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Preface

Protection of water sources has been a major problem for human beings since the industrial
revolution. Water demand is also increasing day by day by the increasing population and
industrial production. Increasing needs cause increasing water pollution. Briefly, we have to
protect our planet not only as a source of water, but also because it is the habitat for many
living species.

In this book, necessary theoretical knowledge and experimental results on water and water
pollution are given. Its 11 chapters provide a wide variety of topics. Elgammal and Ibrahim
discuss the recent drifts in pH-sensitive reverse osmosis membranes for water reuse in their
chapter. Parallel to the increasing importance of membrane processes, Nomngongo discuss‐
es the membrane process usage potential on wastewater treatment. Kiril Mert, Aydiner, Do‐
gan, and Goral present the efficient removal of micropollutants from wastewater by
membrane bioreactors. Camcıoglu and Ozyurt investigate the applications of combined
electrocoagulation and electro-oxidation treatment to industrial wastewater. Samir, Ajeel,
and Chelliapan evaluate the treatment of textile wastewater using a novel electrocoagulation
reactor design in their study. Lopez-Maldonado and Oropeza-Guzman’s chapter offers an
innovative study on coagulation/flocculation processes using biopolyelectrolytes for water
reuse. Popescu, Popa, Sendrescu, Roman, Petre, and Selisteanu discuss distributed control
systems for a wastewater treatment plant and also give case study results on advanced con‐
trol solutions. Kim and Choi present a new design technique for a single-channel pump for
wastewater treatment in their study. Mathews and Sithebe evaluate the role of bacteria on
the breakdown of recalcitrant polychlorinated biphenyl compounds in wastewater. Han,
Qiao, and Wu show an intelligent modeling approach to the prediction of effluent quality of
wastewater treatment processes in their chapter. Sustainable sorbent materials obtained
from orange peel as an agricultural waste and alternative sorbents for water treatment are
presented by Robles, Tovar, and Godinez.

I would like to give my special thanks to Ms. Ivana Glavic for great support during the pub‐
lishing of this book. I want to thank my mother, wife, and children for their support
throughout my life.

Assoc. Prof. Dr. Taner Yonar
Engineering Faculty

Environmental Engineering Department
Uludag University

Bursa, Turkey
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Abstract

Preparation of some smart PAm-ZTS pH-responsive membranes, via reactions between
ZTS and PAm under different conditions, was conducted for testing pressure-driven
reverse osmosis membranes (PDROMs) in active rejection of Ce4+, Pr3+, Sm3+, Gd3+, Dy3+,
and Ho3+ ionic lanthanide species in their 3+ and 4+ states. Recent theoretical models to
designate the membrane operations were mathematically itemized, after selective charac-
terization of the PDROMs. The pH scale response of the membrane was confirmed using
static adsorption and hydraulic pervasion result estimations. The flux across the PAm-
ZTS membrane decreased with the lowering pH value, with drastic decreases between pH
4 and 7, and was both reversible and durable with pH shifts between ~3 and ~8. At lower
pH 3, the individual pores were in a closed-state due to the prolonged structure of
the amide chains on the porous surfaces. In contrast, at pH 8, the higher pH value, the
membrane pores were in an open-state format, because of the collapsed structures of
the amide chains. This grants a clear possible approach for manufacturing some pH-
responsive composite membranes and inspires further design for their stimuli-responsive
actions by incorporating molecularly designed macromolecules, synthesized by controlled
polymerization.

Keywords: pH-responsive membranes, preparation, characterization, morphology, zeta
potential, lanthanides, modeling

1. Introduction

Adsorption is the conventional chemical engineering process which is applied in many indus-
tries, including oil refineries, petrochemicals, and water and wastewater treatment. Adsorp-
tion is an effective separation strategy for the rejection of a wide range of contaminants,
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including wastewaters, radioactive waste streams, and separation of radionuclides, but it is not
so favorable for the elimination of anions like boron, perchlorates, and nitrates. Adsorption
processes would be upgraded by integrating with supplementary processes to obtain hybrid
processes with higher removal efficiency [1–5].

Osmosis is a physical technique that has been widely examined by researchers in different
branches of science and engineering. Early researchers considered osmosis through naturally
occurring materials, and from the mid of the nineteenth century, extraordinary consideration has
been given to osmosis through manufactured materials. Following the advance in reverse osmo-
sis over the most recent couple of decades, particularly for forward osmosis applications, the
interests in different engineering purposes of osmosis had been impelled. Osmosis, or as it is at
present alluded to as forward osmosis, has modern applications in wastewater treatment, suste-
nance preparing, and seawater/saline water desalination. Other one of a kind of regions of
forward osmosis look into incorporate pressure retarding osmosis for era of power from saline
and unused water and implantable osmotic pumps for controlled medication discharge [6–8].

2. Different categories of membrane processes

Recently, membrane technology has gained great attention as a powerful separation technique.
Figure 1 shows the main categories of the membrane processes. They are categorized mainly
based on the size of the contaminants they can exclude from the input stream. Nanofiltration
(NF) is one of the fourth classes of pressure-driven membranes appeared after microfiltration
(MF), ultrafiltration (UF), and reverse osmosis (RO). It was first developed in the late 1970s as a
variant of reverse osmosis membrane [ROM] with reduced separation efficiency for smaller and
fewer charged ions such as sodium and chloride. As the term, NF was not known in the 1970s,
such that membrane was initially categorized as either loose/open RO, intermediate RO/UF, or
tight UF membrane. The term NF appears to have been first used commercially by the Film-Tec
Corporation (now the Dow Chemical Company) in the mid-1980s to describe a new line of
membrane products having properties between UF and RO membranes. Owing to the unique-
ness and meaningfulness of the word NF, other membrane scientists have begun using it [9–11].

Because of late advancements and advances in osmosis innovation, fascinating film operations,
including membrane desalination (MD), pressure retarding osmosis (PRO), and reversed
electrodialysis (RED), have developed. These operations are equipped for creating spotless
and reasonable power from different waste streams, including brackish water and debilitated
water, which generally are viewed as natural liabilities. PRO and RED require blending of a
high salinity content (e.g., seawater or brackish water and wastewater, separately) with a low
salt content to produce power. MD has demonstrated the possibility to produce freshwater
and power as an independent process. Reconciliation of MD with PRO or RED upgrades the
execution of these procedures and gives a perfect and practical course to create freshwater and
vitality [13–16].
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3. Recent drifts in pH-responsive separation techniques

Recently, membrane technology has gained great attention as a powerful separation technique
due to prominent advantages over common processes such as high removal efficiency, low
energy consumption, fast kinetic, small footprint, and ease of scale up. They are favored for
full-scale applications due to normal operating conditions, high productivity, and low energy
consumption. They can efficiently eliminate many contaminants including proteins, macro-
molecules, natural organic matters (NOMs), dyes, dissolved organic matter (DOM), boron,
and compounds responsible for odor and color, from aqueous media. However, the recent
achievements for pH-responsive membranes require an ion exchange separation in some cases.
Figure 2 shows a combination between adsorption and membrane separation. The overall
removal efficiency of the hybrid process would be enhanced [17–19]. Generally, three different
procedures for hybridization of membrane systems with adsorption processes may be found:

• Adsorption treatment before membrane filtration (pretreatment layout)

• Integrated adsorption/membrane processes (IAMPs)

• Adsorption treatment after membrane filtration (post-treatment layout)

Figure 1. Classification of membrane processes according to separation type, relative size, and approximate molecular
weight rejected materials [12].
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The current chapter deals with the adsorption/membrane integrated systems. As could be seen
in Figure 2, some promising advantages of adsorption/membrane integrated systems could be
obtained. They include:

1. Expanding separation efficiency

2. Diminishing process cost

3. Diminished membrane fouling in some cases

4. Straightforwardness of handling and fast control compared to conventional treatments

5. Lower volume of discharge

6. Potential request of beneficial biosorbents

7. Reusability of both membranes and adsorbents

8. Firm removal kinetics

9. Low-energy feed requirements versus adsorption columns, NF and RO systems

10. Low-pressure drop against adsorption columns

4. Fabrication of pH-responsive membranes

Intended for the pre-synthesis of pH-responsive polyacrylamide zirconium titanosilicate (PAm-
ZTS) membranes, liquid titanium(IV)chloride (98%), TiCl4, 189.68 [g/mol], 1.728 g/cm3 (20�C),
and zirconium(IV)oxychloride octahydrate powder (>99.5%), ZrOCl2.8H2O, 321.26752 [g/mol],
1.91 g/cm3 (20�C), pH value ~1 (50 g/l, H2O, 20�C), were picked up from Merck Chemicals,

Figure 2. Membrane/adsorption hybrid process with adsorption pretreatment.

Wastewater and Water Quality4

Darmstadt, Germany, while Sigma-Aldrich tetraethyl orthosilicate (C2H5O)4Si 208.33 [g/mol],
0.93 g/cm3 (20�C), USA was used.

Because of the immensedifference between the traditional organic polymers and the corresponding
inorganics in their natures and due to strong aggregation of the nanofillers, polymer-inorganic
nanocomposite PAm-ZTS membranes cannot be prepared by common schemes such as melt
blending and roller mixing. The most frequently secondhand synthesis techniques in the produc-
tion of nanocompositemembranes can be allocated as three categories [20].

The sol-gel method, the former category secondhand preparation procedure, in which
organic monomers, oligomers, or polymers and inorganic nanoparticle precursors are well
balanced in solution. The inorganic pioneers were mixed together by gradual addition of
tetraethyl orthosilicate, dissolved in equal volumes of bidistilled water and ethyl alcohol
with vigorous stirring to zirconium oxychloride octahydrate and titanium tetrachloride
solutions, previously dissolved in concentrated hydrochloric acid. The total components are
instantly hydrolyzed in an appropriate quantity of water, following to condensation into
well-dispersed nanoparticles in the polyacrylamide polymer skeleton with different mole
fractions. The reactions’ conditions are moderate; usually room temperature, an ordinary
atmospheric pressure, and the concentrations of organic and inorganic components are easy
to control over the solution. Additionally, the precursor ingredients, as organic and inorganic
ingredients could be dispersed in nanometer level in the membranes, and thus the formed
membranes are homogeneous. Other techniques as solution mixing and in situ polymeriza-
tion are used.

5. Characterization of pH-responsive membranes

RO polymerized membranes are different in a couple of characteristics such as material,
morphology, transport/separation mechanism, and applications [21–24]. Therefore, a large
number of methodologies are required for their characterizations. They can be generally
divided into three major tests, that is, methods used for chemical analysis, methods used
for physical analysis, and filtration process for assessing membrane separation performance.
Depending on the applicable utilization of RO membranes, their stability assessments
against chlorination, organic solvent, thermal, and fouling can also be performed to examine
their sustainability under specific environments.

Table 1 describes some instrumental methods used in depicting RO membranes with respect
to their chemical and physical characteristics, as well as their separation performances and
stability. In a wide range, before conducting RO experiments, various techniques can be
employed for their characterization in order to obtain a good knowledge of their parameters
that are prominent for manufacturing a membrane with the right integration of water flux and
solute rejection. For reverse osmosis pH-responsive membranes, zeta potential is well-thought-out
as one of the significant parameters to determine the routes and mechanisms that the membranes
behave according to its chemical properties.
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Figure 2. Membrane/adsorption hybrid process with adsorption pretreatment.
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that are prominent for manufacturing a membrane with the right integration of water flux and
solute rejection. For reverse osmosis pH-responsive membranes, zeta potential is well-thought-out
as one of the significant parameters to determine the routes and mechanisms that the membranes
behave according to its chemical properties.
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5.1. Zeta potential

Zeta potential is a surface charge property for RO membranes at different pH environments.
The analysis is particularly significant to help recognize the acid–base features of RO mem-
branes and to predict their separation productivity, as well as to consider the fouling propen-
sity of RO at different water pHs [25–27]. Based on the Helmholtz-Smoluchowski equation
with the Fairbrother and Mastin approach, zeta potential can be persistent from the measure-
ment of the streaming potential using Eq. (1):

ζ ¼ ΔE
ΔP

μk
εε ∘

(1)

where ΔE is the streaming potential, ΔP is the applied pressure, μ is the solution viscosity, κ is
the solution conductivity, and ε and ε ∘ are the permittivity of the test solution and free space,
respectively. Several assumptions are inherent in this equation. They are (1) flow is laminar,
(2) surface conductivity has no effect and has homogeneous properties, (3) width of the flow
channel is much larger than the thickness of the electric double layer, and (4) no axial concen-
tration gradient occurs in the flow channel.

The surface zeta potential of ZTS, PAm, and PAm-ZTS, as pH-Responsive membranes,
measured at 25

�
C, are shown in Figure 3. Taking a horizontal section at the zero point of

charge shows that the isoelectric point of ZTS, PAm, and PAm-ZTS was about 4.01, 5.7, and
7.6, respectively; throughout membrane testing, an electric potential is induced when cat-
ions and anions enclosed by the electrical double layer are forced to migrate along with the
flow tangential to the ROM surface; in consequence, a potential difference could be initi-
ated. Mostly, the streaming potential of the membrane surface is being measured. The
typical pH range applied for determining surface zeta potential of a ROF membrane used
to fall within pH 2–12, more preferably, between pH 3 and 9. The pH of the background
electrolyte (5 mM KCl, 25�C) can be adjusted by the addition of either an acid, 0.1 M HCl
(or HNO3), or a suitable base electrolyte, 0.1 M NaOH (or KOH) solution. Owing to the
workable irreversible change of membrane surface characteristics, it is highly urged to

Property assessment Instrument/method Property assessment Instrument/method

Chemical properties ATR-FTIR spectroscopy
Zeta potential analysis
XPS
X-ray diffractometry (XRD)
Nuclear magnetic resonance
(NMR) spectroscopy

Physical properties SEM/FESEM TEM
Atomic force microscopy (AFM)
Contact angle analysis
PAS

Separation performance Permeability selectivity Stability test Chlorination
Solvent
Thermal
Filtration

Table 1. Assessments on membrane properties and performances based on different analytical instruments/methods.
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conduct this investigation using two identical freshly prepared ROMs, that is, one for acid
titration (pH 6 down to pH 2) followed by another identical membrane for alkali titration
(pH 6 up to pH 12).

PAm-ZTS ROmembranes tended to have more positive charge owing to the protonation of the
amine functional groups. In contrast, the negative charge of RO membranes at higher pHs can
be attributed to the loss of functional groups [28–30]. Deprotonation of amine functional
groups coupled with either dissociation of the carboxylic acid group or sulfonic acid group
on the membrane surface may occur. In brief, in the membranes with organic origin, PAm is
more negatively charged than that of that made up of ZTS and PAm-ZTS till pH 7 [25, 31, 32].
Besides showing the positive and negative charge values of a membrane, zeta potential profile
can also reveal the isoelectric point (IEP) of the RO membrane at which the membrane surface
carries no net electrical charge (i.e., neutral).

Depending on the functional groups of RO surface, a highly positively charged RO membrane
could also be prepared, in which this membrane displays a positive zeta potential over a wide
range of pH values (pH 2–11). The phenomenon is mainly due to the presence of pendant
tertiary amine groups in some polymers used to fabricate the membranes. It was also reported
to cause the membrane to be positively charged for pH ranging from 3 to 9 [33, 34]. A
summary of the surface zeta potential of some RO membranes made of different monomers
at two different pH environments is presented in Table 2 [25–27].

Figure 3. Surface zeta potential as a function of pH for pH-responsive membranes made of ZTS, PAm-ZTS, and Pam,
measured at 25�C.

Recent Drifts in pH-Sensitive Reverse Osmosis
http://dx.doi.org/10.5772/intechopen.75897

7



5.1. Zeta potential

Zeta potential is a surface charge property for RO membranes at different pH environments.
The analysis is particularly significant to help recognize the acid–base features of RO mem-
branes and to predict their separation productivity, as well as to consider the fouling propen-
sity of RO at different water pHs [25–27]. Based on the Helmholtz-Smoluchowski equation
with the Fairbrother and Mastin approach, zeta potential can be persistent from the measure-
ment of the streaming potential using Eq. (1):

ζ ¼ ΔE
ΔP

μk
εε ∘

(1)

where ΔE is the streaming potential, ΔP is the applied pressure, μ is the solution viscosity, κ is
the solution conductivity, and ε and ε ∘ are the permittivity of the test solution and free space,
respectively. Several assumptions are inherent in this equation. They are (1) flow is laminar,
(2) surface conductivity has no effect and has homogeneous properties, (3) width of the flow
channel is much larger than the thickness of the electric double layer, and (4) no axial concen-
tration gradient occurs in the flow channel.

The surface zeta potential of ZTS, PAm, and PAm-ZTS, as pH-Responsive membranes,
measured at 25

�
C, are shown in Figure 3. Taking a horizontal section at the zero point of

charge shows that the isoelectric point of ZTS, PAm, and PAm-ZTS was about 4.01, 5.7, and
7.6, respectively; throughout membrane testing, an electric potential is induced when cat-
ions and anions enclosed by the electrical double layer are forced to migrate along with the
flow tangential to the ROM surface; in consequence, a potential difference could be initi-
ated. Mostly, the streaming potential of the membrane surface is being measured. The
typical pH range applied for determining surface zeta potential of a ROF membrane used
to fall within pH 2–12, more preferably, between pH 3 and 9. The pH of the background
electrolyte (5 mM KCl, 25�C) can be adjusted by the addition of either an acid, 0.1 M HCl
(or HNO3), or a suitable base electrolyte, 0.1 M NaOH (or KOH) solution. Owing to the
workable irreversible change of membrane surface characteristics, it is highly urged to

Property assessment Instrument/method Property assessment Instrument/method

Chemical properties ATR-FTIR spectroscopy
Zeta potential analysis
XPS
X-ray diffractometry (XRD)
Nuclear magnetic resonance
(NMR) spectroscopy

Physical properties SEM/FESEM TEM
Atomic force microscopy (AFM)
Contact angle analysis
PAS

Separation performance Permeability selectivity Stability test Chlorination
Solvent
Thermal
Filtration

Table 1. Assessments on membrane properties and performances based on different analytical instruments/methods.

Wastewater and Water Quality6

conduct this investigation using two identical freshly prepared ROMs, that is, one for acid
titration (pH 6 down to pH 2) followed by another identical membrane for alkali titration
(pH 6 up to pH 12).

PAm-ZTS ROmembranes tended to have more positive charge owing to the protonation of the
amine functional groups. In contrast, the negative charge of RO membranes at higher pHs can
be attributed to the loss of functional groups [28–30]. Deprotonation of amine functional
groups coupled with either dissociation of the carboxylic acid group or sulfonic acid group
on the membrane surface may occur. In brief, in the membranes with organic origin, PAm is
more negatively charged than that of that made up of ZTS and PAm-ZTS till pH 7 [25, 31, 32].
Besides showing the positive and negative charge values of a membrane, zeta potential profile
can also reveal the isoelectric point (IEP) of the RO membrane at which the membrane surface
carries no net electrical charge (i.e., neutral).

Depending on the functional groups of RO surface, a highly positively charged RO membrane
could also be prepared, in which this membrane displays a positive zeta potential over a wide
range of pH values (pH 2–11). The phenomenon is mainly due to the presence of pendant
tertiary amine groups in some polymers used to fabricate the membranes. It was also reported
to cause the membrane to be positively charged for pH ranging from 3 to 9 [33, 34]. A
summary of the surface zeta potential of some RO membranes made of different monomers
at two different pH environments is presented in Table 2 [25–27].

Figure 3. Surface zeta potential as a function of pH for pH-responsive membranes made of ZTS, PAm-ZTS, and Pam,
measured at 25�C.

Recent Drifts in pH-Sensitive Reverse Osmosis
http://dx.doi.org/10.5772/intechopen.75897

7



It should be noted here that besides surface zeta potential measurement, the conventional
titration method can also be employed to evaluate the ion exchange capacity of the RO
membrane. Any change in the membrane ion exchange capacity can be related to the amount
of charged groups that exist on a membrane.

5.2. Surface topography of PAm-ZTS pH-responsive membranes

In white-LED illumination focused by AFM, as shown in Figures 4a and 5a, the surface
topography of the prepared PAm-ZTS was different as the pH of the treatment was switched
from three to eight. Figures 4b and 5b explain the three-dimensional image of the pH-
responsive membranes. The surface roughness was depicted by the histograms in Figures 4c
and 5c, with a broad distribution from less than 50 nm to more than 290 nm, and has a median
value of roughly 130 nm in the case of PAm-ZTS treated at pH = 3, while PAm-ZTS treated at
pH = 8 has a spread-out distribution between about 20 and 300 nm with an average value of
circa 115 nm.

The dissection of Figures 4a–c and 5a–c illuminates the photomicrograph of the cross section
in the compact layer morphology of dry/wet phase inversion shear to cast PAm-ZTS asym-
metric membrane, in a strained convection dwelling time for 15 s, at pHs 3 and 8, separately.
This microstructure had the relatively fit dense skin layer with inconspicuous flaws backed on
a highly open nanoporous sublayer containing not only nanovoids but also micro-voids. These

Type of NF Membranea IEP (pH) ζ (mV) at pH 3 ζ (mV) at pH 9

MPF-34 (Koch Membrane Systems) 4.5 ~13 ~ –34

Desal-5DK (GE Osmonic) 3.9 ~18 ~ –50

NF 270 (DOW FILMTEC) 3.2 ~5 ~ –75

BW30 (DOW FILMTEC) 3.6 ~2 ~ –10

NF90 (DOW FILMTEC) 4.2 ~14 ~ –24

PIP–TMC–MWCNT NF membrane 2.6 ~ –1.2 ~ –7

MPD–TMC NF membrane 6.0 ~28 ~ –11

PIP–TMC–GO NF membrane 5.4 ~25 ~ –32

PVAm–TMC NF membrane 6.5 ~19 ~ –12

AEPPS–PIP–TMC NF membrane 4.1 ~1.3 ~5.6

PES–TA NF membraneb 10.7 ~32 ~6

PIP–mm-BTEC NF membraneb – ~28 ~4

PEG600–NH2–TMC NF membraneb ~8.9 ~19 0

aAEPPS—N-aminoethyl piperazine propane sulfonate, MPD—m-phenylenediamine, mm-BTEC—3, 30, 5, 50-biphenyl
tetraacyl chloride, MWCNT—multi-walled carbon nanotube, GO—graphene oxide, PES–TA—poly (arylene ether sulfone)
with pendant tertiary groups, PIP—piperazine, PVAm—polyvinylamine, and TMC—trimesoyl chloride.
bThese NF membranes are positively charged over a wide pH range.

Table 2. Summary of the surface zeta potential of some NF membranes at different pH environments.
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Figure 4. Surface topography of PAm-ZTS as pH-responsive membrane, measured at 25�C after treatment at pH 3.
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Figure 5. Surface topography of PAm-ZTS as pH-responsive membrane, measured at 25�C after treatment at pH 8.
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were truly similar to those found in the aqueous quenched asymmetric ROMs [35–37]. The
nanovoids did not span the width of the ROM evoking that these nanovoids are provoked by
disparate mechanisms. In this case, the creation nanopores were formulated by intrusion of
non-solvent through defects in the surface layer during wet phase separation, in a step for
membrane reinforcement. Additionally, no surface pores could be observed on the outer
surface of RO membrane, even at 5000X magnifications 5000X magnifications. This indicated
that the diameters of any surface pores were at least less than 20 A�, which would be helpful to
be applied for reverse osmosis separation rather than ultrafiltration or nanofiltration.

