands, tight vapour sealing and thermal insulation are essential for assuring high pro-
ductivity. In this system, sealing, spacers and inner frames altogether are constructed in one 
structure, the spacer layer. Its structural features are shown in Figure 3 [14].

Vertically elongated spacers are connected to upper and lower parts of the frame. The spacer 
layer has following roles.

Role 1: Internal framework for the MES

It has a role of internal framework structure standing for each layer of evaporation wick/con-
densation layer film. The spacer layers and wick/condensing films are alternately stacked as 
shown in Figure 4. Though the film is too flexible to be stand alone, the film-spacer combined 
layer is stiff enough to be stand. The stiffness increases by stacking multiple layers.

Role 2: Fixture for the vertical spacers

The frame holds each vertical spacer in right position and orientation. To avoid a layer’s film 
touching the next layer film, it is important that each spacer on a layer should be exactly 
superposed on top of the next layer’s spacer.

Figure 2. The origami structure of wick/condenser layer. Each part of the structure would have role of the evaporation 
wick (A), condensing surface (B), saline water feeding trough (or pocket) (C), condensed fresh water guiding channel (D) 
and draining guide which separate the fresh water and waste water (F).
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other hands, tight vapour sealing and thermal insulation are essential for assuring high pro-
ductivity. In this system, sealing, spacers and inner frames altogether are constructed in one 
structure, the spacer layer. Its structural features are shown in Figure 3 [14].

Vertically elongated spacers are connected to upper and lower parts of the frame. The spacer 
layer has following roles.

Role 1: Internal framework for the MES

It has a role of internal framework structure standing for each layer of evaporation wick/con-
densation layer film. The spacer layers and wick/condensing films are alternately stacked as 
shown in Figure 4. Though the film is too flexible to be stand alone, the film-spacer combined 
layer is stiff enough to be stand. The stiffness increases by stacking multiple layers.

Role 2: Fixture for the vertical spacers

The frame holds each vertical spacer in right position and orientation. To avoid a layer’s film 
touching the next layer film, it is important that each spacer on a layer should be exactly 
superposed on top of the next layer’s spacer.

Figure 2. The origami structure of wick/condenser layer. Each part of the structure would have role of the evaporation 
wick (A), condensing surface (B), saline water feeding trough (or pocket) (C), condensed fresh water guiding channel (D) 
and draining guide which separate the fresh water and waste water (F).
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Maintaining regular spacer orientation is also necessary. As shown in small circles in Figure 3, 
the cross sections of the spacers were designed to have sharp angles (less than 90°) towards the 
contacting plane of the vapour condensing surface. Though most of the condensed water drop-
lets drip down straight on the condensing film, some droplet could stagger out while confront-
ing minor defects on the film surface. Staggering motion may increase chance of the droplet hit 
the spacer. Once touching the spacer, the droplet would be trapped and flow along the sharp-
angled crevice by surface tensional force. As long as it was trapped in the crevice, it would not 
flow back into the saline water running wick. Therefore, it is important that the spacer to be 
oriented to maintain the crevice located on condensation surface.

For lab prototype, 5-mm thick polystyrene foam board was hand carved with a knife to make 
the spacing layer, as shown in Figure 5. While carving, edges of the spacers were shaped to 
be 60° angle.

In case of mass production, the foam board could be cut by die press machine (commonly 
called as Thompson die cutter, a press with pre-shaped knife for cutting soft sheet). While 
pressing the knife into the foam board, edges of the cutting perimeter are automatically 
slightly collapsed as round shape, which makes sharp angle at the contact point between the 
spacer and condensing surface.

Figure 3. Structure of the spacer layers. The vertical spacers are connected to the perimeter frame. Small pictures in 
circles represent cross section of the spacers (332) which touches the condensing surface (310) laminated to the wick 
(320).
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Role 3: Gasket for vapor and heat 

The frame also has a role of gasket and heat insulator which minimize heat and vapour 
leakage from the system. Since it is made out of soft material, foam board, leakage could be 
avoided by simply pressing the stacks without using additional sealant. It simplifies assembly 
process and reduces production cost.