6. Modeling of pressure-driven membranes

The natural water resources contain solids in two forms, suspended and dissolved [16, 38, 39].
Suspended solid-state matters exist in insoluble particulates, debris, seawater microorganisms,
silt, or colloids. Dissolved matters are present as ions, preferably as chloride, sodium, calcium, or
magnesium. Principally, all desalination plants incorporate two-key treatment steps, sequentially
designed to remove suspended and dissolved matters from their sources.

The first step of pretreatment removes the suspended solids from water resources or the
naturally occurring soluble solids that may turn into a solid form and precipitates on the
ROMs during separation processes. The second step of the RO system separates the dissolved
solids from the pretreated saline source water, thereby producing fresh low-salinity water
convenient for human utilization agricultural purposes and industrial implementations.

Subsequent pretreatment is designed for the left solids in the source stream; it includes the
dissolved minerals. As long as the desalination system is operated in a manner that prevents
these minerals from precipitating on the membrane surface, the ROMs could operate and
produce freshwater of persistent nature at a high rate deprived of the need to clean these
ROMs for long periods.

Notwithstanding pretreatment systems remove most but not all the insoluble solids
contained in the saline source water and may not always effectively protect some of the
soluble solids from precipitating on the membrane surface, the suspended solids, silt, and
natural organic matter (NOM) that remained which may accumulate on ROM surface
causing the loss of membrane productivity. In inclusion, saline water contains microorgan-
isms as well as dissolved organics that could serve as food for these microorganisms.
Consequently, a biofilm could form and grow on the ROM surface, causing loss of mem-
brane productivity as well.

The protocol of reduction/loss of productivity of ROMs due to agglomeration of suspended
solids and NOM, precipitation of dissolved solids, and/or establishment of biofilm on the
ROMs surface is known as membrane fouling (MF). Excessive MF is undesirable since it has a
negative impact on ROM productivity; it could also result in an increased consumption of
energy for salt separation and in deterioration of product water quality.
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6.1. External and internal fouling

The classification of the fouling phenomenon depends on the location of the accumulated
rejected salts; it can be viewed as [40, 41]:

1. External or “surface” fouling (EF)

2. Internal fouling (IF)

EF involves accumulation of rejected salts on the surface of the membranes by three distinct
paths:

• Construction of mineral deposits (scale)

• Construction of cake of rejected solids, particulates, colloids, and other organic and/or
inorganic matters

• Biofilm construction, i.e., growth of colonies of microorganisms on the surface of the
membranes, rapidly attachable by excretion of extracellular materials

Typically, the three mechanisms can occur in any combination at any given time. However,
external membrane fouling of ROMs is most frequently caused by biofouling.

IF is a regular loss of membrane productivity due to changes in its chemical structure either by
physical compaction or by chemical degradation. Physical deterioration of the membrane may
result from long-term application of feed stream at pressures higher than that designed for the
ROMs; they are designed to handle 83 bars for sea water reverse osmosis membranes and/or
by their continued setup at source water temperatures above 45�C, the limit of safe membrane
operation. Chemical deterioration results from continuous exposure to strong oxidants, e.g.,
chlorines, bromines, ozones, permanganates, peroxides chemicals, and very strong acids,
typically pH < 3 and alkali at pH > 12.

The difference between EF and IF is somewhat clear; EF could be completely reversed by
chemical cleaning, while IF causes permanent damage of the micropores, resulting in an
irreversible changes.

6.2. Concentration polarization fouling

Concentration polarization (CP) phenomenon entails the formation of a boundary double
layer along the membrane surface, with salt concentration considerably higher than that of
the starting injected solution as revealed in Figure 6 [42–44]. Cb is the salt concentration within
the boundary layer; Cs is the salt concentration at the inner membrane surface, and Cp is the
lower salt content of the freshwater on the pass through side.

As indicated in Figure 6, the flow comes to pass in the boundary layers of the feed/concentrate
spacers; two different types are encountered: a convective flow of fresh feed solution from the
bulk and diffusion flow of repelled drain salts, coming back into the feed flow. In that concern,
the semipermeable ROM is designed to give higher rate of convective flow than the diffusion
flow, as the salts and particulate solids discarded tend to pile up with highest salt contents on
the inner surface of the ROM. The concentration of solid particulates in the boundary layer

Wastewater and Water Quality12

leads to critical negative significances on the ROM function. They include increased osmotic
pressure, increased salt extract, creation of hydraulic opposition of water stream, and Induc-
tion of scale and fouling on the ROM.

Concentration polarization cannot be evaded; it can only be reduced before taking any correc-
tive measures; concentration polarization should be quantified. This quantification occurs in
three separate consecutive paths. They can be emphasized as balancing the chemical and mass
balance equations across the boundary layer, balancing the transport equations over the ROM
and determination of solute transport equations within the pores of the ROM. System perfor-
mance can be predicted by simultaneous solution of all these three equations. Based on the
type of concentration polarization, there are two classes of models: an osmotic pressure-
controlled model and a gel layer-controlling model.

6.3. Osmotic pressure controlled model [OPCM]

In this situation, solute particles form a viscous boundary layer concluded on the surfaces of
ROMs [45–47]. Solute concentration increases from the bulk to membrane surface concentra-
tion across the mass transfer barrier layer. In this case, the width of the mass transfer boundary
layer is constant. At any cross section of the boundary layer for the concentration gradient, dc

dy,

at the steady state, the solute mass steadiness leads to

vw c� vw cp
� �þD

dc
dy

� �
¼ 0 (2)

where vw is the permeate flux in m3/m2.s; c and cp are the bulk and permeate concentrations
in kg/m3; and D is the solute diffusivity in m2/s.

Figure 6. Boundary layers in a membrane-feed spacer. RO, reverse osmosis.
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As indicated in Figure 6, the flow comes to pass in the boundary layers of the feed/concentrate
spacers; two different types are encountered: a convective flow of fresh feed solution from the
bulk and diffusion flow of repelled drain salts, coming back into the feed flow. In that concern,
the semipermeable ROM is designed to give higher rate of convective flow than the diffusion
flow, as the salts and particulate solids discarded tend to pile up with highest salt contents on
the inner surface of the ROM. The concentration of solid particulates in the boundary layer
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leads to critical negative significances on the ROM function. They include increased osmotic
pressure, increased salt extract, creation of hydraulic opposition of water stream, and Induc-
tion of scale and fouling on the ROM.

Concentration polarization cannot be evaded; it can only be reduced before taking any correc-
tive measures; concentration polarization should be quantified. This quantification occurs in
three separate consecutive paths. They can be emphasized as balancing the chemical and mass
balance equations across the boundary layer, balancing the transport equations over the ROM
and determination of solute transport equations within the pores of the ROM. System perfor-
mance can be predicted by simultaneous solution of all these three equations. Based on the
type of concentration polarization, there are two classes of models: an osmotic pressure-
controlled model and a gel layer-controlling model.

6.3. Osmotic pressure controlled model [OPCM]

In this situation, solute particles form a viscous boundary layer concluded on the surfaces of
ROMs [45–47]. Solute concentration increases from the bulk to membrane surface concentra-
tion across the mass transfer barrier layer. In this case, the width of the mass transfer boundary
layer is constant. At any cross section of the boundary layer for the concentration gradient, dc

dy,

at the steady state, the solute mass steadiness leads to

vw c� vw cp
� �þD

dc
dy

� �
¼ 0 (2)

where vw is the permeate flux in m3/m2.s; c and cp are the bulk and permeate concentrations
in kg/m3; and D is the solute diffusivity in m2/s.

Figure 6. Boundary layers in a membrane-feed spacer. RO, reverse osmosis.
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Integrating the above equation across the thickness of the mass transfer boundary layer, the
governing equation of the flux is obtained as

vw ¼ D
δ

� �
ln

cm � cp
c ∘ � cp

� �
¼ k ln

cm � cp
c ∘ � cp

� �
(3)

This equation is well known as the film theory equation. In the above equation, k is the mass
transfer coefficient in m/s, δ is the mass transfer boundary layer thickness in m, and cm, cp, and
c are solute concentrations at the membrane-feed solution interface, in the permeate and in the
bulk, generally expressed in kg/m3, respectively. The mass transfer coefficient is estimated
from the following equations depending on the channel geometry and flow regimes. In the
rectangular channel, the mass transfer coefficient is estimated using the following Sherwood
number relations. For laminar flow (Leveque’s equation):

Sh ¼ k de
D

¼ 1:85 ReSc
de
L

� �1
3

(4)

where, Sh,Re, and Sc are the numbers related to Sherwood, Reynolds, and Schmidt, respec-
tively, de is the equivalent diameter in m, and L is the length of the membrane in m. For
turbulent flow, Leveque’s equation gives rise to (Dittus-Boelter equation):

Sh ¼ 0:023 Reð Þ0:8 Scð Þ0:33 (5)

In the case of flow through the tube with diameter d in m, the mass transfer coefficient is
estimated for laminar flow (Leveque’s equation) (Gekas and Hallstrom 1987):

Sh ¼ k d
D

¼ 1:62 ReSc
de
L

� �1
3

(6)

In addition, for the turbulent flow, it is calculated from Eq. (5). Now, the transport equation in
the flow channel, Eq. (4), must be coupled with the transport law through the porous mem-
brane. It is expressed as Darcy’s law:

vw ¼ LP ΔP� Δπð Þ (7)

where Δπ is the osmotic pressure difference between the membrane sides that effectively are
related to the quantity of matter, especially the concentration and inversely proportional to the
molecular weight of solute; it is a linearly proportional to concentration in the case of a typical
salt or lower molecular weight solutes. However, it deviates from linearity in the case of
polymers, proteins, and higher molecular weight solutes. In Eq. (2) there are three unknowns,
namely, vw, cp, and the finally predicted cm. The comprehensive correlation between the
osmotic pressure and concentration, π ¼ ac, could be pragmatic equation for osmotic pressure
difference at the ROM surface as

Wastewater and Water Quality14

Δπ ¼ πm � πP ¼ a1 cm � cP½ � þ a2 cm2 � cP2
� �þ a3 cm3 � cP3

� �þ……þ an cmn� cPn½ � (8)

where the constant coefficient is known as the difference between a1and an and real retention
could be defined by cm and cP indicated as the coefficients across the ROM phases, respectively,
namely, the upstream and downstream phases. Therefore, Eq. (7) can be written in terms of the
single parameter cm using Eq. (2), to reduce the system variables to cm and vw, instead of the
existing three parameters. The new variables can be attained by solving Eqs. (4) and (6) using
an iterative algorithm like the Newton-Raphson equations. This model is known as classic-film
model or the osmotic pressure-controlling model.

6.4. Solution diffusion model for RO/NF

The real retention is a partition coefficient, or really the solute flux across the membrane
considered using the solution diffusion model described earlier; linear relationship is consid-
ered between π and c in the case of salt solution, π ¼ ac [42, 43, 48, 49]. In practice, Eq. (6) and
the film theory equation, Eq. (4), are only considered. Therefore, the osmotic pressure model
could be rewritten as

vw ¼ vow 1� α cm � cPð Þ½ � (9)

where

α ¼ a
Δp and vow ¼ LP ΔP are the pure water flux.

The above equation can be equated with the film theory equation and the following equation
results:

vow 1� α cm � cPð Þ½ � ¼ k ln
cm � cP
c ∘ � cP

� �
(10)

From the solution diffusion model, the solute flux is written as

vw cP ¼ B cm � cPð Þ (11)

where B is a constant. Combining Eqs. (8) and (10), the following equation is obtained:

vow 1� α cm � cPð Þ½ � ¼ B
cm � cP

cP

� �
(12)

The above equation can be simplified as.

1� αcm þ αcP ¼ β
cm � cP

cP

� �
(13)

where β ¼ B
vow
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From the above equation, the membrane surface concentration is obtained as

cm ¼ cP 1þ 1
βþ αcP

� �� �
(14)

Putting cm from the above equation into Eq. (9), we get

βvw ∘
αcP þ β

� k ln
cP

αcP þ β
� �

c ∘ � cPð Þ

" #
¼ 0 (15)

Once more a trial-and-error formula for cP is tried using a standard iterative technique.

6.5. Kedem-Katchalsky model [KKM]

KKM is considered as another alternate to osmotic pressure one, in which the imperfect
retention of the solutes by the RO/NF/UF membranes is incorporated by a reflection coefficient
in the equation of the final output flux [50, 51]:

vw ¼ LP ΔP� σΔπð Þ (16)

where σ is the reflection coefficient. Using π in the above equation gives rise to the following
flux equality:

vw ¼ LP ΔP� aσ cm � cPð Þ½ � (17)

Turning back to the film theory, the concentration on the ROM surface could be rewritten by

cm ¼ cP þ co � cPð Þevwk (18)

Combining Eqs. (15) and (17), the following equation is obtained:

vw ¼ LP ΔP� aσ co � cPð Þe vw
k

� �h i
(19)

By means of Eq. (19), cP could be conveyed in terms of cmby using Eq. (10), followed by solving
Eq. (18).

6.6. Modified solution diffusion model [MSDM]

The solute transports across the RO/NF/UF membranes are given by adopting both the con-
vective transport and the diffusive transport of the solutes across the voids of the membranes
and writing the corresponding flux equation as [52–54]

vw cP ¼ B cm � cPð Þ þ 1� σð Þvw cav (20)

where
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cav ¼ cm � cP

ln cm
cP

� �

By combining Eqs. (4) and (19), we get

cP ¼ β
vw

c ∘ � cp
� �

e
vw
k

h i
þ 1� σð Þ c ∘ � cPð Þ evwk

ln 1þ c ∘�cP
cP

� �
e
vw
k

� �
2
4

3
5 (21)

From the mentioned equations between (16) and (21) in cm, vw, and cP, we can iteratively obtain
a system prediction.

The MSDM cons are described by the hypotheses that the mass transfer boundary layer is fully
developed, whereas the corresponding entrance length required is substantial. Furthermore,
physical properties such as diffusivity and viscosity considerably do not vary with concentra-
tion, while mass transfer coefficients are calculated from heat-mass transfer analogies applica-
ble for impervious conduits.

On the other hand, the film theory-based osmotic pressure model presents a simple and quick
method for quantifying system performance. In order to overcome these cons, the two-
dimensional mass transfer boundary layer equation can be solved, and/or detailed pore flow
models can be incorporated. Many studies are available including these intricacies of the model.

6.7. Gel layer-controlling model (GLCM)

In this approximation, the gels of concentrated solutes are deposited over the ROM surface
with certain thickness in a uniformly fixed distribution of the solutes, and an outer mass
transfer boundary film is formed [52, 55]. In that, the film theory, in which the solute concen-
tration extends from feed concentration and gel concentration undergoing drastic variation in
viscosity, diffusivity, and density, can be applied to obtain the equation of permeate flux as

vw ¼ k ln
cg
co
� �

(22)

7. pH-responsive characteristics of PAm-ZTS membrane

The pH-sensitive characteristics of PAm-ZTS membrane were achieved upon static adsorption
modes of Ce4+, Pr3+, Sm3+, Gd3+, Dy3+, and Ho3+ using both Langmuir and Freundlich Iso-
therms, as well as the reverse osmosis dynamic mode.

7.1. Langmuir and Freundlich isotherms

The utilization of Langmuir and Freundlich isotherms to depict the complexation process of
binding metal ions in the polymer has previously been investigated using the washing and
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6.7. Gel layer-controlling model (GLCM)

In this approximation, the gels of concentrated solutes are deposited over the ROM surface
with certain thickness in a uniformly fixed distribution of the solutes, and an outer mass
transfer boundary film is formed [52, 55]. In that, the film theory, in which the solute concen-
tration extends from feed concentration and gel concentration undergoing drastic variation in
viscosity, diffusivity, and density, can be applied to obtain the equation of permeate flux as

vw ¼ k ln
cg
co
� �

(22)
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enrichment methods of the PEUF process [22, 24]. However, the different metal ions were
subjected directly to reverse osmosis in the absence of any binding polymers. In this case, the
assumption that the concentration of metal ions in the permeates, Cpi, symbolizes the concen-
tration of metal that is free in the solution, Yi, is prepared.

The Langmuir isotherm equation is given by [20, 56, 57]

Q ¼ QmaxYi

KL þ Yi
(23)

where: Q is the amount of metal ion, whereas Qmax is the maximum capacity of polymer (mg
metal/g membrane).

Yi is the metal free in solution (mg/l).

KL is the Langmuir equilibrium constant (mg/l).

Langmuir equation gives a linear form:

1
Q

¼ KL

Qmax
þ 1
Yi

þ 1
Qmax

(24)

The Freundlich isotherm equation is given by

Figure 7. Langmuir isotherm model fits to the experimental data for binding of single metal ions at pH 3.

Wastewater and Water Quality18

Q ¼ KF Yi
n (25)

where Q is the amount of metal ion, KF is the Freundlich equilibrium constant (mg1�n g�1ln), Yi

is the metal free in solution (mg/l), and n is a constant. Freundlich equation gives a linear form
[58–62]:

lnQ ¼ nln Yi þ ln KF (26)

Figure 7 displays the linear regression fits of the Langmuir isotherm to the data obtained for
particular metal ions in solution with PAm at pH 3 upon PAm-ZTS surface. The Langmuir
isotherm fitted the test data very well (R2 values >0.98). Figure 8 exhibits the fits of the
experimental data to the Freundlich isotherm at the same pH. Although this model fits the
data intelligently well, the fit was not as good as the Langmuir model. This issue discloses that
the Langmuir isotherm offers a better description of the binding of metal ions to PAm-ZTS
than the Freundlich isotherm [63–66]. However, for all cases, the Qmax asset value was found in
the following order [20]:

Ce4+ > Pr3+ > Sm3+ > Gd3+ > Dy3+ > Ho3+

These rates can be applicable when considering the retention of the metal ions during the RO
process.

Figure 8. Freundlich isotherm model fits to the experimental data for binding of single metal ions at pH 3.

Recent Drifts in pH-Sensitive Reverse Osmosis
http://dx.doi.org/10.5772/intechopen.75897

19



enrichment methods of the PEUF process [22, 24]. However, the different metal ions were
subjected directly to reverse osmosis in the absence of any binding polymers. In this case, the
assumption that the concentration of metal ions in the permeates, Cpi, symbolizes the concen-
tration of metal that is free in the solution, Yi, is prepared.

The Langmuir isotherm equation is given by [20, 56, 57]

Q ¼ QmaxYi

KL þ Yi
(23)

where: Q is the amount of metal ion, whereas Qmax is the maximum capacity of polymer (mg
metal/g membrane).

Yi is the metal free in solution (mg/l).

KL is the Langmuir equilibrium constant (mg/l).

Langmuir equation gives a linear form:

1
Q

¼ KL

Qmax
þ 1
Yi

þ 1
Qmax

(24)

The Freundlich isotherm equation is given by

Figure 7. Langmuir isotherm model fits to the experimental data for binding of single metal ions at pH 3.

Wastewater and Water Quality18

Q ¼ KF Yi
n (25)

where Q is the amount of metal ion, KF is the Freundlich equilibrium constant (mg1�n g�1ln), Yi

is the metal free in solution (mg/l), and n is a constant. Freundlich equation gives a linear form
[58–62]:

lnQ ¼ nln Yi þ ln KF (26)

Figure 7 displays the linear regression fits of the Langmuir isotherm to the data obtained for
particular metal ions in solution with PAm at pH 3 upon PAm-ZTS surface. The Langmuir
isotherm fitted the test data very well (R2 values >0.98). Figure 8 exhibits the fits of the
experimental data to the Freundlich isotherm at the same pH. Although this model fits the
data intelligently well, the fit was not as good as the Langmuir model. This issue discloses that
the Langmuir isotherm offers a better description of the binding of metal ions to PAm-ZTS
than the Freundlich isotherm [63–66]. However, for all cases, the Qmax asset value was found in
the following order [20]:

Ce4+ > Pr3+ > Sm3+ > Gd3+ > Dy3+ > Ho3+

These rates can be applicable when considering the retention of the metal ions during the RO
process.

Figure 8. Freundlich isotherm model fits to the experimental data for binding of single metal ions at pH 3.

Recent Drifts in pH-Sensitive Reverse Osmosis
http://dx.doi.org/10.5772/intechopen.75897

19



7.2. Rejection of metal ions

Solute rejections of PAm-ZTS membrane under environmental pH values of 3 and 8 are
performed to further evaluate the pH-responsive gating function of membrane. The feed
solution is prepared by dissolving Ce4+, Pr3+, Sm3+, Gd3+, Dy3+, and Ho3+ in pH buffer with
different concentrations mg/l, and the buffers of pH 3 or pH 8 is freshly prepared by adding
HCl or NaOH in DI water. The experimental conditions of filtration tests are the same usually
used for hydraulic permeability measurements at 0.1 MPa. All the Ce4+, Pr3+, Sm3+, Gd3+, Dy3+,
and Ho3+ solutions are used as feed solution only within 48 h after preparation. In the filtration
test, membranes are conditioned with buffers of pH 3 and pH 8 firstly [67, 68].

Then the permeability of Ce4+, Pr3+, Sm3+, Gd3+, Dy3+, and Ho3+ solutions is monitored until the
stabilization of membrane is reached and the filtrate is collected. Concentrations of Ce4+, Pr3+,
Sm3+, Gd3+, Dy3+, and Ho3+ ions in the filtrate solution are measured with Buck Scientific 210
VGP Atomic Absorption Spectrophotometer. The function of examination of the permeate
samples for the relevant metal allows the calculation of the observed retention value (Ri) of
each metal ion using [9, 42]

Ri ¼ 1� CPi

Cfi

� �
� 100 (27)

where Cpi is the concentration of metal ion, i in the pass through, and Cfi is the concentration of
metal ion, i in the primary feed solution.

Figure 9. Rejection values of single metal ions at pH 3 for different feed metal concentrations using RO Mode.
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Figures 9 and 10 show the rejection coefficient values of single metal ions for different
feed metal concentrations using RO Mode at pH ~3 and ~8, respectively. Generally, a high
rejection asset value of Ce4+, Pr3+, Sm3+, Gd3+, Dy3+, and Ho3+ was observed at low
concentrations. Increasing the metal ion content in the feed solution results in a marked
decrease in the metal ion rejection, which may be attributed to the closed gates of the
membrane. As pH-responsive membrane, PAm-ZTS showed differential rejections
according to the pH conditioned. At pH 3, Gd3+ and Ce4+ were subjected to highest
rejection, while Sm3+ and Ho3+ were rejected with the weakest rates; their rejection coeffi-
cients have lowered to less than ten percent at higher concentrations. On the other hand,
Pr3+ showed the greatest rejection, while Sm3+ indicated the quietest rejection. At despica-
ble concentrations, most of the ions are highly rejected at disgusting concentrations that
reach about eighty percent. These asset values drop to about thirty to forty percent at
higher concentrations. The variation of the rejection as a function of pH in pH-responsive
membranes may be explained by the variation of PAm-ZTS conformation because of pH-
dependent dissociation of amide hydroxyl. In addition, protonation of amide groups
under acidic conditions could be observed [68, 69].