Role 4: Guide of the condensed fresh water

Bottom part of the frame (Figure 3) is slightly tilted to the upper part of the frame (Figure 3). 
The upper part of the frame has role of a cross beam, holding saline water containing trough 
(or pocket) in Figure 2. Bottom part of the frame has role of condensed water dripping guide. 
There are multiple grooves on the bottom frame contacting the condensing film. These grooves 
are for guiding the collected water to be easily flow into the condensed water-guiding channel. 
Without grove, condensed water could overflow towards the wick, if too much fresh water 
produced.

Figure 4. Alternately stacked wick (coloured black)/condenser (coloured grey) film and the spacer layer (coloured as 
checkerboard).
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2.3. Design of the saline water distributer to each wick

Since the evaporation process on each layer repeatedly recycles the latent heat dissipated 
from the front layer, energy usage of each layer is different. Generally, the layer closely fac-
ing sun has more energy for distillation. Therefore, distribution of saline water in proper 
amount to each layer is critical for high productivity. The Tanaka group did intensive study 
on how to optimize water distribution, both theoretically and experimentally [8, 11]. They 
used multiple capillaries with different length to control amount of saline water feed to each 
layer. Longer capillary reduces flow rate, while short one leads higher flow rate. This is a very 
useful method, but further simple structure was used in this chapter. A piece of cotton fabric 
was vertically cut with different width as shown in Figure 6.

One end of the piece was immersed in saline water feeding container, and other shredded 
ends were inserted on the saline water pockets (Figure 2) of each layer. Saline water flows 
along the cotton fabric due to capillary force. Since the flow rate may proportional to the 
width of the fabric, allocated ratio of saline water to each layer could be simply controlled by 
controlling shred width of the fabric.

2.4. Durability and maintenance of the system

Heat loss should be minimized for higher productivity in MES. Especially for the current 
structure, it is important to insulate the front and back sides of the layer stacks, since the sides 
of stacks are partially insulated already by the frame of spacer layer. Thick (comparable to 10 
cm) extended polystyrene foam plate or commercially named as “Isopink” could be placed 
on the back side of the layer stack. It is commonly used as a construction material for build-
ing insulation. For the front window, air-gap window, such as 18 mm thickness, triple layer 
air-gap polycarbonate could be placed (Figure 7). This window material, commercially called 

Figure 5. Hand carved spacers.
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Figure 6. Structure of the low-cost water feeding distributer to each wick.

Figure 7. Cross section of the triple layer air-gap polycarbonate window (bottom) and extended polystyrene foam board 
(up).
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Lexan, is frequently used for greenhouse construction. At the outdoor test, described in the 
next section, no significant degradation was observed, after leaving the prototype exposed to 
outdoor climate for more than half year. Though no further long-term stability test was made 
with this system yet, I expect certain level of environmental durability, since both Lexan and 
Isopink are already market proven as construction material.

Commercial polycarbonate windows are well known for toughness and UV resistance. 
Therefore, it might be stable for long period. If polycarbonate window is not available, stacks 
of glass plated with air gap, which has even higher UV resistance, could be used. However, 
extended polystyrene foam board is somewhat vulnerable to UV light. Though core parts 
of the system are protected from direct UV light, external case could be damaged for long 
period. For such case, the housing could be covered with other UV-blocking materials, such 
as paint or clay. The wicks are protected by UV-resistant window. However, long-term expo-
sure under strong sunlight with continuous water dripping may lead black colour fading 
out. For that case, the front-most layer could be replaced with the inner layer periodically, 
since the inner layers are more protected from the UV light, and all the layers are designed 
to be exactly of same shape. Assuming that the system has 10 layers, and the front-most layer 
should be replaced after every 2 years, one system can be used for 20 years [23]. For this 
purpose, the system should have simple structure for assemble and disassemble. Window, 
stack of the layers and insulating back plates could be assembled by using common string 
or tie through holes, premade on each component. Unskilled users would be able to do the 
maintenance without special tool.

2.5. Installation of the system

Earlier MES models were commonly positioned to receive maximum solar energy during the 
year. With this structure, the evaporation/condensation layer stack was naturally tilted from 
the gravitational field. However, gravitational deformation of layers could be caused at the 
MES. It may cause contact of fresh water droplet to the wick or failure of the system.

As the structure proposed in this chapter, such failure would be minimized because of the 
spacer layers. Therefore, the system could be placed towards sun side with tilted angle 
(Figure 8).

Following the structure described in this section, dry weight of the 1 m2 system with 10 layers 
may not exceed 20 kg, since it has only light-weight material. (Actually, I got 15 kg mock-
up system, with the window, the 10-layer stack and insulator layer, as shown in Figure 9.) 
Therefore, the user could easily carry and install in DIY manner.

2.6. Expected cost and further cost down

Production cost for the described MES system is estimated in Table 2 [15]. Material cost could 
be much lower, if we have massive economy of scale. Further cost down could be made, 
if lower cost alternative materials are available nearby. For example, multi-layer (air gap) 
polycarbonate window is relatively expensive material. It could be replaced with plane win-
dow and transparent air-bubble wrap which are inexpensive packing materials for wrapping 
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Figure 8. MES system installed tilted 45°.

Figure 9. One square metre effective area MES prototype with 10 layers, whose weight is 15 kg.
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Item Expected cost Comment

Housing 50 USD Window and insulator housing

Inner parts 180 USD Stacks with 10 layers of spacers, 
wick/condensing film

Flow controller 30 USD Feeding rate controller, hoses and 
container

Processing cost 40 USD Labour and instrumental cost

Total 300 USD Model for 1 m2 effective area, which 
supplies about 10 kg/day fresh water

Table 2. Estimated production cost of the MES system.

parcels. The material and design could be modified reflecting the best condition where the 
system would be produced and used.

3. Lab prototype and its outdoor test result

A MES prototype was handmade using the structure described in previous section for testing 
its practical feasibility.

Black fabric laminated with plastic film was cut and folded to make the evaporation/conden-
sation layer. Five-millimetre thick polystyrene foam board was used to make the spacer layer. 
It could be either carved out from one large sheet or assembled from small parts of the frames 
and thin spacers (Figure 10). It may be easier to make the layer by assembling small parts 

Figure 10. Hand carved and assembled spacer layer (A) and die pressed spacer layer (B).
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(and also, save the foam board material), if made with hand one by one. However, for mass 
production, cutting out from one large sheet by die press would be easier.

The spacer layers were alternately sandwiched with the evaporation/condensation film, while 
the condensation surface facing the sharp edge of the spacer. Ten identical spacer-film lay-
ers were made and stacked. The stack was sandwiched between 1.8-cm triple layer air-gap 
polycarbonate (Lexan) window and 10 cm polystyrene foam board, by cable tie or box tape. 
Box tape is useful for short-term usage but may not be a good choice for long-term test, since 
it would be deteriorated by UV. Common ropes are more recommended. A piece of shred 
cotton fabric was used for the capillary water distributer. Gutter was placed to collect all the 
draining fresh water and concentrated waste water in separate beakers (Figure 11).

The prototype has 0.219 m2 active area (27 cm width and 81 cm height) with 10 multi-effect lay-
ers. It was placed in relatively non-shaded place in Seoul, Korea (North 37° 34′, East 126° 58′), 
45° tilted from the vertical position, facing south (Figure 12).

Ambient and inner temperature was measured by thermocouples. For inner temperature 
measurement, position between first and second layers as well as position backside of the last 
layer was chosen. Two water collecting beakers were placed on top of load cells to measure 
weight of fresh and concentrated water drained. A pyranometer was placed as same tilting 
angle (45°) as the prototype, for measuring solar irradiation. All the data were automatically 
collected by computer every minute.