To verify the reversibility and durability of pH-responsive open and closed gating func-
tion of the membrane pores, the fluxes of membranes are tested with alternate change of
buffer pH between 8 and 3, repeatedly. To characterize the pH-responsive performance, a
special coefficient, called pH-responsive coefficient K, is defined as

Figure 10. Rejection values of single metal ions at pH 8 for different feed metal concentrations using RO Mode.
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� �
� 100 (27)

where Cpi is the concentration of metal ion, i in the pass through, and Cfi is the concentration of
metal ion, i in the primary feed solution.

Figure 9. Rejection values of single metal ions at pH 3 for different feed metal concentrations using RO Mode.
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Figures 9 and 10 show the rejection coefficient values of single metal ions for different
feed metal concentrations using RO Mode at pH ~3 and ~8, respectively. Generally, a high
rejection asset value of Ce4+, Pr3+, Sm3+, Gd3+, Dy3+, and Ho3+ was observed at low
concentrations. Increasing the metal ion content in the feed solution results in a marked
decrease in the metal ion rejection, which may be attributed to the closed gates of the
membrane. As pH-responsive membrane, PAm-ZTS showed differential rejections
according to the pH conditioned. At pH 3, Gd3+ and Ce4+ were subjected to highest
rejection, while Sm3+ and Ho3+ were rejected with the weakest rates; their rejection coeffi-
cients have lowered to less than ten percent at higher concentrations. On the other hand,
Pr3+ showed the greatest rejection, while Sm3+ indicated the quietest rejection. At despica-
ble concentrations, most of the ions are highly rejected at disgusting concentrations that
reach about eighty percent. These asset values drop to about thirty to forty percent at
higher concentrations. The variation of the rejection as a function of pH in pH-responsive
membranes may be explained by the variation of PAm-ZTS conformation because of pH-
dependent dissociation of amide hydroxyl. In addition, protonation of amide groups
under acidic conditions could be observed [68, 69].

To verify the reversibility and durability of pH-responsive open and closed gating func-
tion of the membrane pores, the fluxes of membranes are tested with alternate change of
buffer pH between 8 and 3, repeatedly. To characterize the pH-responsive performance, a
special coefficient, called pH-responsive coefficient K, is defined as

Figure 10. Rejection values of single metal ions at pH 8 for different feed metal concentrations using RO Mode.
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K ¼ FLUXpH3

FLUXpH8
(28)

where the numerator and denominator represent the transmembrane fluxes at pH 3 and pH 8,
respectively. The membrane showed fast response as a function of pH for its potential applica-
tions; the fluxes at pH 8 are around 375 l/(m2 h), while, with changing the feed to pH 3 buffer,
the fluxes across the membrane decreased quickly to around 123 l/(m2 h) within the first
recording period, about 40 s. Therefore, the pH-responsive coefficient was about 0.328, indi-
cating a good response of the membrane at the mentioned pHs. This value is mainly a fraction,
which contradicts to others found in literature, as other membranes showed a reversed behav-
ior at the same tested pHs [67].

8. Conclusion

A pH-responsive smart PAm-ZTS was prepared by prepared via reactions between zirconium
titanosilicate and polyacrylamide under different preparation conditions for testing some lantha-
nide ions, namely, Ce4+, Pr3+, Sm3+, Gd3+, Dy3+, and Ho3+ for their active rejection. The pH
response of the membrane was demonstrated using static adsorption and hydraulic permeation
results. The water flux of the PAm-ZTS membrane decreased with the decreasing pH value, with
the most drastic decrease occurring between pHs 4 and 7, and was both reversible and durable
with interchanging pHs between 3 and 8. At pH 3, the membrane pores were in a closed state
due to the extended conformation of the amide chains on the pore surfaces. In contrast, at pH 8,
the membrane pores were in non-closed state because of the collapsed conformation of the
amide chains. The outcomes in this paper afford clear indication to the availability of manufac-
ture and production of pH-responsive composite membranes and can inspire further works on
design and preparation of stimuli-responsive membranes through addition of molecularly
designed macromolecular additives synthesized by controlled polymerization.
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where the numerator and denominator represent the transmembrane fluxes at pH 3 and pH 8,
respectively. The membrane showed fast response as a function of pH for its potential applica-
tions; the fluxes at pH 8 are around 375 l/(m2 h), while, with changing the feed to pH 3 buffer,
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ior at the same tested pHs [67].

8. Conclusion

A pH-responsive smart PAm-ZTS was prepared by prepared via reactions between zirconium
titanosilicate and polyacrylamide under different preparation conditions for testing some lantha-
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Water contamination by heavy metals, cyanides and dyes is increasing globally and 
needs to be addressed as this will lead to water scarcity as well as water quality. Different 
techniques have been used to clean and renew water for human consumption and agri-
cultural purposes but they each have limitations. Among those techniques, membrane 
technology is promising to solve the issues. Nanotechnology present a great potential in 
wastewater treatment to improve treatment efficiency of wastewater treatment plants. In 
addition, nanotechnology supplement water supply through safe use of modern water 
sources. This chapter reviews recent development in membrane technology for wastewa-
ter treatment. Different types of membrane technologies, their properties, mechanisms 
advantages, limitations and promising solutions have been discussed.
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1. Introduction

Clean water is important for every living organism to withstand life, but due to rapid increase 
in growth population and industrialization, there is more demand for clean, safe and drink-
able water [1]. About 97% of water is stored in oceans as salty water which is not good for 
human consumption or agricultural use, only less than 3% water on planet is available for 
drinking and agricultural use [2]. Most available water is highly contaminated by effluent 
from agricultural and industrial activity and cannot be consumed therefore water quality and 
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quantity are the main problems that need to be solved [3]. Removal of contaminants/water pol-
lutants is required as to avoid negative effects on the environment as well as human health [4].

Several techniques have been developed for treatment of wastewater; such methods 
include reverse osmosis [5] ion exchange [6] gravity [7] and adsorption [8] among others. 
Adsorption has been widely used to remove water contaminants due to its low cost, avail-
able of different adsorbents and easy operation. Different adsorbents that have been used 
include use of magnetic nanoparticles [9] activated carbon [10], nanotubes [11] and poly-
mer nanocomposites [12]; these can remove different contaminants including heavy metals 
that are very harmful even at low concentrations. Even though adsorption can remove most 
of water pollutants, it has some limitations such as lack of appropriate adsorbents with 
high adsorption capacity and low use of these adsorbents commercially [13]. Hence there 
has been a need for more efficient techniques such as membrane technology. Membrane 
separation or treatment process mainly depends on three basic principles, namely adsorp-
tion, sieving and electrostatic phenomenon [14]. The adsorption mechanism in the mem-
brane separation process is based on the hydrophobic interactions of the membrane and 
the solute (analyte). These interactions normally lead to more rejection because it causes 
a decrease in the pore size of the membrane [15]. The separation of materials through the 
membrane depends on pore and molecule size [16]. For this reason, various membrane pro-
cesses with different separation mechanisms have been developed. These include micro-
filtration (MF), ultrafiltration (UF), nanofiltration (NF), forward osmosis (FO) and reverse 
osmosis (RO).

Therefore the aim of this chapter is review different membrane technology processes used for 
treatment of wastewater in the last 5 years (2014–2018). The advantages, challenges/limita-
tions associated with the use of each membrane technology and possible solutions are also 
discussed briefly.

2. Challenges

Membrane processes such as MF, NF, UF and RO are currently used for water reuse, brack-
ish water and seawater [17]. Polymer based membranes are mostly used membrane mate-
rial but because polymers such as polysulfone and polyethersulfone, are hydrophobic [18], 
polymeric membranes are prone to fouling [19]. This leads to blockage of membrane pores 
and decrease membrane performance [20], also increases operation cost by demanding extra 
cleaning process. There are factors causing membrane fouling, such as deposition of inor-
ganic components onto the surface membrane/solute absorption pore blocking, microorgan-
ism and feed chemistry [21]. This results to either reversible or irreversible membrane fouling 
[22]. Reversible fouling formed by attachment of particles on the membrane surface, irre-
versible which occurs when particles strongly attach the membrane surface and cannot be 
removed by physical cleaning. When there is a formation of strong matrix of the fouled layer 
with the solute during continuous filtration process will turn reversible fouling to irrevers-
ible fouling layer [23].
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3. Promising solutions

For polymeric membranes, surface modification of the polymer is essential; such surface 
modification includes grafting, blending and incorporation of nanomaterials such as TiO2 
[24]), ZnO [25], Al2O3 [26], carbon nanotubes [27] and graphene oxide [28]. Among these, 
graphene oxide membranes (GMs) are very promising in water treatment application such 
as desalination and wastewater treatment, due to their hydrophilic properties, flexibility and 
high mechanical strength; GMs have been reported to give wide range of pure water flux 
[28–32].

4. Membrane processes

4.1. Microfiltration (MF)

Microfiltration is a pressure driven process where separated compounds are 0.1–0.2 μm such 
as nanoparticles [33, 34]. It is regarded as the first pre-treatment of NF and RO membrane 
processes. MF removes little or no organic matter; however, when pre-treatment is applied, 
increased removal of organic material can occur. MF can be used as a pre-treatment to RO or 
NF to reduce fouling potential [35]. The main disadvantages of MF is that it cannot eliminate 
contaminants (dissolved solids) that are <1 mm in size. In addition, MF is not an absolute bar-
rier to viruses. However, when used in combination with disinfection, MF appears to control 
these microorganisms in water [35].

4.2. Ultrafiltration (UF)

Ultrafiltration membrane process can separate compounds between 0.005 ≈ 10 μm which is 
between MF and RO [36]. UF membranes are highly prominent water filters with low energy 
consumption in removal of pathogenic microorganisms, macromolecules and suspended 
maters among others [37]. However, UF has some limitations including its inability to remove 
any dissolved inorganic substances from water and regular cleaning to maintain high pressure 
water flow [38]. Mocanu and others developed a synthetic procedure for hybrid ultrafiltration 
membrane for water treatment. They used wet-phase inversion method with polysulfone and 
graphene nanoplatelets modified with poly (styrene) to obtain their membranes. ZnO was 
deposited on one surface of the membrane with polymers that are soluble in water [39]. In 
the study reported by Igbinigun and others, the modified GO-membrane showed 2.6 times 
better flux recovery compared to the unmodified membrane and this shows that it is wise to 
modify membrane with GO to increase flux recovery. They used a simple method known as 
UV induced amination which has high flux UF membrane found to be resistant to organic 
fouling, and the resulting membrane can be applied in waste water treatment application. 
Incorporating hydrophilic materials onto the surface of these polymers will lead to more 
hydrophilic surface membrane [40].
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4.3. Nanofiltration (NF)

NF is capable of removing ions that contribute significantly to the osmotic pressure hence 
allows operation pressures that are lower than those RO. For NF to be effective pre-treat-
ment is needed for some heavily polluted waters; Membranes are sensitive to free chlorine. 
Soluble elements cannot be separated from water [41]. In the study reported by Yang and 
co-workers, PMIA/GO composite nanofiltration membranes were used for water treatment. 
The prepared composite membrane had greater hydrophilic surface which gave rise to high 
pure water flux compared to that of the pure polymer (PMIA). The results obtained showed 
high dye rejection and enhanced fouling resistance to bovine serum albumin (BSA) [42]. Xu 
and others reported NF membrane for textile wastewater treatment, the prepared mem-
brane displayed good removal of heavy metal ions, common salts and dyes, showing high 
removal efficiency toward metal ions and cationic dyes [43]. Lin and others reported nanofil-
tration membranes for dye (Congo red and direct red) and salt rejection, the results showed 
high dye rejection and low salt rejection which shows the possibility of the salt reuse in FO.

4.4. Forward osmosis (FO)

FO is a natural occurrence where the solvent moves from a region of lower concentration to 
the region of higher concentration across a permeable membrane [44]. This method is found 
to be highly efficient with low rate production of brine and is well studied as it promise to 
solve water problems worldwide, however regeneration of the draw solution is highly expen-
sive for desalination processes hence the use of nanofiltration or reverse osmosis for regenera-
tion of draw solution [45].

4.5. Reverse osmosis (RO)

RO is pressure driven technique used to remove dissolved solids and smaller particles; RO 
is only permeable to water molecules. The applied pressure on RO must be enough so that 
water can be able to overcome the osmotic pressure. The pore structure of RO membranes is 
much tighter than UF, they convert hard water to soft water, and they are practically capa-
ble of removing all particles, bacteria and organics, it requires less maintenance [46]. Some 
disadvantages include the use of high pressure, RO membranes are expensive compared to 
other membrane processes and are also prone to fouling. In some cases, high level of pre-
treatment is required [47]. RO has extremely small pores and able to remove particles smaller 
than 0.1 nm [48]. Huang and others, reported RO membranes coated with azide functional-
ized graphene oxide hence created smooth, antibacterial and hydrophilic membrane, which 
removed Escherichia coli and reduced BSA fouling [49].

5. Application of membrane technology for wastewater treatment

Zinadini and his group used zinc oxide nanoparticles to coat multiwalled carbon nanotubes 
(MWCNTs) which were later blended in polyethersulfone (PES) membrane. Incorporation 
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of ZnO coated MWCNTs increased pure water flux due to the hydrophilic properties added. 
The results showed increase in antifouling properties as well as decrease in surface roughness 
brought by the embedded nanoparticle. ZnO/MWCNTs composite membrane showed greater 
dye removal compared to pure PES membrane [50]. Polymeric membranes in water treat-
ment can reject up to 98% Cd ions through asymmetric polysulfone membrane [51]. Hybrid 
membranes are also used in removal of water contaminants as they introduce adsorptive 
capability, photocatalytic and antibacterial capabilities. This will lead to improved water flux 
and rejection value [52]. Aromatic polyamide is among other polymers that have been used 
in membrane industries. High pressure membrane includes tight UF, NF and RO, these are 
operated at high transmembrane pressure (>200 kPa) and low pressure membrane includes 
lose UF and MF. Usually fouling turn to occur when transmembrane increases, as to maintain 
flux or when there is decrease in flux [53].

Qiu and others have reported the use of hybrid microfiltration-osmosis membrane bioreactor 
to remove nitrogen and organic matter in municipal wastewater. Results showed decrease in 
fouling and reduced bacteria deposition [54]. In the study reported by Ochando-Pulido and 
others in olive mill wastewater and the rejection efficiency was 99.1% [55]. Microfiltration 
membrane has been applied in domestic wastewater and the amount percentage recovery 
of phosphorus was found to be 98.7% [56]. Combination of UF/NF/RO have been used in 
rendering plant wastewater (RPW) and the rand filtration was used as an effective pre-treat-
ment for UF hence lowering membrane fouling [57]. Another form of membrane called mem-
brane with a molecular weight cut-off (MWCO) was used to treat municipal and industrial 
wastewater, the obtained results showed complete resistance to irreversible fouling and high 
dye rejection [58]. UF and NF membranes have been used for waste stream purification also 
known as backwash water, which is obtained by washing filtration beds from swimming pool 
water system [59] (Table 1).

Matrix/pollutants Membrane type Performance References

Oily water MF 90.2% removal of organic additives [60]

Olive mill wastewater RO COD rejection 97.5–99.1% and 
24–32 L h−1 m−2 permeate flux

[55]

Domestic wastewater MF >97% removal of total nitrogen and total 
phosphorus

[56]

Nitrogen and phosphorus in 
microalgae

FO and MF 86–99% removal efficiency for nitrogen 
100% for phosphorus

[61]

Chlorophenol RO Improved unit performance [62]

Municipal and industrial 
wastewater streams

membranes with a 
molecular weight cut-off 
(MWCO)

membranes showed complete resistance 
to irreversible fouling and high 
rejections of dyes

[58]

Table 1. Membrane applications.
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high dye rejection and enhanced fouling resistance to bovine serum albumin (BSA) [42]. Xu 
and others reported NF membrane for textile wastewater treatment, the prepared mem-
brane displayed good removal of heavy metal ions, common salts and dyes, showing high 
removal efficiency toward metal ions and cationic dyes [43]. Lin and others reported nanofil-
tration membranes for dye (Congo red and direct red) and salt rejection, the results showed 
high dye rejection and low salt rejection which shows the possibility of the salt reuse in FO.

4.4. Forward osmosis (FO)

FO is a natural occurrence where the solvent moves from a region of lower concentration to 
the region of higher concentration across a permeable membrane [44]. This method is found 
to be highly efficient with low rate production of brine and is well studied as it promise to 
solve water problems worldwide, however regeneration of the draw solution is highly expen-
sive for desalination processes hence the use of nanofiltration or reverse osmosis for regenera-
tion of draw solution [45].

4.5. Reverse osmosis (RO)

RO is pressure driven technique used to remove dissolved solids and smaller particles; RO 
is only permeable to water molecules. The applied pressure on RO must be enough so that 
water can be able to overcome the osmotic pressure. The pore structure of RO membranes is 
much tighter than UF, they convert hard water to soft water, and they are practically capa-
ble of removing all particles, bacteria and organics, it requires less maintenance [46]. Some 
disadvantages include the use of high pressure, RO membranes are expensive compared to 
other membrane processes and are also prone to fouling. In some cases, high level of pre-
treatment is required [47]. RO has extremely small pores and able to remove particles smaller 
than 0.1 nm [48]. Huang and others, reported RO membranes coated with azide functional-
ized graphene oxide hence created smooth, antibacterial and hydrophilic membrane, which 
removed Escherichia coli and reduced BSA fouling [49].

5. Application of membrane technology for wastewater treatment

Zinadini and his group used zinc oxide nanoparticles to coat multiwalled carbon nanotubes 
(MWCNTs) which were later blended in polyethersulfone (PES) membrane. Incorporation 
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of ZnO coated MWCNTs increased pure water flux due to the hydrophilic properties added. 
The results showed increase in antifouling properties as well as decrease in surface roughness 
brought by the embedded nanoparticle. ZnO/MWCNTs composite membrane showed greater 
dye removal compared to pure PES membrane [50]. Polymeric membranes in water treat-
ment can reject up to 98% Cd ions through asymmetric polysulfone membrane [51]. Hybrid 
membranes are also used in removal of water contaminants as they introduce adsorptive 
capability, photocatalytic and antibacterial capabilities. This will lead to improved water flux 
and rejection value [52]. Aromatic polyamide is among other polymers that have been used 
in membrane industries. High pressure membrane includes tight UF, NF and RO, these are 
operated at high transmembrane pressure (>200 kPa) and low pressure membrane includes 
lose UF and MF. Usually fouling turn to occur when transmembrane increases, as to maintain 
flux or when there is decrease in flux [53].

Qiu and others have reported the use of hybrid microfiltration-osmosis membrane bioreactor 
to remove nitrogen and organic matter in municipal wastewater. Results showed decrease in 
fouling and reduced bacteria deposition [54]. In the study reported by Ochando-Pulido and 
others in olive mill wastewater and the rejection efficiency was 99.1% [55]. Microfiltration 
membrane has been applied in domestic wastewater and the amount percentage recovery 
of phosphorus was found to be 98.7% [56]. Combination of UF/NF/RO have been used in 
rendering plant wastewater (RPW) and the rand filtration was used as an effective pre-treat-
ment for UF hence lowering membrane fouling [57]. Another form of membrane called mem-
brane with a molecular weight cut-off (MWCO) was used to treat municipal and industrial 
wastewater, the obtained results showed complete resistance to irreversible fouling and high 
dye rejection [58]. UF and NF membranes have been used for waste stream purification also 
known as backwash water, which is obtained by washing filtration beds from swimming pool 
water system [59] (Table 1).

Matrix/pollutants Membrane type Performance References

Oily water MF 90.2% removal of organic additives [60]

Olive mill wastewater RO COD rejection 97.5–99.1% and 
24–32 L h−1 m−2 permeate flux

[55]

Domestic wastewater MF >97% removal of total nitrogen and total 
phosphorus

[56]

Nitrogen and phosphorus in 
microalgae

FO and MF 86–99% removal efficiency for nitrogen 
100% for phosphorus

[61]

Chlorophenol RO Improved unit performance [62]

Municipal and industrial 
wastewater streams

membranes with a 
molecular weight cut-off 
(MWCO)

membranes showed complete resistance 
to irreversible fouling and high 
rejections of dyes

[58]

Table 1. Membrane applications.
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6. Conclusions

This review provides detailed information about the current applications (2014–2018) of the 
membrane technology for treatment of wastewater. Generally, literature proved that different 
membrane technologies can be used to treat efficiently wastewaters from different activities. 
However, membrane fouling and membranes sensitivity to toxicity are the main limitations 
of the membrane technology. For this reason, Researchers has developed number of ways 
to overcome membrane technology. These ways include the incorporation of nanomaterials 
such as graphene oxide and nanometer sized metal oxides (zinc oxide), among others. In 
overall it can be concluded that membrane technology has been found to be a very promising 
method for wastewater treatment.
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Abstract

In the recent past years, micropollutants that are pharmaceutically active compounds
(PhACs) have been used extensively and have been discovered in raw sewage, waste-
water treatment plants, effluents, surface, and groundwater with concentrations from
ng/L to several μg/L. Even though many of these compounds are still not determined
online, monitoring technology improvements progressed. Today’s wastewater treat-
ment plants are not constructed to remove these micropollutants yet. Conventional
activated sludge processes are used in the treatment of municipal wastewater but are
not specifically designed for the removal of micropollutants. The remaining pharma-
ceuticals mix into surface waters. At that stage, they can adversely affect the aquatic
environment and may cause issues for drinking water production. As the conventional
methods are insufficient for removing the micropollutants, other alternative treatment
methods can be applied such as coagulation-flocculation, activated carbon adsorption
(powdered activated carbon and granular activated carbon), advanced oxidation pro-
cesses, membrane processes, and membrane bioreactor. It has been observed that
membrane bioreactor (MBR) can achieve higher and more consistent micropollutants
removal. The removal of micropollutants is based on physicochemical properties of
micropollutants and the conditions of treatment. Due to recent technical innovations
and cost reductions of the actual membranes, the membrane bioreactor takes attention.
In this study, membrane bioreactor experiments for micropollutants in drinking use,
wastewater, and surface waters were investigated in detail based on literature investi-
gations, and the feasibility of this method was evaluated.

Keywords: wastewater, removal, micropollutant, membrane bioreactor

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.75183

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



[61] Praveen P, Heng JYP, Loh KC. Tertiary wastewater treatment in membrane photobiore-
actor using microalgae: Comparison of forward osmosis & microfiltration. Bioresource 
Technology. 2016;222:448-457

[62] Al-Obaidi MA, Li JP, Kara-Zaitri C, Mujtaba IM. Optimisation of reverse osmosis based 
wastewater treatment system for the removal of chlorophenol using genetic algorithms. 
Chemical Engineering Journal. 2017;316:91-100

Wastewater and Water Quality40

Chapter 3

Efficient Removal Approach of Micropollutants in
Wastewater Using Membrane Bioreactor

Berna Kırıl Mert, Nihan Ozengin,
Esra Can Dogan and Coskun Aydıner

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75183

Provisional chapter

Efficient Removal Approach of Micropollutants in
Wastewater Using Membrane Bioreactor

Berna Kırıl Mert, Nihan Ozengin,
Esra Can Dogan and Coskun Aydıner

Additional information is available at the end of the chapter

Abstract

In the recent past years, micropollutants that are pharmaceutically active compounds
(PhACs) have been used extensively and have been discovered in raw sewage, waste-
water treatment plants, effluents, surface, and groundwater with concentrations from
ng/L to several μg/L. Even though many of these compounds are still not determined
online, monitoring technology improvements progressed. Today’s wastewater treat-
ment plants are not constructed to remove these micropollutants yet. Conventional
activated sludge processes are used in the treatment of municipal wastewater but are
not specifically designed for the removal of micropollutants. The remaining pharma-
ceuticals mix into surface waters. At that stage, they can adversely affect the aquatic
environment and may cause issues for drinking water production. As the conventional
methods are insufficient for removing the micropollutants, other alternative treatment
methods can be applied such as coagulation-flocculation, activated carbon adsorption
(powdered activated carbon and granular activated carbon), advanced oxidation pro-
cesses, membrane processes, and membrane bioreactor. It has been observed that
membrane bioreactor (MBR) can achieve higher and more consistent micropollutants
removal. The removal of micropollutants is based on physicochemical properties of
micropollutants and the conditions of treatment. Due to recent technical innovations
and cost reductions of the actual membranes, the membrane bioreactor takes attention.
In this study, membrane bioreactor experiments for micropollutants in drinking use,
wastewater, and surface waters were investigated in detail based on literature investi-
gations, and the feasibility of this method was evaluated.

Keywords: wastewater, removal, micropollutant, membrane bioreactor

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.75183

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



1. Introduction

Pharmaceutical wastewater is one of the most important gateways of emerging pollutants
(such as synthetic hormones including corticosteroids) to enter water bodies. During the last
years, numerous studies have documented the presence of many of these substances at the
level of microgram or nanogram per liter in raw water (i.e., stream/source water), in waste-
water effluents, and even in finished drinking waters [1, 2]. As a consequence, pharmaceuti-
cals are entering in the trophic chain and causing adverse ecological and human health
effects [3].

Pharmaceuticals are not regulated at the moment in the EU, but the 2013 amendment of the
Environmental Quality Standards Directive (2008/105/EC) contains a mechanism to collect
high-quality data on concentration of compounds of environmental concern, the so-called
watchlist. This list includes diclofenac, 17-beta-estradiol (E2), and 17-alpha-ethinylestradiol
(EE2). For compounds on this list, it is likely that regulations will be developed in the future.
This would mean that additional treatment of wastewater will be necessary to comply with
these regulations [4].

Membrane bioreactor (MBR) technique is a promising alternative to conventional treatment,
[5, 6], and its usage is increasingly for municipal wastewater treatment and reuse, and great
concerns have been raised to some emerging trace pollutants found in aquatic environment in
the last decade, notably the pharmaceuticals [7]. In that sense, recently a pilot MBR was
innovatively applied leading to removal efficiencies over 95% of the chemical oxygen demand
(COD). Furthermore, other lab-scale MBR studies have been focused not only in the removal of
the bulk organic matter but also in the elimination of the specific organic micropollutants
present in the raw wastewater [1].

In this study, we present a comprehensive review of the studies carried out in the literature
with MBR of micropollutant residues in different wastewaters, and it is expected that these
pollutants, which are highly biologically active and difficult to biodegrade, shed light on
treatment strategies to improve biodegradation.

2. Sources of pharmaceutical micropollutants in the aquatic environment

Pharmaceuticals are important and indispensable elements of modern life. They are used in
humans and animals, in agriculture and in water culture. The presence of pharmaceuticals in
the environment first attracted the attention of the scientific community and the public in the
1970s. However, until the 1990s, little has been done about the presence, behavior, and effects
of pharmaceuticals in the environment. During this time, environmental pollutants such as
heavy metals, polycyclic hydrocarbons, dioxins, furans, pesticides, and detergents have been
extensively studied. Endocrine system drugs and lipid-lowering drugs have been on the rise
since the 1990s. After this date, many studies have been done in the USA and Europe for
hormones and other pharmaceuticals [8–10].

Wastewater and Water Quality42

An important reason why so much care is taken with pharmaceutical products is that they
have to produce a biological effect. They are made as stable as possible so that they can be
stored for a long time and easily swallowed. The membranes are lipophilic enough to cross the
membranes, and in order to reach the sites of action—especially those taken orally—drugs
must be resistant to enzymes and must not hydrolyze at acidic pH values. They must be stable
and have high mobility in liquid phase [11–13].

Because of these properties, active pharmaceutical ingredients/conversion products can be
bioaccumulated and can cause effects in aquatic or terrestrial ecosystems.

The intake of drug active substances occurs in various ways. Starting from humans and
animals, the active pharmaceutical ingredients reach the wastewater, soil, and groundwater
and, if adequate treatment is not done, reach our drinking water. Pharmaceutical products can
be roughly divided into two: medicinal products and veterinary drugs used by humans.
Veterinary medicines are used in farm animal breeding and poultry production. Medicinal
products used by humans reach sewage through urea and feces and from there to wastewater
treatment plant. If xenobiotics are taken as an example, there are three possible behaviors of
the substance: (i) the substance is completely mineralized to water and CO2 (e.g., aspirin). (ii)
The substance is lipophilic and does not easily fragment. So, some of the material is kept in
clay. (iii) The substance is metabolized to a more hydrophobic than lipophilic form but
becomes resistant. It cannot be removed in the treatment plant, and it is thrown away with
wastewater and mixed with the receiving waters. If the metabolites are still biologically active,
they also affect the aquatic organisms in the environment. Possible materials in clay, if the mud
is laid on the field, may affect microorganisms and the useful ones. Medicinal substances used
to support growth of animals in the stables are mostly fertile. These substances can affect soil
organisms. The hydrophilic materials in the sewage sludge, which are scattered in the mouth,
reach the aquatic environment by infiltrating with rain [11–13].

Pharmaceutical substances used for animals in the field are thrown directly to the ground via
urea and feces. High local concentration affects soil organisms. It is also possible that medicinal
substances spread over the surface are mineralized to the ground or reach the groundwaters.

They are used in fish farms and are directly confused with the receiving waters because the
best way to treat fish with antibiotics and other medicines is to use feed additives. Because
most of the feed additives are not eaten by the fish, they fall from the cages and accumulate in
the seabed. These substances can affect aquatic organisms. An unknown part of the medical
goods sold for human use is thrown into the toilet as waste by people and reaches the
treatment plant by interfering with the sewage system [14–17].

Micropollutants consist of a vast and expanding array of anthropogenic as well as natural
substances. These include pharmaceuticals, personal care products, steroid hormones, indus-
trial chemicals, pesticides, and many other emerging compounds. Micropollutants are com-
monly present in waters at trace concentrations, ranging from a few ng/L to several μg/L. The
“low concentration” and diversity of micropollutants not only complicate the associated detec-
tion and analysis procedures but also create challenges for water and wastewater treatment
processes [2].
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Sources of micropollutants in the environment are diverse, and many of these originate from
mass-produced materials and commodities. Table 1 summarizes the sources of the major
categories of micropollutants in the aquatic environment.

Pharmaceuticals are thoroughly used to cure the diseases in humans and as veterinary drugs.
These biologically active chemicals are treated as emerging contaminant due to their persis-
tence and potential harmful impact on the aquatic ecosystem.

These refractory emerging contaminants (RECs) (analgesics, anti-inflammatories, antiepilep-
tics, and antibiotics) fall into the class of endocrine-disrupting compounds, which continually
enters into the aquatic environment in small concentration.

They remain active even in low concentrations and deteriorate water quality and have an
adverse impact on the ecosystem and human health. The most common and persistent phar-
maceutical products in the aquatic environment are summarized below.

2.1. Antibiotics

In recent years, global consumption and the use of antibiotics increase to >30% [18]. Antibiotics
are generally treated as pseudo-persistent compound because of its continuous introduction in
environment. The existence and release of antibiotics are inclined to be of specific concern since

Category Important subclasses Major sources Nonexclusive

Pharmaceuticals aNSAIDs, lipid regulator,
anticonvulsants, antibiotics,
β-blockers, and stimulants

Domestic wastewater (from
excretion)
Hospital effluents
Runoff from bCAFOs and
aquaculture

Sources that are not exclusive
to individual categories
include
industrial wastewater (from
product manufacturing
discharges)
Landfill leachate (from
improper disposal of used,
defective, or expired items)

Personal care
products

Fragrances, disinfectants, UV
filters, and insect repellents

Domestic wastewater (from
bathing, shaving, spraying,
swimming, etc.)

Steroid
hormones

Estrogens Domestic wastewater (from
excretion)
Runoff from CAFOs and
aquaculture

Surfactants Nonionic surfactants Domestic wastewater (from
bathing, laundry, dishwashing, etc.)

Industrial
chemicals
Pesticides

Plasticizers, fire retardants
Insecticides, herbicides, and
fungicides

Industrial wastewater (from
industrial cleaning discharges)
Domestic wastewater (by leaching
out of the material)
Domestic wastewater (from
improper cleaning, runoff from
gardens, lawns, roadways, etc.)
Agricultural runoff

aNSAIDs, Nonsteroidal anti-inflammatory drugs.
bCAFOs, concentrated animal feeding operations.

Table 1. Sources of micropollutants in the aquatic environment.
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they are designed to kill and inhibit the growth of microorganism; thus, they will hinder the
activity of beneficial microbes in wastewater treatment plant (WWTP) operation and involved
in their removal. Moreover, for constant exposure to antibiotics, microbial community stay in
wastewater improves resistant mechanism more readily than the rest of another microbial
world. The presence of numerous antibiotic compounds was identified in untreated wastewa-
ter in both aqueous and solid phases. Overall, occurrence and persistence of antibiotics in
water bodies increase concern; almost 90% of antibiotics consumed by human body were
discharged via urine and feces [19].

2.2. Therapeutic hormones

Therapeutic hormones are the synthetic analog of animal or plant natural hormones, which
affect the endocrine system and have impacts on human and animal health. The most frequently
found hormones in the environment are estrogens. A synthetic estrogenic steroid is used as a
birth control agent and in estrogen substitution therapies. Thus, estrogen and its metabolite
become the abundant class of emerging pharmaceutical contaminants. The metabolite of 17b-
ethinyl estradiol and estrone (E1) is one of the most powerful EDCs creating impacts in aquatic
organisms. Their presence in the river environment causes adverse reproductive and develop-
mental effect in nontargeted organisms [20]. Several studies confirmed that the presence of
estrogen in both influent and effluent of municipal wastewater treatment plants at a concentra-
tion ranges from 5 to 188 ng/L and between 0.3 and 12.6 ng/L, respectively [19, 21].

2.3. Analgesic pharmaceuticals

Analgesic is the widely used drug for pain relaxation and to treat fever. Drugs belonging to the
class of analgesics such as naproxen acetaminophen, ibuprofen, diclofenac, and meprobamate
were treated as significant environment pollutants due to their persistence in the aquatic environ-
ment [22]. Almost, 15% of ibuprofen was excreted after administration and 26% as its metabolite.
The metabolite of ibuprofen is more toxic to aquatic organisms than parental compound [23]. The
presence of ibuprofen, diclofenac, naproxen, gemfibrozil, and hydrochlorothiazide in the river
shows a concentration range from 2 to 18 ng/L. The occurrence of these xenobiotic compounds in
natural water bodies represents a significant concern for human health as little information is
available on the effect of long-term ingestion of these compounds through drinking water [19].

2.4. By-product and metabolites

Pharmaceutical compounds pass on a set of biochemical transformation in human and animal
body and form polar, hydrophilic, and biologically active metabolites, which are discharged
through urine and feces and enter WWTP. These active metabolites are accumulated in tissues
of aquatic organisms. They have the potential to bind covalently to their cellular protein andmay
evoke an immune response or exert toxic effects [25]. These metabolites are reported to be 50%
more toxic than their parental compounds. The poorly metabolized parental pharmaceutical
substances undergo a transformation and affect the action of microbial community present in
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Sources of micropollutants in the environment are diverse, and many of these originate from
mass-produced materials and commodities. Table 1 summarizes the sources of the major
categories of micropollutants in the aquatic environment.
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bCAFOs, concentrated animal feeding operations.
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they are designed to kill and inhibit the growth of microorganism; thus, they will hinder the
activity of beneficial microbes in wastewater treatment plant (WWTP) operation and involved
in their removal. Moreover, for constant exposure to antibiotics, microbial community stay in
wastewater improves resistant mechanism more readily than the rest of another microbial
world. The presence of numerous antibiotic compounds was identified in untreated wastewa-
ter in both aqueous and solid phases. Overall, occurrence and persistence of antibiotics in
water bodies increase concern; almost 90% of antibiotics consumed by human body were
discharged via urine and feces [19].

2.2. Therapeutic hormones

Therapeutic hormones are the synthetic analog of animal or plant natural hormones, which
affect the endocrine system and have impacts on human and animal health. The most frequently
found hormones in the environment are estrogens. A synthetic estrogenic steroid is used as a
birth control agent and in estrogen substitution therapies. Thus, estrogen and its metabolite
become the abundant class of emerging pharmaceutical contaminants. The metabolite of 17b-
ethinyl estradiol and estrone (E1) is one of the most powerful EDCs creating impacts in aquatic
organisms. Their presence in the river environment causes adverse reproductive and develop-
mental effect in nontargeted organisms [20]. Several studies confirmed that the presence of
estrogen in both influent and effluent of municipal wastewater treatment plants at a concentra-
tion ranges from 5 to 188 ng/L and between 0.3 and 12.6 ng/L, respectively [19, 21].

2.3. Analgesic pharmaceuticals

Analgesic is the widely used drug for pain relaxation and to treat fever. Drugs belonging to the
class of analgesics such as naproxen acetaminophen, ibuprofen, diclofenac, and meprobamate
were treated as significant environment pollutants due to their persistence in the aquatic environ-
ment [22]. Almost, 15% of ibuprofen was excreted after administration and 26% as its metabolite.
The metabolite of ibuprofen is more toxic to aquatic organisms than parental compound [23]. The
presence of ibuprofen, diclofenac, naproxen, gemfibrozil, and hydrochlorothiazide in the river
shows a concentration range from 2 to 18 ng/L. The occurrence of these xenobiotic compounds in
natural water bodies represents a significant concern for human health as little information is
available on the effect of long-term ingestion of these compounds through drinking water [19].

2.4. By-product and metabolites

Pharmaceutical compounds pass on a set of biochemical transformation in human and animal
body and form polar, hydrophilic, and biologically active metabolites, which are discharged
through urine and feces and enter WWTP. These active metabolites are accumulated in tissues
of aquatic organisms. They have the potential to bind covalently to their cellular protein andmay
evoke an immune response or exert toxic effects [25]. These metabolites are reported to be 50%
more toxic than their parental compounds. The poorly metabolized parental pharmaceutical
substances undergo a transformation and affect the action of microbial community present in

Efficient Removal Approach of Micropollutants in Wastewater Using Membrane Bioreactor
http://dx.doi.org/10.5772/intechopen.75183

45



the WWTP. These metabolites are persistent due to their weaker sorption potential and high
mobility and, thus, detected in environmental samples [26].

Literature reported that the concentration of the metabolite in influent and effluent of WWTP
is often higher than their parental compounds, and their fate depends on the environmental
conditions such as salinity, temperature, pH, and microbial diversity [19, 27].

Many studies on removal of pharmaceutical compounds from wastewater have been conducted,
and many treatment technologies of hospital wastewater treatment have been developed.

Treatment of pharmaceutical residues using MBR processes was discussed in the following
sections.

3. General features of MBR systems

Membranes have been used for many years as biological treatment (aerobic and anaerobic)
and solid–liquid separation methods in physical applications. Nowadays, these methods are
increasingly attracted to the name of membrane bioreactors combined with biological waste-
water treatment [28]. Membrane bioreactor technology is emerging as a mature technology
around the world with many full-scale installations for municipal and different wastewater
treatments [29–31]. The reactor is operated in a similar manner to a conventional activated
sludge process, and there is no need for tertiary stages such as secondary purification and sand
filtration. Low-pressure membrane filters such as microfiltration (MF) or ultrafiltration (UF)
are used to separate wastewater from the activated sludge [32].

Several factors have been reported that may affect contamination in MBR membrane properties
such as floc size, mixed liquid viscosity, mixed liquid viscosity, pH, solubility, associated poly-
meric compounds (EPS), pore size, porosity, surface charge, roughness, and hydrophilicity/hydro-
phobicity. Operating parameters such as hydraulic retention time (HRT), solid retention time
(SRT), and food/mass (F/M) ratio do not have a direct effect on membrane contamination [33,
34]. They affect more sludge properties and therefore sludge filtration properties. Organic con-
tamination is caused by contamination of the membrane during active sludge filtration compared
to inorganic pollution [35].

3.1. MBR configuration

There are two membrane-type alternatives: the first option is submerged MBR configuration
such as operating under a vacuum, instead of direct pressure. This configuration may be named
immersed as the membrane is placed directly into the liquid. The second option is sidestream
MBR configuration such as operating under pressure. In this approach, the membrane is sepa-
rated from the bioreactor, and a pump is required for pushing the bioreactor effluent into the
membrane system and permeates through the membrane. This configuration may be named
external cross flow membrane. Flat sheet (FS) and hollow fiber (HF) membranes are generally
used for submerged MBR configuration [36]. The two main MBR configurations involve either
submerged membranes or external circulation (sidestream configuration) (Figure 1) [32].
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Since submerged MBRs operate at lower operating fluxes, they have greater hydraulic
efficiency due to greater permeability. Working with low flux is important in submerged
MBR because this application minimizes membrane contamination or plugging. Membrane
blockage is one of the major disadvantages of MBRs and requires cleaning mechanisms that
increase cost and make operation difficult. While submerged MBRs require lower pumping
costs than external MBRs, they require more aeration. The reason is that the aeration is the
main method to prevent membrane clogging. In addition, low flux studies in submerged
MBRs require more membrane surface area (and hence greater initial investment cost) when
based on constant permeate flux production. Despite these disadvantages, however, the
selected and implemented configuration for medium- and large-scale municipal wastewater
treatment is the internal submerged MBR [38].

By the year 1990s, this existing accumulation has been rapidly increased by the MBR applica-
tions which are made as academic and field studies. MBR producers are Kubota from Japan,
Zenon from Canada, Mitsubishi Rayon, and US Filtration [36, 39, 40] (Table 2).

Figure 1. Configuration of MBR systems: (a) submerged (immersed) MBR and (b) sidestream (external) MBR configura-
tion (adapted from [32, 37]).

Items Zenon Mitsubishi
Rayon

Tianjin
Motimo

Kubotab Shanghai
Zizheng

(1) Membrane module properties

Polymer PVDF PE PVDF PE PVDF

Filtration type UF MF MF MF MF

Module Hollow fiber Hollow fiber Hollow fiber Flat sheet Flat sheet

Hydrophilic Yes Yes Yes Yes Yes

Outside diameter (mm) 1.95 — 1.00 490 (width) 460 (width)

Inside diameter (mm) 0.92 — 0.65 1000 (height) 1010 (height)

Fiber length (mm) 1650 663.5 1010 6 (thickness) 7 (thickness)

Pore size (μm) 0.04 0.4 0.2 0.4 0.2

Surface area (m2) 23/module 105/module 20/module 0.8/panel 0.7/panel

Normal flux (L/(m2h) 25.5 10.3–16.7 15 25.5 20–30
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the WWTP. These metabolites are persistent due to their weaker sorption potential and high
mobility and, thus, detected in environmental samples [26].

Literature reported that the concentration of the metabolite in influent and effluent of WWTP
is often higher than their parental compounds, and their fate depends on the environmental
conditions such as salinity, temperature, pH, and microbial diversity [19, 27].

Many studies on removal of pharmaceutical compounds from wastewater have been conducted,
and many treatment technologies of hospital wastewater treatment have been developed.

Treatment of pharmaceutical residues using MBR processes was discussed in the following
sections.

3. General features of MBR systems

Membranes have been used for many years as biological treatment (aerobic and anaerobic)
and solid–liquid separation methods in physical applications. Nowadays, these methods are
increasingly attracted to the name of membrane bioreactors combined with biological waste-
water treatment [28]. Membrane bioreactor technology is emerging as a mature technology
around the world with many full-scale installations for municipal and different wastewater
treatments [29–31]. The reactor is operated in a similar manner to a conventional activated
sludge process, and there is no need for tertiary stages such as secondary purification and sand
filtration. Low-pressure membrane filters such as microfiltration (MF) or ultrafiltration (UF)
are used to separate wastewater from the activated sludge [32].

Several factors have been reported that may affect contamination in MBR membrane properties
such as floc size, mixed liquid viscosity, mixed liquid viscosity, pH, solubility, associated poly-
meric compounds (EPS), pore size, porosity, surface charge, roughness, and hydrophilicity/hydro-
phobicity. Operating parameters such as hydraulic retention time (HRT), solid retention time
(SRT), and food/mass (F/M) ratio do not have a direct effect on membrane contamination [33,
34]. They affect more sludge properties and therefore sludge filtration properties. Organic con-
tamination is caused by contamination of the membrane during active sludge filtration compared
to inorganic pollution [35].

3.1. MBR configuration

There are two membrane-type alternatives: the first option is submerged MBR configuration
such as operating under a vacuum, instead of direct pressure. This configuration may be named
immersed as the membrane is placed directly into the liquid. The second option is sidestream
MBR configuration such as operating under pressure. In this approach, the membrane is sepa-
rated from the bioreactor, and a pump is required for pushing the bioreactor effluent into the
membrane system and permeates through the membrane. This configuration may be named
external cross flow membrane. Flat sheet (FS) and hollow fiber (HF) membranes are generally
used for submerged MBR configuration [36]. The two main MBR configurations involve either
submerged membranes or external circulation (sidestream configuration) (Figure 1) [32].
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Since submerged MBRs operate at lower operating fluxes, they have greater hydraulic
efficiency due to greater permeability. Working with low flux is important in submerged
MBR because this application minimizes membrane contamination or plugging. Membrane
blockage is one of the major disadvantages of MBRs and requires cleaning mechanisms that
increase cost and make operation difficult. While submerged MBRs require lower pumping
costs than external MBRs, they require more aeration. The reason is that the aeration is the
main method to prevent membrane clogging. In addition, low flux studies in submerged
MBRs require more membrane surface area (and hence greater initial investment cost) when
based on constant permeate flux production. Despite these disadvantages, however, the
selected and implemented configuration for medium- and large-scale municipal wastewater
treatment is the internal submerged MBR [38].

By the year 1990s, this existing accumulation has been rapidly increased by the MBR applica-
tions which are made as academic and field studies. MBR producers are Kubota from Japan,
Zenon from Canada, Mitsubishi Rayon, and US Filtration [36, 39, 40] (Table 2).