Figures 13–15 show the result on a sunny day (On 7 July 2014, the daily accumulated solar 
intensity was measured as 19.5 MJ/m2). It shows that it can produce fresh water about 9 kg/L 
per m2 day or 0.46 kg/MJ. On a partially cloudy day (30 July 2014, the daily accumulated solar 
intensity was measured as 13.7 MJ/ m2), it was reduced to 5.7 kg/L per m2 day or 0.41 kg/MJ 
(Figures 16–18).

Figure 11. Collecting fresh water from each layer by a gutter.
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Figure 12. Experimental setup of the prototype MES outdoor test.

Figure 13. Flow rate (normalized to unit area, 1m2) of the fresh (red, the lower curve at the range after 15:00 PM) and 
wasted (black, the upper curve at the range after 15:00 PM) water verses time by the MES, measured on a sunny day, 
July 7th, at Seoul Korea.
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Figure 14. Solar irradiation measured at same day and location in Figure 13.

Figure 15. Temperature of ambient (blue, the lower curve at the range between 12:00 to 16:00 PM), backside of the last 
layer (red, the middle curve at the range between 12:00 to 16:00 PM) and backside of the first front layer (black, the upper 
curve at the range between 12:00 to 16:00 PM) measured at same day and location in  Figure 13.
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Figure 16. Flow rate (normalized to unit area, 1m2) of the fresh (red, the lower curve at the range after 16:00 PM) and 
wasted (black, the upper curve at the range after 15:00 PM)water verses time by the MES, measured on a partially cloudy 
day, July 30th, at Seoul, Korea.

Figure 17. Solar irradiation measured at same day and location in Figures 16.
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This is somewhat smaller number than previous result reported from other group, who showed 
that 10–20 kg/m2 day was obtained [4]. However, considering that the system is not well opti-
mized yet, it would be a good starting point, proving the practical feasibility. There are still many 
ways that remain to improve productivity. One example is to optimize and control saline water 
feeding rate. The Tanaka group showed that proper saline water feeding rate is very critical for 
high productivity [8, 12]. Too much feeding may cause bad productivity, because the saline 
water would be drained before it gains enough energy for evaporation. Too low feeding rate 
may cause dry out of the wick, so the system itself could be deteriorated by salt crystal. It was 
recommended that ratio between fresh water and concentrated water should be around 1:1. As 
shown in both Figure 13 and Figure 16, this ratio was not controlled well enough yet, especially 
from around 15:00 O’clock. Better control on water flow may increase productivity. Further 
optimization on the feeding water distribution towards each layer would also lead higher pro-
ductivity. Though shred fabric distributer, described in the previous section, was applied on this 
prototype, there are still room for further optimization of the shred width for each layer.

4. Miscellaneous comments on the experiment

4.1. Checking salt contamination of the condensed water

To avoid salt contamination, saline water in the wick should not flow into condensation layer. 
Fortunately, in most cases, it is automatically avoided since capillary force in the wick captures 

Figure 18. Temperature of ambient (blue, the lower curve at the range between 15:00 to 18:00 PM), backside of the last 
layer (red, the middle curve at the range between 15:00 to 18:00 PM) and backside of the first front layer (black, the upper 
curve at the range between 15:00 to 18:00 PM) measured at same day and location in  Figure 16.
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wasted (black, the upper curve at the range after 15:00 PM)water verses time by the MES, measured on a partially cloudy 
day, July 30th, at Seoul, Korea.

Figure 17. Solar irradiation measured at same day and location in Figures 16.
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This is somewhat smaller number than previous result reported from other group, who showed 
that 10–20 kg/m2 day was obtained [4]. However, considering that the system is not well opti-
mized yet, it would be a good starting point, proving the practical feasibility. There are still many 
ways that remain to improve productivity. One example is to optimize and control saline water 
feeding rate. The Tanaka group showed that proper saline water feeding rate is very critical for 
high productivity [8, 12]. Too much feeding may cause bad productivity, because the saline 
water would be drained before it gains enough energy for evaporation. Too low feeding rate 
may cause dry out of the wick, so the system itself could be deteriorated by salt crystal. It was 
recommended that ratio between fresh water and concentrated water should be around 1:1. As 
shown in both Figure 13 and Figure 16, this ratio was not controlled well enough yet, especially 
from around 15:00 O’clock. Better control on water flow may increase productivity. Further 
optimization on the feeding water distribution towards each layer would also lead higher pro-
ductivity. Though shred fabric distributer, described in the previous section, was applied on this 
prototype, there are still room for further optimization of the shred width for each layer.