Figure 1. Configuration of MBR systems: (a) submerged (immersed) MBR and (b) sidestream (external) MBR configura-
tion (adapted from [32, 37]).
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Outside diameter (mm) 1.95 — 1.00 490 (width) 460 (width)

Inside diameter (mm) 0.92 — 0.65 1000 (height) 1010 (height)

Fiber length (mm) 1650 663.5 1010 6 (thickness) 7 (thickness)

Pore size (μm) 0.04 0.4 0.2 0.4 0.2

Surface area (m2) 23/module 105/module 20/module 0.8/panel 0.7/panel

Normal flux (L/(m2h) 25.5 10.3–16.7 15 25.5 20–30
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3.2. Design and operating parameters

A number of parameters must be considered in order to activate an economically appropriate
MBR system. These include membrane selection, membrane performance (permeate flow,
transmembrane pressure, viscosity), biological performance of microorganisms (biomass con-
centration, ESS, HBS, F/M ratio), and economic factors (energy consumption, sludge treatment,
and disposal cost). These parameters can influence each other, and a positive change can be
observed in the other parameter by changing one parameter. For example, a high biomass
concentration requires a long CIS, which in turn reduces the cost of sludge disposal and sludge
disposal. On the other hand, at high sludge age, the cost of energy also increases as the sludge
reaches a viscous structure, which leads to the decomposition of the organic fraction and the
amount of oxygen needed to grow the microorganism [43–45].

These designed and operational parameters are used to design the reactor and to be able to
differentiate in different configurations applied to the process, to give formulas which are used
in the general working principles of MBRs, also in the definition and calculation.

The amount of liquid drained from the surface area of the membrane is called flux. MBRs are
mostly 10–100 LMH flux values.

Items Zenon Mitsubishi
Rayon

Tianjin
Motimo

Kubotab Shanghai
Zizheng

(2) MBR performance

aMLSS (g/L) 12–30 <15 15–30 10–30

Aeration per module (m3/h) 14 57–73 — 0.6/panel

SRT (d) 10–100 <60 >40 40

Sludge yield (kg MLSS/kg BOD) 0.1–0.3 — 0.26

BOD effluent (mg/L) <2 2–6 — 3–5

NH3 effluent (mg/L) <0.3 — <2 <2

Cleaning method Back pulse and relax Relax — Relax

Cleaning frequency (min/min) 0.5/15 2/12 1/60

Recovery method Chemical soak Chlorine
backwash

Chlorine
backwash

Recovery frequency ≥3 months ≥3 months ≥6 months

Recovery location Drained cell or in situ In situ In situ

aMLSS, Mixed liquor suspended solids.
bAlthough Kubota was not found very active in China, it was still referenced here in order to compare flat-sheet
membranes made in China and those made in other countries.

Table 2. Summary comparison of membranes used in full-scale MBRs and MBR performance (adapted from [39, 41, 42]).
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3.3. Advantage and disadvantage of MBR

The best feature of MBRs is that they can easily convert existing activated sludge systems into
MBR systems. This can be accomplished by placing submerged membranes in the aeration tank
[46]. Membrane bioreactor is separating biological treatment of microorganisms and secondary
cleaners from one site to another. The feed water is mixed with the biomass, the mixture is
filtered from the membrane, and the biomass is separated from the treated water. Conventional
activated sludge (CAS) units compared to the same operational conditions to provide better
recovery efficiency in the MBR. Using MBR has many advantages [22, 47] (Table 3).

At higher MLSS concentrations, the ability to work at higher SRT than conventional treatments,
reduced biomass yield, higher quality waste, less hydraulic residence time and lower area
footprint generation are advantages of MBRs compared to CAS units [48]. This means a small
reactor volume and a reduction in the initial investment cost. They are also more resistant to
sudden different hydraulic and organic loads and better respond to existing sustainability criteria
for municipal wastewater systems [49]. Biomass separation is independent of the ability of the
activated sludge to precipitate as it is achieved bymicrofiltration or ultrafiltration; in other words,
there is no need for final sedimentation, no sludge swelling, and sedimentation problems caused
by filament growth. Due to high MLSS concentrations, excess organic loading can be done in the
system. MBRs are less likely to be negatively affected by nitrification or by business problems
related to the toxic effects of toxic organisms [50]. Since the sludge from the membrane system is
less than the conventional system, the storage requirement is also reduced [51].

MBRs are becoming increasingly common throughout the world, despite the fact that they
can reduce their investment and operating costs and produce effluent that cannot be used
despite their different reuse areas. One of the biggest causes of this is the clogging of the
wastes, and the transmembrane pressure (TMP) increases to provide a constant flux. Occlu-
sions may occur at the membrane surface or within the membrane pores. Membrane clogs

MBR CAS

Meets sensitive discharge standards Cannot meet sensitive discharge standards

Decreased reactor volume and foot print Large area is required for the secondary clarifier

Used as a pretreatment for reverse osmosis (RO) and nanofiltration
(NF) with good effluent quality

Less quality effluent is obtained

Complete retention of bacterial flocs by the membrane Needs disinfection step

Biomass retention is achieved by the membrane Biomass retention is accomplished by gravity

Operated at elevated solid retention time (SRT) Usually operates with low SRT

Better removal efficiency for slowly biodegradable micropollutants The low SRT in ASP cannot allow this

High MLSS (10–15 g L�1) and low feed to microorganism ratio (F/M) MLSS is about four times less than that of MBR

Long SRT and high MLSS imply low sludge yield Low SRT and low MLSS imply high sludge yield

Table 3. Comparison of MBR and CAS (adapted from [52]).
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A number of parameters must be considered in order to activate an economically appropriate
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reaches a viscous structure, which leads to the decomposition of the organic fraction and the
amount of oxygen needed to grow the microorganism [43–45].
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differentiate in different configurations applied to the process, to give formulas which are used
in the general working principles of MBRs, also in the definition and calculation.
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mostly 10–100 LMH flux values.

Items Zenon Mitsubishi
Rayon

Tianjin
Motimo

Kubotab Shanghai
Zizheng

(2) MBR performance

aMLSS (g/L) 12–30 <15 15–30 10–30

Aeration per module (m3/h) 14 57–73 — 0.6/panel

SRT (d) 10–100 <60 >40 40

Sludge yield (kg MLSS/kg BOD) 0.1–0.3 — 0.26

BOD effluent (mg/L) <2 2–6 — 3–5

NH3 effluent (mg/L) <0.3 — <2 <2

Cleaning method Back pulse and relax Relax — Relax

Cleaning frequency (min/min) 0.5/15 2/12 1/60

Recovery method Chemical soak Chlorine
backwash

Chlorine
backwash

Recovery frequency ≥3 months ≥3 months ≥6 months

Recovery location Drained cell or in situ In situ In situ

aMLSS, Mixed liquor suspended solids.
bAlthough Kubota was not found very active in China, it was still referenced here in order to compare flat-sheet
membranes made in China and those made in other countries.

Table 2. Summary comparison of membranes used in full-scale MBRs and MBR performance (adapted from [39, 41, 42]).

Wastewater and Water Quality48
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The best feature of MBRs is that they can easily convert existing activated sludge systems into
MBR systems. This can be accomplished by placing submerged membranes in the aeration tank
[46]. Membrane bioreactor is separating biological treatment of microorganisms and secondary
cleaners from one site to another. The feed water is mixed with the biomass, the mixture is
filtered from the membrane, and the biomass is separated from the treated water. Conventional
activated sludge (CAS) units compared to the same operational conditions to provide better
recovery efficiency in the MBR. Using MBR has many advantages [22, 47] (Table 3).

At higher MLSS concentrations, the ability to work at higher SRT than conventional treatments,
reduced biomass yield, higher quality waste, less hydraulic residence time and lower area
footprint generation are advantages of MBRs compared to CAS units [48]. This means a small
reactor volume and a reduction in the initial investment cost. They are also more resistant to
sudden different hydraulic and organic loads and better respond to existing sustainability criteria
for municipal wastewater systems [49]. Biomass separation is independent of the ability of the
activated sludge to precipitate as it is achieved bymicrofiltration or ultrafiltration; in other words,
there is no need for final sedimentation, no sludge swelling, and sedimentation problems caused
by filament growth. Due to high MLSS concentrations, excess organic loading can be done in the
system. MBRs are less likely to be negatively affected by nitrification or by business problems
related to the toxic effects of toxic organisms [50]. Since the sludge from the membrane system is
less than the conventional system, the storage requirement is also reduced [51].

MBRs are becoming increasingly common throughout the world, despite the fact that they
can reduce their investment and operating costs and produce effluent that cannot be used
despite their different reuse areas. One of the biggest causes of this is the clogging of the
wastes, and the transmembrane pressure (TMP) increases to provide a constant flux. Occlu-
sions may occur at the membrane surface or within the membrane pores. Membrane clogs
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(NF) with good effluent quality

Less quality effluent is obtained

Complete retention of bacterial flocs by the membrane Needs disinfection step
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Better removal efficiency for slowly biodegradable micropollutants The low SRT in ASP cannot allow this
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are roughly divided mechanically into two: recycled (removal of the surface gel and cake layer
by aeration or physical backwash) and irreversible (removal of dissolved or colloidal substances
in the adsorptive pore accumulation and clogging by chemical cleaning) [53]. MLSS, particle size
distribution, soluble microbial by-products, extracellular polymeric materials, viscosity, pore
size, porosity, surface energy, electrical charge, hydrophilic/hydrophobic properties parameters
are affecting clogging [54]. The formation of cake, which is unavoidable on the membrane
surface, is one of the factors that cause the membrane to become contaminated. In a general
system, the sidestream of theMBR shows a higher tendency to pollute than the submergedMBR.
The reason is that the sidestreamMBR needs high pump energy to generate high flux which will
cause repetition of pollution when compared to the submerged MBR [37]. Tank reduces produc-
tion, increases operating and maintenance costs, and requires a special extra cleaning and
backwashing. Membrane replacement is challenging. There are more than 10 years of MBR
systems. On the other hand, there are many systems that change after 4 years. The main causes
are often pollution problems. When contamination is combined with high transmembrane
pressure, this contamination is most irreversible, and therefore the chemical cleaning frequency
should be increased. This leads to an increase in operating cost by reducing membrane life [51].

The main contributors to energy costs in MBR are sludge transfer, permeate production, and
aeration which is often exceeding 50% of total energy consumption. Energy consumption of
membrane-relatedmodules was in the range of 0.5–0.7 kWh/m3, and specific energy consumption
for membrane aeration in flat sheet was 33–37% which was higher than in a hollow fiber system.
Submerged membranes in MBR reduces the pumping energy requirement to 0.007 kWh/m3 of
permeate compared with sidestream membrane (3.0 kWh/m3). Future trend of MBR might be
focused on two aspects which are reduction of energy demand and membrane fouling [55].

4. Micropollutant treatment studies with MBR applications

Many analgesics such as ibuprofen, diclofenac, naproxen, and ketoprofen; lipid regulators
such as bezafibrate and gemfibrozil; and carbamazepine for antiepileptic drugs were fre-
quently found to be removed at concentrations above 1.0 mg/L in domestic wastewater and
in MBR procedures [22].

While the removal rates of microcontaminants in MBR vary from one compound to another,
these removal rates, sludge retention time (SRT), biomass concentration, temperature, pH
value, class of microcontaminants and hydrophobicity, chemical structure, pKa etc. as well as
their physico-chemical properties. The hydrophobic components are removed from the liquid
phase by adsorption and, possibly, when the SRT is sufficiently high, to be removed between
the biodegradation processes [56–58]. The compactness of the MBR system, the high organic
load that can be applied, and the high SRT give good results in removing micropollutant [48].
When the pH value of the wastewater changes, it may affect the removal of micropollutants in
the negative direction. On the other hand, the role of pH on sorption has been related with the
dissociation of certain micropollutants (through the acid dissociation constant pKa), which can
result in the generation of positively charged compounds (prone to interact with the negatively
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charged surface of sludges) or anions (low interaction). Thus, the cationic species would be
adsorbed by van der Waals-type interactions [59].

Wastewater temperature also plays an important role. WWTP with an average temperature of
15–20�C can be better suited for micropollutants such as in cold countries, which are often
below 10�C in the USA. Summer and winter affect seasonal temperature changes, micro-
degradation, and biodegradation [60]. Sorption has been correlated inversely with tempera-
ture in the case of the hormone 17α-ethinyl estradiol (EE2), with a reduction of Kd values of
20–25% when the temperature was increased from 10 to 30�C [59].

Studies have shown that compounds such as ibuprofen and antiseptic powder, methyl paraben,
and galaxolide, an analgesic drug in hospital wastewater, do not have significant differences in
effluent efficiency with activated sludge processes and MBR. MBR system was found to be
efficient for hormones (e.g., estriol, testosterone, androstenedione) and certain pharmaceuticals
(e.g., acetaminophen, ibuprofen, and caffeine) with approximately 99% removal [61, 62]. Exper-
imental investigations show that the removal of such compounds from wastewater is 30–50%
superior to that of conventional activated sludge process. In addition, the removal efficiencies
of some compounds such as mefenamic acid, indomethacin, diclofenac, and gemfibrozil in
MBR were 40%, 40%, 65%, and 32–42% [63, 64]. However, biodegradable erythromycin, TCEP,
trimethoprim, naproxen, diclofenac, carbamazepine, and nonylphenoxyacetic acid have not
been removed [47]. This is comparable to the results of previous studies which indicated very
low elimination rates of diclofenac and carbamazepine in WWTP due to their recalcitrant
nature processes in Germany. Hydrophilic compounds such as MBRs, acetaminophen, atenolol,
iopromide, and sulfamethoxazole (calculated logP <2) (with the exception of sulfamethoxazole
(> 62%) are more efficient than hydrophobic compounds. Hydrophobic compounds (calculated
log P > 2) can largely be removed by active sludge biosorption in the MBR and in the middle,
and longer holding scoops are formed in the bioreactor, resulting in a higher removal yield
from the CAS process. However, some hydrophilic microspheres such as carbamazepine and
diclofenac tend to be highly resistant to biological degradation in the treatment of CAS and
MBR. The retention time of the hydrophilic and persistent micropollutants in the bioreactor is
the same as the retention time of hydraulic retention (HRT), as the micropollutants can freely
permeate MF and UF membranes. The duration of hydraulic retention in the MBR and the
prolongation of the retention time of the sludge are dependent on the compound biosorption of
some hydrophobics for the activated sludge, and it can be seen that the pollutants can improve
the biodegradation [2, 65].

In the comparison between the two MBR modules used in this study (plate and frame versus
hollow fiber), no difference in target compound removal was found [60, 65]. Some results can
be negative efficiency. For example, González-Pérez et al. (2017) have worked on the system
that has been operated with complex nitrification and ensured that the biodegradable organic
material due to circulation is effectively retained [66]. By reducing the concentration increase in
the diclofenac (DCF) in the aerobic bioreactor, negative removal efficiencies for DCF have been
obtained. This was not observed in the anoxic reactor.

Membrane bioreactor applications for these pollutants in different wastewaters are presented
in detail given in Table 4.
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are roughly divided mechanically into two: recycled (removal of the surface gel and cake layer
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Many analgesics such as ibuprofen, diclofenac, naproxen, and ketoprofen; lipid regulators
such as bezafibrate and gemfibrozil; and carbamazepine for antiepileptic drugs were fre-
quently found to be removed at concentrations above 1.0 mg/L in domestic wastewater and
in MBR procedures [22].

While the removal rates of microcontaminants in MBR vary from one compound to another,
these removal rates, sludge retention time (SRT), biomass concentration, temperature, pH
value, class of microcontaminants and hydrophobicity, chemical structure, pKa etc. as well as
their physico-chemical properties. The hydrophobic components are removed from the liquid
phase by adsorption and, possibly, when the SRT is sufficiently high, to be removed between
the biodegradation processes [56–58]. The compactness of the MBR system, the high organic
load that can be applied, and the high SRT give good results in removing micropollutant [48].
When the pH value of the wastewater changes, it may affect the removal of micropollutants in
the negative direction. On the other hand, the role of pH on sorption has been related with the
dissociation of certain micropollutants (through the acid dissociation constant pKa), which can
result in the generation of positively charged compounds (prone to interact with the negatively
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charged surface of sludges) or anions (low interaction). Thus, the cationic species would be
adsorbed by van der Waals-type interactions [59].

Wastewater temperature also plays an important role. WWTP with an average temperature of
15–20�C can be better suited for micropollutants such as in cold countries, which are often
below 10�C in the USA. Summer and winter affect seasonal temperature changes, micro-
degradation, and biodegradation [60]. Sorption has been correlated inversely with tempera-
ture in the case of the hormone 17α-ethinyl estradiol (EE2), with a reduction of Kd values of
20–25% when the temperature was increased from 10 to 30�C [59].

Studies have shown that compounds such as ibuprofen and antiseptic powder, methyl paraben,
and galaxolide, an analgesic drug in hospital wastewater, do not have significant differences in
effluent efficiency with activated sludge processes and MBR. MBR system was found to be
efficient for hormones (e.g., estriol, testosterone, androstenedione) and certain pharmaceuticals
(e.g., acetaminophen, ibuprofen, and caffeine) with approximately 99% removal [61, 62]. Exper-
imental investigations show that the removal of such compounds from wastewater is 30–50%
superior to that of conventional activated sludge process. In addition, the removal efficiencies
of some compounds such as mefenamic acid, indomethacin, diclofenac, and gemfibrozil in
MBR were 40%, 40%, 65%, and 32–42% [63, 64]. However, biodegradable erythromycin, TCEP,
trimethoprim, naproxen, diclofenac, carbamazepine, and nonylphenoxyacetic acid have not
been removed [47]. This is comparable to the results of previous studies which indicated very
low elimination rates of diclofenac and carbamazepine in WWTP due to their recalcitrant
nature processes in Germany. Hydrophilic compounds such as MBRs, acetaminophen, atenolol,
iopromide, and sulfamethoxazole (calculated logP <2) (with the exception of sulfamethoxazole
(> 62%) are more efficient than hydrophobic compounds. Hydrophobic compounds (calculated
log P > 2) can largely be removed by active sludge biosorption in the MBR and in the middle,
and longer holding scoops are formed in the bioreactor, resulting in a higher removal yield
from the CAS process. However, some hydrophilic microspheres such as carbamazepine and
diclofenac tend to be highly resistant to biological degradation in the treatment of CAS and
MBR. The retention time of the hydrophilic and persistent micropollutants in the bioreactor is
the same as the retention time of hydraulic retention (HRT), as the micropollutants can freely
permeate MF and UF membranes. The duration of hydraulic retention in the MBR and the
prolongation of the retention time of the sludge are dependent on the compound biosorption of
some hydrophobics for the activated sludge, and it can be seen that the pollutants can improve
the biodegradation [2, 65].

In the comparison between the two MBR modules used in this study (plate and frame versus
hollow fiber), no difference in target compound removal was found [60, 65]. Some results can
be negative efficiency. For example, González-Pérez et al. (2017) have worked on the system
that has been operated with complex nitrification and ensured that the biodegradable organic
material due to circulation is effectively retained [66]. By reducing the concentration increase in
the diclofenac (DCF) in the aerobic bioreactor, negative removal efficiencies for DCF have been
obtained. This was not observed in the anoxic reactor.

Membrane bioreactor applications for these pollutants in different wastewaters are presented
in detail given in Table 4.
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5. Integration of MBRs with other technologies

Membrane bioreactors (MBRs) have recently emerged with integrated MBR systems, along with
other treatment technologies. The purposes of the integrated MBR are to improve qualities of
permeates, mitigatemembrane fouling, and enhance the stability of the treatment process. Recent
studies have provided improvements in the degradation of micropollutants using integrated

Integrated technology of
MBR

Advantages Disadvantages and limitations

Advanced oxidation
processes/electrocoagulation-
MBR

Effective in removal of recalcitrant
contaminants (pharmaceutical
wastewater)
Effective in removing colors
Reduces the production of excess sludge
Easy to operate
Reduce membrane fouling

High capital and operational cost
Not effective in treatment of wastewater with
high TSS

FO-MBR Produce good effluent quality
Phosphorus recovery
Low energy consumption as compared
to conventional
MBR
Low fouling tendency compared to RO
Effective in removal of trace organic
contaminants
Fouling is largely reversible
Effective in treatment of wastewater
with high TSS as compared to RO

Uncertainly of stability of membrane
Increasing salinity/salt accumulation might
decrease the microbial kinetics and water flux

RO-MBR Low fouling tendency
Cost of RO membrane is cheaper than
FO membrane
Low energy consumption as compared
to conventional
MBR

Not effective in treatment of high-salinity
wastewater compared to FO

Membrane distillation Enhances biodegradation of recalcitrant
compounds
Low sludge yield
Higher effluent quality
Excellent process stability
Cost-effective compared to RO process
Smaller footprint

Low removal of COD

Biofilm/bio-entrapped MBR Reduces the concentration of suspended
solids
Reduce membrane fouling
Improve nitrification and denitrification
processes

Membrane fouling might be severe at the later
stage of treatment

Granular MBR Improve nitrification and denitrification
processes
High shock resistance capacity
Reduce membrane fouling
Smaller footprint

Membrane fouling might be severe at the later
stage of treatment
Long start-up period of granule formation

Table 5. Advantages and disadvantages of various integrated MBRs in wastewater treatment technology [55].
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processes. There are several methods to reduce the membrane fouling of MBR such as optimiza-
tion of HRT and SRT which were discussed in some review papers. These processes containing
biofilm carriers, suspended/attached growth system, or cross-linked enzyme aggregates showed
better removal of micropollutants, even on recalcitrant compounds such as CBZ [78].

The advantages and disadvantages of various integrated systems, such as advanced oxidation
processes (AOPs) [79], reverse osmosis (RO-MBRs) [64], forward osmosis (FO-MBRs) [80],
membrane distillation (MDBRs) [81], microbial fuel cells (MBR-MFCs) [7], anaerobic
(AnMBRs) [82], biofilm (BF-MBR) [83], and granular (GMBR) membrane bioreactors [84] to
demonstrate their ability to reduce membrane contamination, are given in the Table 5. Com-
bined MBR process configurations and conventional biological therapies, as an alternative,
resulted in more consistent results. As shown in the studies, the removal efficiency of each of
the micropollutants is different for the different membrane technologies. The value ranges
from close to zero to almost complete removal. For example, the removal efficiency of carba-
mazepine is less than 20% with ASP and MBR and up to 93% with MBR-NF and higher than
99% with MBR-RO, MBR-PAC, and MBR-GAC [52]. The use of combinations of different
complementary technologies has produced promising results. Nonetheless, there is a lack of a
holistic understanding of the nature of pollutants, their interactions, and some predictable
relationships between the best available specific technologies. More practice is needed to
evaluate the hybrid MBR systems proposed in the treatment of micropollutants [48].

6. Conclusions

In recent years, pharmaceutical products have been a cause for concern due to the persistence
of their presence in aquatic environments. Drugs are known to be involved in a variety of
aquatic environments, including domestic wastewater, hospital discharges, sewage treatment
plants, and water treatment plants.

Pharmaceutical products can preserve their original concentrations and structures, or they can
be mobilized for life in water matrices and converted to other active (or inactive) compounds.
The presence of micropollutants in aqueous environments is an increasing concern due to their
potentially harmful effects on aquatic life. Since this situation poses a serious danger to the
environment, the treatment of these pollutants is very important.

As it is clear from this work, today’s CAS is not sufficient for the destruction of many
pharmaceutical substances in the wastewater of the AAT. For these pollutants, the use of
MBR systems developed by adding membranes to CAS systems has begun to be used, and
these are often more effective at removing pollutant concentrations than traditional biological
treatment systems. MBR technology has become a reliable and valuable option with many
advantages. However, in addition to its advantages, membrane fouling is a major obstacle to
the development of these systems. To this end, it will be useful to focus on the reduction of
energy demand and membrane contamination during operation, along with the development
of integrated MBR systems, with future research. Further work is needed to assess which
system actually makes more cost–benefit and to investigate the toxicity of micropollutants
and the effect of working conditions after processing.
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(AnMBRs) [82], biofilm (BF-MBR) [83], and granular (GMBR) membrane bioreactors [84] to
demonstrate their ability to reduce membrane contamination, are given in the Table 5. Com-
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resulted in more consistent results. As shown in the studies, the removal efficiency of each of
the micropollutants is different for the different membrane technologies. The value ranges
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pharmaceutical substances in the wastewater of the AAT. For these pollutants, the use of
MBR systems developed by adding membranes to CAS systems has begun to be used, and
these are often more effective at removing pollutant concentrations than traditional biological
treatment systems. MBR technology has become a reliable and valuable option with many
advantages. However, in addition to its advantages, membrane fouling is a major obstacle to
the development of these systems. To this end, it will be useful to focus on the reduction of
energy demand and membrane contamination during operation, along with the development
of integrated MBR systems, with future research. Further work is needed to assess which
system actually makes more cost–benefit and to investigate the toxicity of micropollutants
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Abstract

In recent years, it is aimed to reuse wastewater to form an economical input and to
manage it sustainably without threatening human life and ecosystem. High pollutant
removal yield from wastewaters was achieved using electrocoagulation method without
adding any chemical coagulant or flocculants, thus reducing the amount of sludge. How-
ever, electrocoagulation (EC) is an inefficient method for the removal of stable and
dissolved organic pollutants. Electrooxidation (EOx), which was evaluated as one of the
most promising technologies for the treatment of wastewater containing soluble organic
compounds, can directly and indirectly oxidize small organic pollutants. Although
electrooxidation provides full mineralization of the organic matter, if suspended solids
are present, energy consumption is increased. Since EC is a fast but incomplete process
and EOx is a complete but slow process, combining the two processes offers a practical
hybrid. In this chapter, mechanisms and applications of EC, EOx, and their combinations
will be widely discussed.

Keywords: wastewater treatment, electrocoagulation, electrooxidation, combined,
simultaneous, sequential, hybrid, integrated

1. Introduction

Water pollution seriously affects the ecosystems and availability of healthy freshwater [1]. The
preservation of water resources is one of the most important issues of the twenty-first century
[2]. Nowadays, sources of safe drinking water are limited and under stress [3]. The main
problems encountered are population growth, rapid decline of forest areas, urbanization,
climate change due to global warming, and industrialization [1]. Large amounts of raw water
were consumed by industrial processes for various purposes [4]. Consequently, wastewater is
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produced in large quantities [4]. Wastewaters are composed of a complex mixture of different
organic and inorganic compounds, which may be toxic and difficult to degrade [4]. The most
common inorganic water pollutants are heavy metals, nitrates, sulfates, phosphates, fluorides,
and chlorides, which have serious hazardous effects [3]. The organic pollutants found in
wastewaters may be generalized as insecticides, herbicides, fungicides, polycyclic aromatic
hydrocarbons, phenols, biphenyls, halogenated aromatic hydrocarbons, formaldehyde, deter-
gents, oils, greases, normal hydrocarbons, alcohols, aldehydes, ketones, proteins, lignin, and
pharmaceuticals [3]. These pollutants remain either in dissolved, in colloidal, or in suspended
form [3]. Mostly, wastewater treatment is carried out by conventional wastewater treatment
processes [5]. Conventional wastewater treatment technologies could be categorized as phys-
ical processes including screening, flotation, filtration, and sedimentation [6]; chemical pro-
cesses such as coagulation/flocculation, chlorination, adsorption, and ion exchange [6];
biological processes, i.e., activated sludge, aerated lagoons, and membrane bioreactors [2].

However, it is difficult to degrade the complex refractory organic pollutants in the wastewater
by biological methods [7, 8]. In addition, physical–chemical methods are not always effective
due to formation of additional pollution caused by the unreacted chemicals and difficulties of
treatment of large amount of toxic sludge produced during conventional wastewater treat-
ment [3–5, 9, 10]. With the strict environmental regulations on wastewater discharge, there is a
need to develop efficient technologies and approaches at large scale for the treatment and
management of industrial wastewater so that clean water quality can be maintained and
amount increased while environmental protection and sustainability are achieved [1–5, 8, 11–13].
There has been an increasing interest in the use of electrochemical wastewater treatment technol-
ogies, such as electrodeposition [14], electrodisinfection [15], electro-Fenton [16], electrosorption
[17], EOx [4] and EC [1] and their sequential [8, 18], and simultaneous [19, 20] combinations for the
treatment of industrial wastewaters in recent years.

The foundations of electrochemical water treatment were laid in 1889 [11]. Electrocoagulation
for drinking water was first carried out by Fred E. Stuart in 1946 [11, 21]. With the increasing
interest in the second half of the twentieth century, many investigations were made on the
topic [11]. Among others, EC and EOx methods are the electrochemical technologies that
researchers are most interested in regarding water and wastewater treatment [2, 5, 11]. EC is
based on the principle that coagulant species including hydroxide precipitates are produced in
situ by electrolytic oxidation of the sacrificial anodic material, which is dissolved as ions by
electric current applied through metal electrodes such as aluminum and iron [1, 22]. Thus, the
EC method is more advantageous than the coagulation/flocculation method in which metal
salts and polyelectrolytes are used as coagulants/flocculants in terms of sludge formation [23, 24].
EC aims to remove particles from the wastewater by destabilizing/neutralizing the repulsive
forces that keep the particles suspended in the water [2]. When the repulsive forces are neutral-
ized, suspended particles can be separated more easily from water by forming larger particles
that can precipitate [2]. EC also provides the removal of pollutants by simultaneous cathodic
reactions, either by deposition on the cathode or by flotation based on the formation of hydrogen
gas at the cathode [1]. In recent years, EC was reported as an easy-to-operate, efficient, and
economical method. Strengths of EC method can be summarized as follows; it requires simple
equipment and operating conditions and does not require additional chemicals; treated water is
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colorless, odorless, and clear; the amount of the sludge formation is low which can be easily
stabilized and dehydrated; compared with chemical coagulation, the effluent contains less total
dissolved solids; and the gas bubbles produced in the cathode allow the pollutants to be sepa-
rated easily by floating them to the surface. However, weaknesses of EC method can be listed as
follows: sacrificial electrodes need to be replaced regularly, formation of an impermeable film
layer on the cathode may reduce the efficiency of the process and it is inefficient for the removal
of persistent dissolved organic pollutants.

With regard to the treatment of effluents polluted with organic compounds, biological
oxidation is the most economical process, but the presence of toxic or biorefractive molecules
may prevent this approach [25]. Despite chemical oxidation using chlorine, ozone or hydro-
gen peroxide is currently used for the oxidation of biorefractive contaminants to harmless or
biodegradable products; in some reactions, the intermediate products remain in the solution
and may cause similar or higher toxicity than the initial compounds [25]. EOx can compl-
etely degrade many harmful organic pollutants before they reach the receiving environment
[4]. EOx is based on in situ production of oxidants either directly at the surface of the
electrodes or indirectly from the chemical compounds in the treated water during treatment
[4]. EOx may occur either through direct oxidation with hydroxyl radicals produced on the
anode surface or indirectly through oxidants such as chlorine, hypochlorous acid, and
hypochlorite or hydrogen peroxide/ozone formed at electrodes [13]. The hydroxyl radicals
can oxidize substantially all of the organic compounds with an oxidation rate 109 times
higher than that of ozone [26]. The oxidation power of chlorine and other anode-formed
oxidants remains low compared to the hydroxyl radicals and as a result it does not allow
many pollutants to be effectively oxidized to carbon dioxide and water [13]. Electrode
material selection is very important because it affects process selectivity and efficiency [12].
Electrode material must have the properties such as resistance to erosion, corrosion and
formation of passivation layers, high electrical conductivity, selectivity and catalytic activity,
low cost, and durability. Noble metal electrodes; metal alloys electrodes; mixed metal oxide
electrodes which are also referred as dimensionally stable anodes (DSAs) such as Ti/Ta2O5-
IrO2, Ti/SnO2-IrO2, Ti/RuO2-IrO2, Ti/Sb-SnO2, Ti/SnO2-Sb2O5-RuO2, and Ti/TiO2-IrO2; car-
bon and graphite electrodes; and boron-doped diamond (BDD) electrodes are some exam-
ples of the electrode materials used in recent wastewater treatment studies [27]. Strengths of
EOx method can be summarized as follows: it requires simple equipment and operating
conditions, totally mineralizes persistent organic pollutants, has low electrode maintenance
cost, and forms disinfecting compounds. However, EOx method has some weaknesses such
as: it is inefficient for the removal of suspended solids, and formation of an impermeable film
layer on the cathode may reduce the efficiency of the process.

Since EC is a fast but incomplete process and EOx is a complete but slow process, coupling the
two processes offers a practical hybrid [26]. EC has the ability to remove pollutants quickly but
not completely. EOx is able to remove pollutants slowly but consistently. Sequential and
simultaneous operations are combining the best abilities of EC and EOx processes with fast
and complete pollutant removal [26]. This chapter focuses on effects of operating parameters
on EC and EOx, pollutant removal mechanisms, and recent applications of these methods and
their sequential and simultaneous combinations.
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2. Electrocoagulation mechanism and operation

2.1. Mechanism

In the EC process, coagulant species are produced in situ using the electrical dissolution of
sacrificial anode, usually made of iron or aluminum by electric current applied between metal
electrodes [1]. At the anode, metal is oxidized into cations as shown in Eqs. (1)–(3).

Al sð Þ ! Al aqð Þ
3þ þ 3e� (1)

Fe sð Þ ! Fe aqð Þ2þ þ 2e� (2)

Fe aqð Þ2þ þO2 þ 2H2O ! Fe aqð Þ3þ þ 4OH� (3)

In the case of high anode potential, following reactions may occur as shown in Eqs. (4) and (5).

2H2O ! O2 gð Þ þ 4Hþ þ 4e� (4)

2Cl� ! Cl2 gð Þ þ 2e� in the presence of Cl� anionsð Þ (5)

Chlorine formation may lead to the formation of hypochlorous acid, an oxidizing agent which
may contribute to the oxidation of dissolved organic compounds as shown in Eq. (6) [1].

Cl2 gð Þ þH2O ! HClOþHþ þ Cl� (6)

At the cathode, hydrogen gas and hydroxyl anions are formed by the reduction of water as
shown in Eq.(7).

2H2Oþ 2e� ! H2 gð Þ þ 2OH� at alkaline conditionsð Þ (7)

The amount of dissolved metal at the anode can be calculated using Faraday’s law as shown in
Eq. (8).

m ¼ ItM
zF

(8)

where m is the mass of metal in g, t is the electrolysis time in s, I is the electric current in A, M is
the atomic weight of the electrode material in g/mole, z is the number of electrons transferred,
and F is Faraday’s constant (96486 C/mole). The most common phenomenon for metal cations
released from the anode is the formation of non-soluble and easily precipitable metal hydrox-
ide sweep flocs which have large surface areas beneficial for a rapid adsorption of soluble
organic compounds and trapping of colloidal particles as shown in Eqs. (9)–(13) [1].

Al aqð Þ
3þ þ 3H2O ! Al OHð Þ3 þ 3Hþ (9)

Al OHð Þ3 þH2O ! Al OHð Þ4� þHþ at pH > 9ð Þ (10)

Fe aqð Þ2þ þ 2OH� ! Fe OHð Þ2 (11)
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4Fe OHð Þ2 þO2 þH2O ! 4Fe OHð Þ3 (12)

Fe OHð Þ3 þOH� ! Fe OHð Þ4
� �� at pH > 9ð Þ (13)

Removal mechanisms of various pollutants involve physical removal of dissolved pollutants
during precipitation, adsorption, and complexation [1]; electrooxidation [28] or electroreduction
[29] of the electro-active ion or molecules on the anode or the cathode; the direct adsorption of
pollutants on the electrodes [30]; the compression of the double layer of a colloidal particle [31];
charge neutralization; and colloid entrapment [1].

2.2. Operating parameters

The parameters affecting the effectiveness of the EC process are operating conditions such as
the current density, operating time, pH, conductivity, and electrode properties [22]. The bubble
density affects system hydrodynamics, which determine the mass transfer between pollutants,
coagulant, and gas microbubbles, and determines the collision rate of the coagulated particles
resulting in flock formation [1].

The current density determines the coagulant dosage at the anode and the formation of hydro-
gen gas at the cathode. Unnecessarily high current values may negatively affect the EC efficiency
as coagulant overdosage can reverse the charge of the colloids and redistribute them, reducing
coagulation efficiency and also reducing electrode lifetime [1].

pH is an important factor affecting EC performance, particularly the coagulation mecha-
nism, since it governs the hydrolyzed metal species formed in electrolyte media [32].
Adsorption and coagulation depend on pH in particular. The superficial charge of Al or Fe
precipitates can be explained by the adsorption of charged soluble monomeric species on
their own hydroxide precipitates [1]. For Al and Fe electrodes, the amount of insoluble
aluminum hydroxide increases sharply with increasing pH from 4.5 to 7 [1]. For a pH above
10, amorphous metal hydroxide is absent. For acidic influent, effluent pH after EC treatment
would increase but can decrease for alkaline influent, which is due to the buffering effect of
EC [11].

Lower amounts of energy are consumed with decreasing the gap between electrodes. As the
distance between electrodes becomes lower, the amount of generated gas bubbles increases,
thus leading to a high mass transfer as well as to a high reaction rate between the coagulants
and pollutants [1].

Applied potential difference of galvanostatic EC operation depends strongly on conductivity
and ionic strength of the wastewater. Applied potential difference decreases with increasing
electrolytic conductivity due to the decrease of ohmic resistance of wastewater [1]. Conse-
quently, the energy consumption per unit volume of treated wastewater is reduced as shown
in Eq. (14).

SEEC kWh=m3� � ¼ IVt
VE

(14)
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where SEEC is the specific electrical energy consumption, I is the electric current in A, V is the
applied potential difference in V, t is the electrolysis time in h, and VE is the volume of treated
wastewater in L.

2.3. Applications of electrocoagulation

In this section, recent studies on the application of EC method in the treatment of different
wastewaters and pollutants such as chemical oxygen demand (COD), total organic carbon
(TOC), total phosphate (TP), phenol, oil and grease (O&G), biochemical oxygen demand
(BOD5), and total suspended solids (TSS) are presented. Ranges and optimum values of
operating parameters, pollutant removal efficiencies, energy consumption, and operating cost
values of previously published work are given in Table 1. It has been reported that EC

Ref. Wastewater Electrode
material

Parameters Research ranges
for parameters

Optimum
conditions

Results at optimum
conditions

[33] Olive mill
(real)

Al Electrolysis time (min) 3–20 15 Color removal:
91%
COD removal:
83%
Phenol removal:
87%
SEEC:
2.63 kWh/kg CODr

Operating cost:
0.27 €/kg CODr

Current density (A/m2) 10–4000 250

NaCl concentration (g/L) 0.5–3 2

Initial pH 2–10 4.2

[34] Textile
(synthetic)

Al Current density (A/m2) 100–400 300 Turbidity removal:
90%
Color removal:
97%
SEEC:
19.5 kWh/kg dye
removed

Inlet flow rate (L/h) 15–60 15

Initial concentration (mg/L) 50–300 < 300

Initial pH 2.3–8.8 7.74

Residence time (min) 5–55 35

[35] Dairy
(real)

Al Electrolysis time (min) 0–60 30 COD removal:
74.56%
BOD5 removal:
96.28%
Turbidity removal:
98.91%
SEEC:
3.36 kWh/m3

Initial pH 2–12 7

Current density (mA/cm2) 2.5–35 14

NaCl concentration (g/L) 0–2 1

[22] Pulp and
paper
(real)

Al or Fe Electrode material Al-Fe Al COD removal:
65.33%
Color removal:
100%
Turbidity removal:
98.61%
TSS removal: 97.06%
SEEC:
8.82
kWh/kg COD

Electrical conductivity
(mS/cm)

2.3–4.2 2.72

pH 3–12 5.82

Temperature (�C) 10–50 22.62

Electrolysis time (min) 5–45 10.83

Current intensity (A) 0.5–1.8 1.22
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treatment is an effective method in removing organic matter, turbidity, color, phenol, phos-
phate, heavy metals, pharmaceuticals, O&G from wastewater.

3. Electrooxidation mechanism and operation

3.1. Mechanism

EOx may occur either by direct oxidation of pollutants using hydroxyl or hydroperoxyl radicals
produced on anode surface or by an indirect process where oxidants like chlorine, hypochlorous
acid, and hypochlorite or hydrogen peroxide/ozone are formed at electrodes. Direct anodic
oxidation of pollutants and formation of indirect oxidizing agents occur according to the reac-
tions given in Eqs. (15)–(24) [26, 38, 39].

H2Oþ S ! S OH½ �• þHþ þ e� (15)

Rþ S OH½ �• ! Sþ ROþHþ þ e� (16)

H2Oþ Sþ Cl� ! S ClOH½ �• þHþ þ 2e� (17)

Rþ S ClOH½ �• ! Sþ ROþHþ þ Cl� (18)

H2Oþ S OH½ �• ! SþO2 þ 3Hþ þ 3e� (19)

H2Oþ S OH½ �• ! SþH2O2 þHþ þ e� (20)

Ref. Wastewater Electrode
material

Parameters Research ranges
for parameters

Optimum
conditions

Results at optimum
conditions

[36] Car wash
(real)

Al or Fe Electrode material Al-Fe Fe COD removal:
88%
O&G removal:
90%
Cl� removal:
50%
Operating cost:
0.6 $/m3

Sludge:
2.1 kg/ m3

pH 2–10 8

Current density (mA/cm2) 0.1–5 3

Operating time (min) 5–50 30

[37] Industrial
estate
(real)

Fe Current density (mA/cm2) 10–50 30 COD removal:
62.5%
SEEC: 42.44 kWh/m3

Energy cost:
1.91 €/m3

Sludge:
1.91 g/g COD

Na2SO4 concentration (mM) 1–7 3

Initial pH 3.12–8.83 6

Table 1. EC treatment results of various wastewaters for selected examples in the literature.
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S OH½ �• þH2O2 ! SþHO2
• þH2O (21)

O2 þ S OH½ �• ! SþO3 þHþ þ e� (22)

H2Oþ S ClOH½ �• þ Cl� ! Cl2 þ SþO2 þ 3Hþ þ 4e� (23)

H2Oþ S ClOH½ �• þ Cl2 ! Sþ ClO2 þ 3Hþ þ 2Cl� þ e� (24)

Indirect oxidation of pollutants occurs according to the reactions given in Eqs. (25)–(29) [26].

2Cl� ! Cl2 gð Þ þ 2e� (25)

Cl2 þH2O⇄HClOþHþ þ Cl� (26)

HClO⇄Hþ þ ClO� (27)

H2Oþ Rþ ClO� þHþ ! ROþH3Oþ þ Cl� (28)

6ClO� þ 3H2O ! 2ClO�
3 þ 4Cl� þ 6Hþ þ 3

2
O2 þ 6e� (29)

Chlorate is usually an unwanted product in the effluent, and its formation could also prevent
the use of EOx in various applications [25]. At the cathode, hydrogen gas and chloride anions
are formed as shown in Eqs. (30)–(32).

2H3Oþ þ 2e� ! H2 þ 2H2O at acidic conditionsð Þ (30)

2H2Oþ 2e� ! H2 þ 2OH� at alkaline conditionsð Þ (31)

ClO� þH2Oþ 2e� ! Cl� þ 2OH� (32)

Here S symbolizes the active sites of the anode surface, and R represents the organic matter. To
evaluate the selectivity of an anode material, competition between the oxidation of organic
materials and the oxygen formation (the side reaction) at the anode (Eq. (4)) must be taken into
account [12]. Oxygen formation is typically considered to be an undesirable side reaction in the
electrochemical wastewater treatment because it affects the efficiency of the process and
significantly increases the operating costs [25].

Removal mechanisms of various pollutants involve diffusion of pollutants from the bulk
solution to the anode surface and direct oxidation at the anode surface either partially or
completely [12] and generation of a strong oxidizing agent (i.e., chlorine) at the anode surface
and indirect oxidation of pollutants in the bulk solution.

3.2. Operating parameters

Among the variables that are usually studied in EOx treatment, the current density is one of
the most frequently referenced terms since it affects the rate of reactions [12]. It should be
noted that an increase in current density will not necessarily result in an increase in oxidation
efficiency or oxidation rate [12]. The use of higher current densities usually leads to higher
operating costs due to the increase in energy consumption.
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It should be noted that although there is no agreement on the effect of the conductivity on the
overall oxidation efficiency, the cell voltage is reduced for a given current density as the
conductivity of the electrolyte increases [12]. For this reason, the electrochemical oxidation
process is more cost-effective if the treated wastewater already has a high conductivity [12].

When reactions are carried out in chloride-containing media, the pH value may affect the rate
of oxidation because it determines the primary active chloro species present in the effluent [12].
During indirect oxidation, chlorine evolution occurs at the anode (Eq. (25)). At pH values
lower than 3.3, the primary active chloro species is Cl2, while at higher pH values, it forms
HClO at pH <7.5 (Eq. (26)) and ClO� at pH >7.5 (Eq. (27)). Operation at strongly acidic
conditions is favorable since chlorine is the strongest oxidant followed by HClO and ClO�,
respectively [12]. Depending on the electrolytic cell design, desorption of chlorine from reac-
tion medium may prevent its action as an oxidizing agent. Thus, neutral or mildly alkali
medium may be preferred since HClO and ClO� species remain almost unaffected by desorp-
tion of gases and they can act as oxidizing reagents in the whole volume of wastewater [40].