4. Miscellaneous comments on the experiment

4.1. Checking salt contamination of the condensed water

To avoid salt contamination, saline water in the wick should not flow into condensation layer. 
Fortunately, in most cases, it is automatically avoided since capillary force in the wick captures 

Figure 18. Temperature of ambient (blue, the lower curve at the range between 15:00 to 18:00 PM), backside of the last 
layer (red, the middle curve at the range between 15:00 to 18:00 PM) and backside of the first front layer (black, the upper 
curve at the range between 15:00 to 18:00 PM) measured at same day and location in  Figure 16.
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the saline water. However, if too much saline water flows into the system abruptly, which 
could not be kept within the fabric, of course it may overflow into the condensation layer.

To check any trace of salt contamination, simple method could be used [15]. Diluted basic 
solution, such as aqueous sodium hydroxide solution, could be mixed with the saline water, 
which would be desalinated by the system. Since even small trace of hydroxide ion increases 
pH of the solution, it can be easily noticed if the distillates contaminated by salt. Of course, 
evaporable pH altering material, such as hydrochloric acid, should not be used for such pur-
pose, since it could be evaporated at the wick to change pH of the condensed water.

4.2. Operation of the MES in cold weather

With good insulation and tight seal, inner temperature of the MES was observed to be more 
than 70–80°C under sun, even below freezing point ambient temperature. This is high enough 
temperature for water evaporation. However, it is generally not recommended to use it under 
freezing climate. Though the temperature inside of MES is high under sun, it may freeze dur-
ing night, which may damage the system if repeated for a longer period. In addition to that, 
the drained water could be frozen at the outlet of MES at cold weather. At the winter, I found 
icicles underneath the prototype, which mixed back the purified and concentrated water.

5. Mass production in less-developed country and potential application 
of the MES

Most of the other competing, small-scale solar desalination instrument requires relatively 
high-end technology and expensive facility to produce each component, such as nano-porous 
membrane for reverse osmosis, photovoltaic modules, vacuum tubes etc. It makes less-devel-
oped societies difficult to self-supply the tool by themselves. However, MES prototype intro-
duced in this chapter was handmade with elementary tools and materials, such as hand knife, 
polystyrene foam board and fabrics laminated on plastic film. In other word, it can be rela-
tively easily prepared and studied with minimum budget. In addition to that, it is also easy 
to be mass produced, not only in advanced countries but also in less-developed countries. 
Therefore, MES supplying chain could be easily made at the actual countries, where the low-
cost small-scale desalination is necessary, regardless of its industrial level.

Wick/condensation layer could be mass produced by roll-to-roll lamination of fabric on plas-
tic film. Lamination process itself is not a high-tech engineering. It would be affordable to 
most of the underdeveloped countries. However, if it is still too difficult to be manufactured 
by local industry, laminated material could be produced in more-developed region and then 
transported to the local producers who do not have expensive machineries. Since the film is 
light weight and small volume, it is easy to be transported. By the local maker, the sheet mate-
rial could be cut, folded and assembled with relatively low-labour cost.

Similar approach could be made to the spacer layers. It could be mass produced with foam 
board by die-cutting press. Any other type of cutters could be used, if the press is not avail-
able. Other raw materials, such as foam insulators and windows, are common material for 
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construction, which would be available on most part of the world. All the materials, processes 
and structures could be modified by the developers reflecting the industrial condition of each 
one. Because of this industrial flexibility, MES could be useful self-producible desalination 
tool for many countries.

5.1. Potential applications of the low-cost MES

Low-cost multi-effect solar still could be mostly useful for supplying fresh water for individu-
als or family who cannot access to public water work. Residents near salty or contaminated 
water source, remote island or seashore could use this tool. However, it could be useful for 
public or national level also, not only limited to the individual level. It could be a part of 
social infrastructure: for example, it can replace highway divider or fences in desert or bridge 
over sea. Fresh water supplied by MES could be used to cultivate plants along the road. It 
can be used for fence/wall around buildings or districts to provide fresh water for planting 
or for citizens. MES modules would also be made in form of tile or curtain walls of buildings. 
Similar to that photovoltaics module could be part of external surface of buildings (building 
integrated photovoltaics: BIPV), MES could be part of building (building integrated desali-
nation: BIDSAL), which can produce fresh water for the residents [15]. MES could also be 
useful as public stockpile against natural disaster or terrorism, in case of existing water line 
malfunctioning.

6. Suggestion for future work

The MES system introduced in this chapter has both aspects of individuality and publicity. 
The system could be used as personal water supplier. It could be made, operated and main-
tained personally without assistance of high-tech industry. However, on the other hands, the 
system could be more easily produced with lower cost and widely implemented, if mass pro-
duction industry supports. Once mass produced in low cost, it could be a practical solution to 
the potable water deficiency problem for large part of the world.

Not only the production and application, research and development of the MES has both indi-
vidual and public aspects. Initially, I started to develop the low-cost MES as a private project. 
Because of relatively low material cost and simple measuring instrument, it was an executable 
project for even an individual. Therefore, I expect that developing MES is relatively easily 
accessible subject to many other researchers in the world, regardless of their financial status 
or infrastructure. Every future users, producers or developers of MES in the world may be in 
different condition: climate; social necessity; industrial level and raw material cost. Therefore, 
they may need to develop their own optimized system, reflecting their own specific status. 
Meanwhile, they can share the new findings with others, for worldwide collaboration.

The structure and material introduced in this chapter are just an initial example of low-cost 
MES. There are many steps that remain before implementation. Further optimization and 
structural improvement should be made. Practical size prototype should be developed. Long-
term stability should be proven by outdoor test under actual climate where the product to 
be used. Mass production process should be established, reflecting the industrial condition 
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the saline water. However, if too much saline water flows into the system abruptly, which 
could not be kept within the fabric, of course it may overflow into the condensation layer.

To check any trace of salt contamination, simple method could be used [15]. Diluted basic 
solution, such as aqueous sodium hydroxide solution, could be mixed with the saline water, 
which would be desalinated by the system. Since even small trace of hydroxide ion increases 
pH of the solution, it can be easily noticed if the distillates contaminated by salt. Of course, 
evaporable pH altering material, such as hydrochloric acid, should not be used for such pur-
pose, since it could be evaporated at the wick to change pH of the condensed water.

4.2. Operation of the MES in cold weather

With good insulation and tight seal, inner temperature of the MES was observed to be more 
than 70–80°C under sun, even below freezing point ambient temperature. This is high enough 
temperature for water evaporation. However, it is generally not recommended to use it under 
freezing climate. Though the temperature inside of MES is high under sun, it may freeze dur-
ing night, which may damage the system if repeated for a longer period. In addition to that, 
the drained water could be frozen at the outlet of MES at cold weather. At the winter, I found 
icicles underneath the prototype, which mixed back the purified and concentrated water.

5. Mass production in less-developed country and potential application 
of the MES

Most of the other competing, small-scale solar desalination instrument requires relatively 
high-end technology and expensive facility to produce each component, such as nano-porous 
membrane for reverse osmosis, photovoltaic modules, vacuum tubes etc. It makes less-devel-
oped societies difficult to self-supply the tool by themselves. However, MES prototype intro-
duced in this chapter was handmade with elementary tools and materials, such as hand knife, 
polystyrene foam board and fabrics laminated on plastic film. In other word, it can be rela-
tively easily prepared and studied with minimum budget. In addition to that, it is also easy 
to be mass produced, not only in advanced countries but also in less-developed countries. 
Therefore, MES supplying chain could be easily made at the actual countries, where the low-
cost small-scale desalination is necessary, regardless of its industrial level.