3.3. Applications of electrooxidation

This section briefly describes the treatment of different wastewater types by EOx method in the
last few years. Table 2 shows a general insight on minimum, maximum, and optimum values
of operating parameters, pollutant reduction, energy consumption, and operating cost of EOx

Ref. Wastewater Electrode material Parameters Research
ranges for
parameters

Optimum
conditions

Results at
optimum
conditions

[41] Pulp and paper
industry
(real)

Anode:
Catalytic oxide
coated titanium
Cathode:
Stainless steel

Current density (A/dm2) 2.5–5 2.5 COD removal:
67.99%
SEEC:
37.67 kWh/kg
COD

NaCl concentration (g/L) 1–5 3

[42] Textile
(real)

Graphite Initial pH 4–10 4 COD removal:
90.78%
Color removal:
96.27%
SEEC:
23.58 kWh/kg
COD

Current density (A/m2) 27.78–138.89 27.78

NaCl concentration (g/L) 0–2 2

Electrolysis time (min) 10–130 110

[43] Olive mill
(real)

Anode:
Ti/Pt mesh
Cathode:
Ti mesh

Electrolysis time (h) 1–24 5 COD removal:
100%
TOC removal:
78%
Phenol
removal:
100%
SEEC:
451.25 kWh/m3

Energy cost:
6.02 $/kg COD

Mixing rate (rpm) 0–600 0

Dilution ratio 1/5–5/5 1/5

pH 2–8 4.5–4.7

Type of support
electrolyte

Na2SO4, KCl,
NaCl

NaCl

Concentration of support
electrolyte (mM)

0.25–1.25 0.25

Current density (mA/cm2) 2.5–15 7.69

Temperature (�C) 10–50 10
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S OH½ �• þH2O2 ! SþHO2
• þH2O (21)

O2 þ S OH½ �• ! SþO3 þHþ þ e� (22)

H2Oþ S ClOH½ �• þ Cl� ! Cl2 þ SþO2 þ 3Hþ þ 4e� (23)

H2Oþ S ClOH½ �• þ Cl2 ! Sþ ClO2 þ 3Hþ þ 2Cl� þ e� (24)
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3 þ 4Cl� þ 6Hþ þ 3

2
O2 þ 6e� (29)

Chlorate is usually an unwanted product in the effluent, and its formation could also prevent
the use of EOx in various applications [25]. At the cathode, hydrogen gas and chloride anions
are formed as shown in Eqs. (30)–(32).

2H3Oþ þ 2e� ! H2 þ 2H2O at acidic conditionsð Þ (30)

2H2Oþ 2e� ! H2 þ 2OH� at alkaline conditionsð Þ (31)

ClO� þH2Oþ 2e� ! Cl� þ 2OH� (32)

Here S symbolizes the active sites of the anode surface, and R represents the organic matter. To
evaluate the selectivity of an anode material, competition between the oxidation of organic
materials and the oxygen formation (the side reaction) at the anode (Eq. (4)) must be taken into
account [12]. Oxygen formation is typically considered to be an undesirable side reaction in the
electrochemical wastewater treatment because it affects the efficiency of the process and
significantly increases the operating costs [25].

Removal mechanisms of various pollutants involve diffusion of pollutants from the bulk
solution to the anode surface and direct oxidation at the anode surface either partially or
completely [12] and generation of a strong oxidizing agent (i.e., chlorine) at the anode surface
and indirect oxidation of pollutants in the bulk solution.

3.2. Operating parameters

Among the variables that are usually studied in EOx treatment, the current density is one of
the most frequently referenced terms since it affects the rate of reactions [12]. It should be
noted that an increase in current density will not necessarily result in an increase in oxidation
efficiency or oxidation rate [12]. The use of higher current densities usually leads to higher
operating costs due to the increase in energy consumption.
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treatment. By evaluating the previously published studies, it has been concluded that EOx is a
remarkable treatment method in terms of organic matter, turbidity, color, phenol, total
Kjeldahl nitrogen (TKN), and O&G removal efficiencies.

4. Combined electrocoagulation and electrooxidation mechanism and
applications

4.1. Mechanism

As stated in Section 1, EC is a fast but incomplete process, while EOx is a complete but slow
process; coupling the two processes proposes a functional hybrid. COD removal mechanism of
a combined EC and EOx process can be summarized as follows: production of metal ions;
hydrolysis of metal ions to generate metal hydroxides and/or polyhydroxides in appropriate
pH; generation of bubbles of oxygen and hydrogen gases at the anode and the cathode,
respectively, which provides the flotation of coagulated pollutants; destabilization of colloidal
pollutants and trapping of destabilized colloidal particles to form flocks; removal of pollutants
by precipitation [46]; formation of adsorbed hydroxyl radicals on anode surface [39]; degrada-
tion of organic pollutants by direct oxidation of adsorbed hydroxyl radicals; generation of
indirect oxidizing agents such as chlorine, hypochlorite, and hydrogen peroxide near the
anode; and electrochemical combustion of organic pollutants by indirect oxidizing agents [26].

4.2. Applications of combined electrocoagulation and electrooxidation

In the recent years, application of combined treatment has been successfully achieved in the
removal of different kinds of pollutants either by sequential EOx treatment of the electrocoagulated

Ref. Wastewater Electrode material Parameters Research
ranges for
parameters

Optimum
conditions

Results at
optimum
conditions

[44] Pharmaceutical
(synthetic)

Anode:
BDD
Cathode:
Stainless steel

Current density (mA/cm2) 1.56–6.25 6.25 TOC removal:
80%
SEEC:
2.34 kWh/g
TOC

[45] Industrial park
sewage
(real)

Anode:
Mesh-structure plate
Cathode:
Mesh-structure Ti
plate

Anode material Ti/PbO2,
Ti/RuO2, Ti/
RuO2-IrO2

Ti/PbO2 COD:
60 mg/L
Color:
20 CU
SEEC:
4.12 kWh/ton
Operating cost:
0.57 $/ton

Current density (mA/cm2) 2–15 5

Table 2. EOx treatment results of various wastewaters for selected examples in the literature.
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Ref. Wastewater Electrode material Parameters Research
ranges for
parameters

Optimum
conditions

Results at
optimum
conditions

[48] Dairy
(synthetic)

Anode:
Al
Cathode:
Ti/Pt

Current density (A/m2) 0–75 50 COD removal:
54.16%
TP removal:
42.9%
Turbidity removal:
37%

Electrolysis time (min) 0–5 2

Initial pH 4–11 6.6

NaCl concentration (g/L) 0–2 1.5

[49] Anaerobic
reactor effluent
(real)

Anode:
MP RuO2/Ti
Cathode:
MP stainless steel
Sacrificial
electrode:
BP Al

pH 5–10 7 Ammonia removal:
98%
TP removal:
98%
COD removal:
72%

Current intensity (A) 1–3 3

Detention time (min) 10–60 60

[50] Pharmaceutical
(synthetic)

Anode:
MP stainless steel
Cathode:
MP stainless steel

pH 4.5–10.9 10.9 Diclofenac sodium
removal:
84%
COD removal:
80%

[20] Olive mill
(real)

Anode: RuO2/Ti
Cathode: Stainless
steel
Sacrificial
electrodes: BP Al

pH 3–9 4 COD removal:
96%
BOD5 removal:
93.6%
Phenol removal:
94.4%
Color removal:
91.4%
Turbidity removal:
88.7%
TSS removal:
97%
O&G removal:
97.1%
BOD5/COD:
0.46

Current density (mA/cm2) 5–40 40

NaCl concentration (g/L) 0.5–3 1

H2O2 concentration (mg/L) 0–2000 1000

Detention time (min) 5–30 30

[19] Textile
(real)

Anode:
MP Ti/IrO2

Cathode:
MP Ti
Sacrificial
electrode:
BP Al or Fe

Sacrificial electrode
material

Al-Fe Al COD removal:
93.5%
TSS removal:
97%
Color removal:
97.5%
BOD5 removal:
90%
Turbidity removal:
96%
Phenol removal:
99%
TP removal:
97%
Operating cost:
1.69 US $/m3

Electrolysis time (min) 20–90 90

Current intensity (A) 0.2–1 0.6

pH 5–10 6

Interelectrode distance
(cm)

0.5–1.5 1

Stirring speed (rpm) 250–750 500
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treatment. By evaluating the previously published studies, it has been concluded that EOx is a
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tion of organic pollutants by direct oxidation of adsorbed hydroxyl radicals; generation of
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effluent or simultaneous EC and EOx treatment with an appropriate electrode configuration. The
aim of sequential EC-EOx is to propose a new approach that combines the synergistic effects of the
two methods [47]. Simultaneous EC-EOx offers a hybrid system integrating monopolar (MP) EOx
and bipolar (BP) EC in a single reactor that also provides all the advantages of sequential EC-EOx
[19]. Recent studies on combined EC-EOx treatment of different kinds of wastewater are presented
in Tables 3 and 4.

Ref. Wastewater Electrode material Parameters Research
ranges for
parameters

Optimum
conditions

Results at
optimum
conditions

[26] Pulp and paper
mill
(real)

Anode:
MP graphite
Cathode:
MP graphite
Sacrificial
electrode:
BP Al or Fe

Electrode material Al-Fe Al COD removal:
87%
Color removal:
100%
Turbidity removal:
100%
SEEC:
31.6 kWh/kg COD
Operating cost:
1.33 $/m3

Initial pH 3–9 6

Electrical conductivity
(mS/cm)

3–7 5

Temperature (�C) 10–30 20

Current intensity (A) 0.5–1.5 1

Table 3. Simultaneous EC-EOx treatment results of various wastewaters for selected examples in the literature.

Ref. Wastewater Electrode
material

Parameters Optimum
conditions

Results at optimum
conditions

[18] Textile
(synthetic)

EC:
Al

Current density (mA/cm2) 30 COD removal:
~94%
SEEC:
0.02 kWh/g

Treatment time (min) 5

EOx:
Graphite

Current density (mA/cm2) 0.91

Treatment time (min) 425

[8] Industrial park (real) EC:
Fe

pH 8 Color removal:
100%
Turbidity removal:
100%
COD removal:
100%
BOD5 removal:
100%

Current density (A/m2) 800

Treatment time (min) 30

EOx:
Anode:
BDD
Cathode:
Fe

pH 8

Current density (A/m2) 800

Treatment time (min) 150

[51] Car wash
(real)

EC:
Anode:
Fe
Cathode:
Stainless steel

Electrolysis time (min) 6 COD removal:
> 97%
SEEC:
12 kWh/m3

Current density (mA/cm2) 2

EOx:
Anode:
BDD
Cathode:
Stainless steel

Electrolysis time (min) 90

Current density (mA/cm2) 10

[47] Current density (A/dm2) 0.6
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5. Conclusion

Due to the increasing need for freshwater resources and the large number of pollutants produced
by the industries, it becomes more and more important to treat and reuse wastewater. For this
purpose, effective, economical, and easy-to-operate wastewater treatment technologies need to
be developed. Because of the fact that electrochemical treatment methods have various

Ref. Wastewater Electrode
material

Parameters Optimum
conditions

Results at optimum
conditions

Dairy
(real)

EC:
Al

Turbidity removal:
100%
Color removal:
90.4%
COD removal:
66.4%

Operating time (min) 6

EOx:
platinized
titanium

Current density (A/dm2) 1.4

Operating time (min) 15

[52] Cardboard (real) EC:
Al

Current density (mA/cm2) 7.5 Turbidity removal:
98.7%
TOC removal:
86.4%
COD removal:
85.3%

Operating time (min) 60

Initial pH 7

EOx:
Anode:
BDD
Cathode:
Stainless steel

Current density (mA/cm2) 100

Operating time (min) 180

Initial pH 7.2

Na2SO4 concentration (g/L) 5

[53] Soft drink
(real)

EC:
Copper

Current density (mA/cm2) 51 COD removal:
85%
TOC removal:
75%
TP removal:
89%
Total nitrogen:
84%
Color removal:
100%

Initial pH 8

Time (min) 20

EOx:
Anode:
Niobium
substrate BDD
Cathode:
Copper

Current density (A/m2) 30

pH 6

Time (h) 6

[54] Soluble coffee
industrial plant
(real)

EC:
Anode:
Al
Cathode:
Graphite

Current density (A/m2) 149.2 Color removal:
100%
COD removal:
89%
TOC removal:
72%
SEEC:
45.28 kWh/m3

BOD5/COD:
0.6

Initial pH 7.98

Treatment time (min) 62

EOx:
Anode:
Graphite
Cathode:
Al

Current density (A/m2) 500

Treatment time (min) 53

Table 4. Sequential EC-EOx treatment results of various wastewaters for selected examples in the literature.

Applications of Combined Electrocoagulation and Electrooxidation Treatment to Industrial Wastewaters
http://dx.doi.org/10.5772/intechopen.75460

83



effluent or simultaneous EC and EOx treatment with an appropriate electrode configuration. The
aim of sequential EC-EOx is to propose a new approach that combines the synergistic effects of the
two methods [47]. Simultaneous EC-EOx offers a hybrid system integrating monopolar (MP) EOx
and bipolar (BP) EC in a single reactor that also provides all the advantages of sequential EC-EOx
[19]. Recent studies on combined EC-EOx treatment of different kinds of wastewater are presented
in Tables 3 and 4.
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Results at
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advantages, they are still investigated extensively. Besides being simple and effective, they are
able to remove almost all kinds of pollutants at the same time. They are also eco-friendly and
clean due to in situ generation of metal hydroxides and hydroxyl radicals. Many EC and EOx
studies have been published on the treatment of industrial wastewaters such as olive mill, textile,
dairy, pulp and paper, tannery, pharmaceutical, bilge, refinery, slaughterhouse, food processing,
potato chips manufacturing, and leather. It is reported that EC and EOx methods have been
successfully applied for removing COD, BOD, oil, phenol, lignin, phosphate, arsenic, color,
turbidity, chromium, sulfate, total coliforms, boron, nickel, copper, and pharmaceuticals from
wastewaters. Recent studies were briefly presented in this chapter, and it is observed that a
minimum of 54.16% COD, 90.4% color, 90% BOD, 37% turbidity, 94.4% phenol, 42.9% phos-
phate, 72% TOC, and 97% TSS removal efficiencies and a maximum of 45.28 kWh/m3 SEECwere
achieved by applying combined treatment. Since EC is a fast and efficient method for wastewa-
ters containing suspended solids but also an inefficient method for the removal of persistent
dissolved organic pollutants and EOx is able to mineralize persistent organic pollutants
completely but also a slow and energy-consuming method for the removal of suspended solids,
combining these two processes offers a practical hybrid by taking advantage of the synergistic
effects. According to the results, it can be concluded that combined EC-EOx process is an
efficient alternative for industrial wastewater treatment in terms of pollutant removal and more
research on applications to the industrial wastewaters are required.
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advantages, they are still investigated extensively. Besides being simple and effective, they are
able to remove almost all kinds of pollutants at the same time. They are also eco-friendly and
clean due to in situ generation of metal hydroxides and hydroxyl radicals. Many EC and EOx
studies have been published on the treatment of industrial wastewaters such as olive mill, textile,
dairy, pulp and paper, tannery, pharmaceutical, bilge, refinery, slaughterhouse, food processing,
potato chips manufacturing, and leather. It is reported that EC and EOx methods have been
successfully applied for removing COD, BOD, oil, phenol, lignin, phosphate, arsenic, color,
turbidity, chromium, sulfate, total coliforms, boron, nickel, copper, and pharmaceuticals from
wastewaters. Recent studies were briefly presented in this chapter, and it is observed that a
minimum of 54.16% COD, 90.4% color, 90% BOD, 37% turbidity, 94.4% phenol, 42.9% phos-
phate, 72% TOC, and 97% TSS removal efficiencies and a maximum of 45.28 kWh/m3 SEECwere
achieved by applying combined treatment. Since EC is a fast and efficient method for wastewa-
ters containing suspended solids but also an inefficient method for the removal of persistent
dissolved organic pollutants and EOx is able to mineralize persistent organic pollutants
completely but also a slow and energy-consuming method for the removal of suspended solids,
combining these two processes offers a practical hybrid by taking advantage of the synergistic
effects. According to the results, it can be concluded that combined EC-EOx process is an
efficient alternative for industrial wastewater treatment in terms of pollutant removal and more
research on applications to the industrial wastewaters are required.
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Abstract

Monitoring of effluent quality remains a challenge to the wastewater treatment process
(WWTP). In order to provide a reliable tool for the online monitoring of effluent quality,
an intelligent modeling approach, which consists of online sensors and an effluent quality
predicting plant, is developed to predict effluent quality in this chapter. The intelligent
modeling approach, based on a self-organizing fuzzy neural network (SOFNN), is able to
enhance the modeling performance by organizing the structure and adjusting the param-
eters simultaneously. The experimental studies of intelligent modeling approach have
been performed on several systems to verify the effectiveness. The comparison with other
existing methods has been made and demonstrated that the intelligent modeling
approach is of better performance.

Keywords: intelligent modeling approach, effluent quality, wastewater treatment process,
fuzzy neural network

1. Introduction

In recent years, due to the increasingly severe situation of the wastewater treatment, more
and more stringent wastewater effluent limits and regulations have been implemented to
reduce the negative impact to the water bodies and the environment [1–3]. Therefore, it is
important and desirable to predict the effluent quality in real time, since infrequent and
inaccurate measurements of the effluent parameters may lead to poor system performances,
large operational cost and wrong management decisions [4–6]. How to design the predictor,
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which can conduct an appropriate action to realize the accurate monitor and adjust to the
dynamic operational stations, is still a challenging work [4, 7].

Conventionally, the measurement of the effluent quality indices can be performed by off-line
or online instruments [8, 9]. However, the measurement time of the off-line or online measure-
ment is long, for it requires several minutes to hours [10, 11]. The dynamic conditions in
biological treatment processes such as the complex activated sludge process make the mea-
surement challenging [12]. Therefore, prediction modeling method based on online sensors
causes great attention. Wen et al. used an equation, derived from the material balance, to
calculate the suspended solid concentration, and then employed to predict the treatment
results through the sludge [13]. Yu et al. proposed two mechanism models, which were based
on linear regression analyses of experimental results from two anaerobic filters, to predict the
effect of recirculation on effluent quality of anaerobic filters [14]. The prediction ability was
verified by several experiments, and superior results were realized. Bhowmick et al. presented
a mathematical model based on the dynamic wave method, to simulate the effluent quality of
the treatment system [15]. The abovementioned methods have realized the online prediction of
the effluent quality. However, considering the complexity and nonlinearity of WWTP, it is
reasonable to design the adaptive prediction model to improve the accuracy of the online
prediction.

To improve the adaptive ability of the online prediction model, intelligent method, based
on data-driven approach, has caused extensive concern [16, 17]. Zhao et al. presented a
partial least-squares-based extreme learning machine to enhance the estimate performance
in terms of accuracy and reliability for effluent quality indices [18]. The experimental results
showed that the proposed prediction model could effectively capture the input-output
relationship with favorable performance. Pai et al. applied five types of gray models to
predict suspended solids, chemical oxygen demand and pH in the effluent from a wastewa-
ter treatment plant [19]. The results revealed that the gray models could predict the indus-
trial effluent variation successfully. To improve the model accuracy, Perendeci et al. used
a neural fuzzy model, based on an adaptive network-based fuzzy inference system, to
estimate the effluent chemical oxygen demand by the related process variables [20]. Accept-
able correlation coefficient (0.8354) and root mean square error (0.1247) were found between
estimated and measured values of the system output variable, effluent chemical oxygen
demand. However, considering the dynamic properties of WWTP, it is difficult to determine
the reasonable fuzzy rules in this adaptive network-based fuzzy inference system. Aimed
at this problem, Han et al. designed a flexible structure radial basis function neural network
(FS-RBFNN) and applied it to estimate the water quality [21]. This FS-RBFNN could
vary its structure dynamically in order to maintain the prediction accuracy, but it had poor
interpretability.

Considering the learning ability of neural network and the interpretability of rule-based
fuzzy systems, an intelligent method, based on self-organizing fuzzy neural network
(SOFNN), is developed to realize the online prediction of the effluent indices. The main
advantages of this prediction model are summarized as follows. First, an efficient second-
order algorithm is designed to adjust the parameters of SOFNN, which enables to improve
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the learning capability. Second, the structure of SOFNN can be self-organized based on the
relative importance index of each rule in the learning process. The fuzzy rules can be
generated or pruned automatically to reduce the computational complexity and improve
the generalization power of SOFNN.

2. Wastewater treatment process

WWTP is a large nonlinear system subject to large perturbations in influent flow rate and
pollutant load, together with uncertainties concerning the composition of the incoming
wastewater. It is also a complex reaction process, which contains biological, physical and
chemical reactions. The most popular technology for wastewater treatment is the activated
sludge process (ASP). The simplified flow chart of ASP is shown in Figure 1, where a
primary sedimentation tank, a biochemical reaction tank and a secondary sedimentation
tank are consisted. First of all, the dynamically changing influent flows into the primary
sedimentation tank to remove the suspended solids. Then, the wastewater gets further
processed in the biochemical reaction unit. In this unit, nitrification and denitrification are
composed to achieve biological nitrogen removal. After that, the standard wastewater is
discharged from the top of the secondary sedimentation tank, and the sludge is returned to
the biochemical reaction unit from the bottom of the secondary sedimentation tank. During
the reaction process, numerous process variables are contained to influence the treatment
performance.

Effluent quality, taken as an important performance evaluation to reflect the treatment results,
can provide a basis for water treatment plant management decisions to minimize the microbial
risks and optimize the treatment operation. Standard effluent quality requires that the effluent
organisms, such as effluent ammonia nitrogen, effluent total nitrogen and effluent suspended
solid, remain in the required limits. Although the effluent quality indices can be measured
directly by laboratory analysis, a significant time delay problem, which may range from a
matter of minutes to a few days, is always unavoidable. This lack of suitable real-time process
variable information limits the effective operation of effluent quality. Therefore, an online
prediction model is essential to support water quality parameters. Since an approach based
on neural networks does not make any assumptions about the functional relationship between
the dependent and independent variables, it is suitable for capturing functional relationships
between bacterial levels and other variables.

Figure 1. Simplified flow chart of ASP.
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3. Intelligent modeling approach based on SOFNN

An intelligent method based on SOFNN is proposed to predict the effluent ammonia nitrogen
(SNH) in urban WWTP. The main challenges are the selection of the principal process variables,
the construction of the model structure and the adjustment of the model parameters.

3.1. Selection of principal process variables

To determine the principal process variables of the effluent SNH, the mechanism analysis is
firstly applied to determine the related process variables, and then principal component anal-
ysis (PCA) is introduced to lower the dimension of the original process variables. This method
has the advantage of extracting the important information from the coupling process variables
and reducing the computational complexity of prediction models.

For the effluent SNH, the mechanism models are described as:

dSNH

dt
¼ v1,NH4 � r1 þ r2 þ r3ð Þ � 1

YA
þ iN,BM

� �
� r16 � v17,NH4r17, (1)

where

ν1,NH4 ¼ � 1� f s1

� �
� iN,SF � f S1 � iN,S1 þ iN,XS , (2)

v17,NH4 ¼ -f X1
� iN,X1 � 1� f X1

� �
� iN,Xs þ iN,BM, (3)

r1 ¼ Kh � ηk �
kO2

kO2 þ SO2

� SNO3

KNO3 þ SNO3

�
XS=XH

KX þ XS=XH

� XH, (4)

r2 ¼ Kh � ηNO3
� kO2

kO2 þ SO2

� SNO3

KNO3 þ SNO3

�
XS=XH

KX þ XS=XH

� XH, (5)

r3 ¼ Kh � SO2

KO2 þ SO2

�
XS=XH

KX þ XS=XH

� XH, (6)

r16 ¼ μAUT � SO2

KO2 þ SO2

� SPO4

KP þ SPO4

� SNH4

KNH4 þ SNH4

SNH4

KALK þ SALK
� XAUT, (7)

r17 ¼ bAUT � XAUT : (8)

where YA is the autotrophic bacteria yield coefficient of chemical oxygen demand, iN,BM, iN,S1,
iN,XS and iN,X1 are the parameters of nitrogen content, fs1 is the proportion of inert chemical
oxygen demand in granular matrix, fX1 is the proportion of inert chemical oxygen demand in
oxide, Kh is the water solubility rate function, μAUT is the maximum growth rate, XS is the
slowly biodegradable substrate, KNO3 is the subsaturation coefficient of nitrate, KNH4 is the
autotrophic bacteria subsaturation coefficient of nitrogen, KO2 is the heterotrophic bacteria
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subsaturation coefficient of oxygen, KNO3 is the heterotrophic bacteria subsaturation coefficient
of nitrate, KS is the heterotrophic bacteria subsaturation coefficient of COD, KP is the phospho-
rus storage saturation coefficient, XP is the particulate products arising from biomass decay,
XH is the water solubility, bAUT is the decay rate, KALK is the growth factor of alkalinity, SO2 is
the dissolved oxygen, SNO3 is the nitrate, SPO4 is the total phosphorus, SALK is the alkalinity and
XAUT is the autotrophic concentration.