Wick/condensation layer could be mass produced by roll-to-roll lamination of fabric on plas-
tic film. Lamination process itself is not a high-tech engineering. It would be affordable to 
most of the underdeveloped countries. However, if it is still too difficult to be manufactured 
by local industry, laminated material could be produced in more-developed region and then 
transported to the local producers who do not have expensive machineries. Since the film is 
light weight and small volume, it is easy to be transported. By the local maker, the sheet mate-
rial could be cut, folded and assembled with relatively low-labour cost.

Similar approach could be made to the spacer layers. It could be mass produced with foam 
board by die-cutting press. Any other type of cutters could be used, if the press is not avail-
able. Other raw materials, such as foam insulators and windows, are common material for 
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construction, which would be available on most part of the world. All the materials, processes 
and structures could be modified by the developers reflecting the industrial condition of each 
one. Because of this industrial flexibility, MES could be useful self-producible desalination 
tool for many countries.

5.1. Potential applications of the low-cost MES

Low-cost multi-effect solar still could be mostly useful for supplying fresh water for individu-
als or family who cannot access to public water work. Residents near salty or contaminated 
water source, remote island or seashore could use this tool. However, it could be useful for 
public or national level also, not only limited to the individual level. It could be a part of 
social infrastructure: for example, it can replace highway divider or fences in desert or bridge 
over sea. Fresh water supplied by MES could be used to cultivate plants along the road. It 
can be used for fence/wall around buildings or districts to provide fresh water for planting 
or for citizens. MES modules would also be made in form of tile or curtain walls of buildings. 
Similar to that photovoltaics module could be part of external surface of buildings (building 
integrated photovoltaics: BIPV), MES could be part of building (building integrated desali-
nation: BIDSAL), which can produce fresh water for the residents [15]. MES could also be 
useful as public stockpile against natural disaster or terrorism, in case of existing water line 
malfunctioning.

6. Suggestion for future work

The MES system introduced in this chapter has both aspects of individuality and publicity. 
The system could be used as personal water supplier. It could be made, operated and main-
tained personally without assistance of high-tech industry. However, on the other hands, the 
system could be more easily produced with lower cost and widely implemented, if mass pro-
duction industry supports. Once mass produced in low cost, it could be a practical solution to 
the potable water deficiency problem for large part of the world.

Not only the production and application, research and development of the MES has both indi-
vidual and public aspects. Initially, I started to develop the low-cost MES as a private project. 
Because of relatively low material cost and simple measuring instrument, it was an executable 
project for even an individual. Therefore, I expect that developing MES is relatively easily 
accessible subject to many other researchers in the world, regardless of their financial status 
or infrastructure. Every future users, producers or developers of MES in the world may be in 
different condition: climate; social necessity; industrial level and raw material cost. Therefore, 
they may need to develop their own optimized system, reflecting their own specific status. 
Meanwhile, they can share the new findings with others, for worldwide collaboration.

The structure and material introduced in this chapter are just an initial example of low-cost 
MES. There are many steps that remain before implementation. Further optimization and 
structural improvement should be made. Practical size prototype should be developed. Long-
term stability should be proven by outdoor test under actual climate where the product to 
be used. Mass production process should be established, reflecting the industrial condition 
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of the producers. Supply chain of raw materials should be established. Local or worldwide 
distribution of the product should be done with proper instruction of operation and mainte-
nance to the final users. These tasks could be done with international collaboration, especially 
including the groups in the country where the system has to be implemented. Main purpose 
of writing this chapter is to suggest active collaboration all over the world. Collaboration 
between private, public or international supported groups would be helpful for MES imple-
mentation. I will also be very happy to be part of the collaboration. Furthermore, it would be 
helpful to mitigate potable water deficiency problem in the world. Beauty of solar still would 
be that it may quench thirst of anybody, whether he or she is a drinker or a developer.
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