According to the mechanismmodels in Eqs. (1)–(8), it can be concluded that the related process
variables to the effluent SNH are SNO3, XS, SO2, SPO4, SALK, XAUT and XH. Combining with the
real data collected from urban WWTP, oxidation-reduction potential (ORP), total suspended
solids (TSS), temperature (T), PH, influent ammonia nitrogen (SNH,i) and effluent nitrate
nitrogen (SNO,e) are also considered as the influencing variables of the effluent SNH. Then,
PCA is utilized to select the principal variables from the 13 related variables.

For reducing the dimension of the process variables, the first important thing is to remove the
abnormal data according to the standard deviation calculation formula

σi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xl

j¼1

uj, i � ui
� �2

vuut
,

l, (9)

where σi is the standard error and ūi is the average value of the ith column sample data; the error
between the sample and the average value is shown as vi = ui-ūi (i = 1, 2,…, 13), if vi satisfies

vij j > 3σi, (10)

it is considered as abnormal data and then, it is removed. Due to the fact that the 13 columns
of process variables have different magnitudes, data normalization processing should be
conducted

uinorm ¼ ui � uimin

uimax � uimin
, (11)

where uinorm is the value after normalization and uimin and uimax are the minimum and maxi-
mum of the ith column sample data, respectively. After the normalization treatment, all the
sample data are within [0, 1]. It is worth noting that the testing outputs should be anti-
normalized to the original ranges.

Then, the covariance matrix S is calculated and decomposed according to their singular values
into matrices V and Λ

S ¼

r11 r12 ⋯ r1,m
r21 r22 ⋯ r2,m
⋮ ⋮ ⋮ ⋮
rm,1 rm,2 ⋯ rm,m

2
6664

3
7775, (12)

S ¼ VΛVT, (13)
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nitrogen (SNO,e) are also considered as the influencing variables of the effluent SNH. Then,
PCA is utilized to select the principal variables from the 13 related variables.

For reducing the dimension of the process variables, the first important thing is to remove the
abnormal data according to the standard deviation calculation formula

σi ¼
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Xl

j¼1

uj, i � ui
� �2

vuut
,

l, (9)

where σi is the standard error and ūi is the average value of the ith column sample data; the error
between the sample and the average value is shown as vi = ui-ūi (i = 1, 2,…, 13), if vi satisfies

vij j > 3σi, (10)

it is considered as abnormal data and then, it is removed. Due to the fact that the 13 columns
of process variables have different magnitudes, data normalization processing should be
conducted

uinorm ¼ ui � uimin

uimax � uimin
, (11)

where uinorm is the value after normalization and uimin and uimax are the minimum and maxi-
mum of the ith column sample data, respectively. After the normalization treatment, all the
sample data are within [0, 1]. It is worth noting that the testing outputs should be anti-
normalized to the original ranges.

Then, the covariance matrix S is calculated and decomposed according to their singular values
into matrices V and Λ

S ¼

r11 r12 ⋯ r1,m
r21 r22 ⋯ r2,m
⋮ ⋮ ⋮ ⋮
rm,1 rm,2 ⋯ rm,m

2
6664

3
7775, (12)

S ¼ VΛVT, (13)
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where rm,m is the correlation coefficient and Λ is a diagonal matrix of the eigenvalues associ-
ated with the eigenvectors contained in the columns of matrix V. The contribution rate of each
component is calculated by Λ, the principal component factor loading matrix P is then calcu-
lated according to Λ and V. The projected matrix T in the new space is defined as

T ¼ XPT þ E, (14)

where matrix E is used to detect misbehavior in the modeling process.

3.2. Self-organizing fuzzy neural network

To predict the effluent SNH through the principal process variables, a multi-input and single-
output SOFNN is developed. The structure of the fuzzy neural network is shown in Figure 2.

The mathematical description of this multi-input and single-output fuzzy neural network is
given below:

bg ¼ Wv, (15)

where ĝ is the output of the output layer, W = [w1, w2,…, wP] are the weights between the
output layer and the normalized layer, P is the number of neurons in the normalized layer and
v is the output of the normalized layer and for a fuzzy model

bg ¼ Wv ¼
PP
l¼1

wle
�
Pk
i¼1

xi�cilð Þ2
2σ2

il

PP
j¼1

e
�
Pk
i¼1

xi�cijð Þ2
2σ2

ij

, (16)

where vl is the output of the lth normalized neuron and v = [v1, v2,…,vP]
T and

Figure 2. The structure of fuzzy neural network.
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ij

, j ¼ 1, 2,…, P; l ¼ 1, 2,…, P, (17)

The number of neurons in the radial basis function (RBF) layer is equal to the number of
neurons in the normalized layer, and ϕj is the output value of the jth RBF neuron

ϕj ¼
Yk

i¼1

Ai
j xj
� � ¼

Yk

i¼1

e
�

xi�cijð Þ2
2σ2

ij ¼ e
�
Pk
i¼1

xi�cijð Þ2
2σ2

ij , i ¼ 1, 2,…, k; j ¼ 1, 2,…, P, (18)

cj = [c1j,c2j,…,ckj] and σj = [σ1j, σ2j,…,σkj] are the vectors of centers and widths of the jth RBF
neuron, respectively, and

ui ¼ xi, i ¼ 1, 2,…, k, (19)

where x = [x1,x2,…,xk] is the input vector of the input layer and U = [u1,u2,…,uk] is the input of
the RBF layer.

Following the computation procedure in the Levenberg-Marquardt algorithm, the updated
rule of the adaptive second-order algorithm for the parameters in fuzzy neural network is
given by

Θ tþ 1ð Þ ¼ Θ tð Þ þ Ψ tð Þ þ λ tð Þ � Ið Þ�1 �Ω tð Þ, (20)

where Ψ(t) is the quasi-Hessian matrix, Ω(t) is the gradient vector, I is the identity matrix
which is employed to avoid the ill condition in solving inverse matrix and λ(t) is the adaptive
learning rate defined as:

λ tð Þ ¼ μ tð Þλ t� 1ð Þ, (21)

μ tð Þ ¼ τmin tð Þ þ λ t� 1ð Þ� �
= τmax tð Þ þ 1ð Þ, (22)

where τmax(t) and τmin(t) are the maximum and minimum eigenvalues of Ψ(t), respectively,
(0 < τmin(t) < τmax(t), 0 < λ(t) < 1,) and the variable vector Θ(t) contains three kinds of variables:
the output parameter matrix W, the center vector c and the width vector σ

Θ 1ð Þ ¼ w1 1ð Þ;⋯;w3 1ð Þ;⋯;wP 1ð Þ; c1 1ð Þ;⋯; cj 1ð Þ;⋯; cP 1ð Þ;σ1 1ð Þ;⋯;σj 1ð Þ;⋯;σP 1ð Þ� �
: (23)

In this adaptive second-order optimization algorithm, the output parameter matrix W, the
center vector c and the width vector σ can be optimized simultaneously. The quasi-Hessian
matrix Ψ(t) and the gradient vector Ω(t) are accumulated as the sum of related submatrices
and vectors.
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Ψ tð Þ ¼ jT tð Þj tð Þ, (24)

Ω tð Þ ¼ jT tð Þe tð Þ, (25)

e tð Þ ¼ y tð Þ � bg tð Þ, (26)

where e(t) is the error between the output layer and the real output at time t, and the Jacobian
vector j(t) is calculated as:

j tð Þ ¼ ∂e tð Þ
∂w1 tð Þ ;⋯;

∂e tð Þ
∂w2 tð Þ ;⋯;

∂e tð Þ
∂wP tð Þ ;

∂e tð Þ
∂c1 tð Þ ;⋯;

∂e tð Þ
∂cj tð Þ ;⋯;

∂e tð Þ
∂cP tð Þ ;

∂e tð Þ
∂σ1 tð Þ ;⋯;

∂e tð Þ
∂σj tð Þ ;⋯

∂e tð Þ
∂σP tð Þ

� �
: (27)

The elements of the Jacobian vector j(t) are given as:

∂e tð Þ
∂wp tð Þ ¼ �vp tð Þ, p ¼ 1, 2,⋯, P, (28)

∂e tð Þ
∂cj tð Þ ¼

∂e tð Þ
∂c1j tð Þ ;

∂e tð Þ
∂c2j tð Þ ;⋯;

∂e tð Þ
∂ckj tð Þ

� �
, (29)

∂e tð Þ
∂cij tð Þ ¼ � 2wj tð Þ � vi tð Þ � xi tð Þ � cij tð Þ

� �
σij tð Þ , i ¼ 1, 2,⋯, k, (30)

∂e tð Þ
∂σj tð Þ ¼

∂e tð Þ
∂σ1j tð Þ ;

∂e tð Þ
∂σ2j tð Þ ;⋯;

∂e tð Þ
∂σkj tð Þ

� �
, (31)

∂e tð Þ
∂σij tð Þ ¼ �wj tð Þ � vi tð Þ � xi tð Þ � cij tð Þ

�� ��2
σ2ij tð Þ

: (32)

With Eqs. (28)–(32), all the elements of the Jacobian vector j(t) can be calculated. Then, the
quasi-Hessian matrix Ψ(t) and the gradient vector Ω(t) are obtained from Eqs. (24)–(25), so as
to apply the updated rule (20) to parameter adjustment. From the former analysis, some
remarks are emphasized.

To grow or prune the structure of the fuzzy neural network, relative importance index is
utilized. The values of relative importance index can be used to determine the proportion of
output values in a multiple regression equation. The relative importance index of each neuron
in the normalized layer is defined as:

Rk tð Þ ¼
PP
l¼1

akl tð Þ � bl tð Þ
PP
k¼1

PP
l¼1

akl tð Þ � bl tð Þ
, k ¼ 1, 2,⋯, P, (33)

where R k(t) is the relative importance index of the kth normalized neuron at time t;
the regression coefficients B(t) = [q 1(t), b 2(t),…, b P(t)]T and A(t) = [a 1(t), a 2(t),…, a P(t)]
(a l = [a 1 l(t),…, a Pl(t)]T) can be calculated as:
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A tð Þ ¼ Z tð Þð ÞTZ tð Þ
h i-1

Z tð Þð ÞTbI tð Þ ¼ Z tð Þð ÞTbI tð Þ, (34)

B tð Þ ¼ Z tð Þð ÞTZ tð Þ
h i-1

Z tð Þð ÞT bG tð Þ ¼ Z tð Þð ÞT bG tð Þ, (35)

where A(t) is P�P and B(t) is P�1, Ĝ(t) = [ĝ(t), ĝ(t�1), …, ĝ(t-N + 1)]T and

Z tð Þ ¼ S tð ÞbS tð Þ, (36)

bI tð Þ ¼ S tð ÞΔ tð ÞbS tð Þ, (37)

S(t) = [ξ 1, ξ 2,…, ξ P] is the eigenvectors of Î(t)(Î(t))T, Ŝ(t) = [ζ 1, ζ 2,…, ζP] is the eigenvectors
of (Î(t))TÎ(t), Δ(t) is the singular matrix of Î(t), Î l(t) = [w l(t)�vl(x(t)), w l(t)�vl(x(t�1)),…, w l(t)�
vl(x(t–T + 1))]T and T is the preset number of sample. The relative importance index of each
normalized neuron represents the contribution of each normalized neuron to each output
neuron.

Before introducing the self-organizing mechanism, the error of the output is defined as:

E Θ tð Þð Þ ¼ 1
2
� y tð Þ-bg tð Þð Þ2, (38)

where y(t) and ĝqt) are the desired and real output values.

The procedure of the proposed self-organizing mechanism is given as follows:

1. Growing phase.

If E(Θ(t)) is larger than E(Θ(t�1)), a new neuron will be inserted to the normalized layer.
The parameters of the new normalized neuron are designated by the normalized neuron
with the largest relative importance index

Rm tð Þ ¼ max R tð Þ, (39)

R(t) = [R 1(t), R 2(t), …, RP(t)], Rm(t) is the mth normalized neuron with the largest relative
importance index. The parameters of new normalized neuron are designed as:

cnew tð Þ ¼ cPþ1 tð Þ ¼ 1
2

cm tð Þ þ x tð Þð Þ, (40)

σnew tð Þ ¼ σPþ1 tð Þ ¼ σm tð Þ, (41)

wnew tð Þ ¼ y tð Þ � bg tð Þ=e
�
Pk
i¼1

ui tð Þ�cinew tð Þð Þ2
2σ2

inew
tð Þ , (42)

where cnew(t) and σnew(t) are the center vector and width vector of the new normalized
neuron, respectively, wnew(t) is the weight of new normalized neuron, cm(t) and σm(t) are
the center vector and width vector of the mth normalized neuron, respectively.
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2. Pruning phase.

In the training process, if E(Θ(t)) is less than E(Θ(t�1)) and

Rh tð Þ ≤Rr, (43)

Rr∈(0, E0) is the threshold, where

Rh tð Þ ¼ min R tð Þ: (44)

Then, the hth normalized neuron will be pruned and the parameters of remaining normal-
ized neuron will be updated

c0
h
0 tð Þ ¼ ch0 tð Þ, (45)

σ0
h‘ tð Þ ¼ σh’ tð Þ, (46)

wh‘ tð Þ ¼
wh’ tð Þe

�
Pk
i¼1

ui tð Þ�ci,h’ tð Þ
� �2

=2σ2
i, h‘ tð Þ

þ wq
h tð Þe

�
Pk
i¼1

ui tð Þ�ci,h tð Þð Þ2=2σ2i, h tð Þ

e
�
Pk
i¼1

ui tð Þ�ci,h‘ tð Þ
� �2

=2σ2
i, h’ tð Þ

, (47)

c0h tð Þ ¼ 0, (48)

σ0
h tð Þ ¼ 0, (49)

w0
h tð Þ ¼ 0, (50)

where the h’th normalized neuron is nearest to the hth normalized neuron with the
smallest Euclidean distance, wh

0(t) and wh’(t) are the hth weight vector and the h’th weight
vector after pruning the hth normalized neuron, respectively, ch0(t) and σh

0(t) are the center
vector and width vector of the hth normalized neuron after the neuron is pruned, respec-
tively, and c0h’(t) and σ0

h’(t) are the center vector and width vector of the h’th normalized
neuron after the neuron is pruned, respectively.

4. Simulation results and analysis

In this section, the effectiveness of the proposed intelligent modeling method based on SOFNN is
evaluated. A brief introduction to experimental setup is provided before the experimental results
are detailed.

4.1. Experimental setup

The performance of the online prediction for the effluent SNH depends heavily on the determi-
nation of the input variables. Based on the analysis of PCA and the work experience of the
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experts in urban WWTP, five process variables have been chosen as the input variables to
develop the intelligent method: SPO4, ORP, SO2, TSS and PH, respectively. SPO4 is an important
index of the effluent, ORP reflects the concentration of oxide, SO2 is an important indicator to
the growth of organic matter and the nitrification reaction, TSS stands for the degree of
wastewater treatment and PH stands for the acid-base property of the wastewater. The input
variables determined for the effluent SNH are listed in Table 1. The detailed selection process
and analyzation process are shown in [22]. Meanwhile, the online measurement instruments
used for obtaining the process values are also displayed.

CHM-301 is the SPO4 detector, AODJ-QX6530 is the portable ORP probe, WTW oxi/340i is the
portable SO2 probe, 7110 MTF-FG is the TSS analyzer and pH 700 is the PH detector.

Taking advantage of the abovementioned analysis, an experimental hardware is set up.
Anaerobic-anoxic-oxic (A2/O) treatment process with the online sensors is employed in urban
WWTP (shown in Figure 3). In this experimental hardware, online sensors, effluent SNH

models based on fuzzy neural network are schematically shown.

The online sensors consist of five parts: TP detector, ORP probe, SO probe, TSS analyzer and
PH detector. The output signals from the sensors are integrated and connected to programma-
ble logical controller (PLC, S7-200) for transmitting primary indictors. The PLC system is
interfaced with equipped sensors and collected reliable data in form of 4-20mA electrical
signals with a fast response time. Moreover, the PLC system has been connected through a
serial port (RS 232, Siemens AG) of the host computer, which uses the real-time data to
calculate the values of key variables and also stores the data in form of local file. The sensors
are operated in continuous/online measurement mode, and the historical process data are
routinely acquired and stored in the data acquisition system. The process data are periodically
collected from the reactor to check whether the system is operating as scheduled during the
experiments. Then, after preprocessing, the data are applied to the proposed SOFNN method.
In SOFNN, five neurons are determined in the input layer based on the analyzed related
process variables SPO4, ORP, SO2, TSS and PH. According to the experienced experts, there
are 10 neurons in both RBF layer and normalized layer initially, and then the neurons in
normalized layer are self-organized based on the relative importance index to guarantee the
prediction accuracy. The number of output neuron is one, which represents the predicted
effluent SNH.

Variables Units Main apparatus and instrument

SPO4 (total phosphorus) mg/L CHM-301

ORP (oxidation reduction potential) — AODJ-QX6530

SO2 (dissolved oxygen) mg/L WTWoxi/340i

TSS (total suspended solid) mg/L 7110 MTF-FG

PH — pH 700

Table 1. The principal variables’ measurement with online sensors.
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2. Pruning phase.

In the training process, if E(Θ(t)) is less than E(Θ(t�1)) and

Rh tð Þ ≤Rr, (43)

Rr∈(0, E0) is the threshold, where

Rh tð Þ ¼ min R tð Þ: (44)

Then, the hth normalized neuron will be pruned and the parameters of remaining normal-
ized neuron will be updated

c0
h
0 tð Þ ¼ ch0 tð Þ, (45)

σ0
h‘ tð Þ ¼ σh’ tð Þ, (46)

wh‘ tð Þ ¼
wh’ tð Þe

�
Pk
i¼1

ui tð Þ�ci,h’ tð Þ
� �2

=2σ2
i, h‘ tð Þ

þ wq
h tð Þe

�
Pk
i¼1

ui tð Þ�ci,h tð Þð Þ2=2σ2i, h tð Þ

e
�
Pk
i¼1

ui tð Þ�ci,h‘ tð Þ
� �2

=2σ2
i, h’ tð Þ

, (47)

c0h tð Þ ¼ 0, (48)

σ0
h tð Þ ¼ 0, (49)

w0
h tð Þ ¼ 0, (50)

where the h’th normalized neuron is nearest to the hth normalized neuron with the
smallest Euclidean distance, wh

0(t) and wh’(t) are the hth weight vector and the h’th weight
vector after pruning the hth normalized neuron, respectively, ch0(t) and σh

0(t) are the center
vector and width vector of the hth normalized neuron after the neuron is pruned, respec-
tively, and c0h’(t) and σ0

h’(t) are the center vector and width vector of the h’th normalized
neuron after the neuron is pruned, respectively.

4. Simulation results and analysis

In this section, the effectiveness of the proposed intelligent modeling method based on SOFNN is
evaluated. A brief introduction to experimental setup is provided before the experimental results
are detailed.

4.1. Experimental setup

The performance of the online prediction for the effluent SNH depends heavily on the determi-
nation of the input variables. Based on the analysis of PCA and the work experience of the
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experts in urban WWTP, five process variables have been chosen as the input variables to
develop the intelligent method: SPO4, ORP, SO2, TSS and PH, respectively. SPO4 is an important
index of the effluent, ORP reflects the concentration of oxide, SO2 is an important indicator to
the growth of organic matter and the nitrification reaction, TSS stands for the degree of
wastewater treatment and PH stands for the acid-base property of the wastewater. The input
variables determined for the effluent SNH are listed in Table 1. The detailed selection process
and analyzation process are shown in [22]. Meanwhile, the online measurement instruments
used for obtaining the process values are also displayed.

CHM-301 is the SPO4 detector, AODJ-QX6530 is the portable ORP probe, WTW oxi/340i is the
portable SO2 probe, 7110 MTF-FG is the TSS analyzer and pH 700 is the PH detector.

Taking advantage of the abovementioned analysis, an experimental hardware is set up.
Anaerobic-anoxic-oxic (A2/O) treatment process with the online sensors is employed in urban
WWTP (shown in Figure 3). In this experimental hardware, online sensors, effluent SNH

models based on fuzzy neural network are schematically shown.

The online sensors consist of five parts: TP detector, ORP probe, SO probe, TSS analyzer and
PH detector. The output signals from the sensors are integrated and connected to programma-
ble logical controller (PLC, S7-200) for transmitting primary indictors. The PLC system is
interfaced with equipped sensors and collected reliable data in form of 4-20mA electrical
signals with a fast response time. Moreover, the PLC system has been connected through a
serial port (RS 232, Siemens AG) of the host computer, which uses the real-time data to
calculate the values of key variables and also stores the data in form of local file. The sensors
are operated in continuous/online measurement mode, and the historical process data are
routinely acquired and stored in the data acquisition system. The process data are periodically
collected from the reactor to check whether the system is operating as scheduled during the
experiments. Then, after preprocessing, the data are applied to the proposed SOFNN method.
In SOFNN, five neurons are determined in the input layer based on the analyzed related
process variables SPO4, ORP, SO2, TSS and PH. According to the experienced experts, there
are 10 neurons in both RBF layer and normalized layer initially, and then the neurons in
normalized layer are self-organized based on the relative importance index to guarantee the
prediction accuracy. The number of output neuron is one, which represents the predicted
effluent SNH.

Variables Units Main apparatus and instrument

SPO4 (total phosphorus) mg/L CHM-301

ORP (oxidation reduction potential) — AODJ-QX6530

SO2 (dissolved oxygen) mg/L WTWoxi/340i

TSS (total suspended solid) mg/L 7110 MTF-FG

PH — pH 700

Table 1. The principal variables’ measurement with online sensors.
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4.2. Experimental results

An intelligent modeling method based on the proposed SOFNN is proposed to predict
the effluent SNH concentration by the determined principal process variables. All data are
collected on a daily basis and covered all four seasons. The daily frequency of measurements
is considered sufficient because of the long residence times in WWTP. To guarantee the
efficiency in this soft-computing method, all variables are normalized and denormalized by
taking advantage of the maximum and minimum values before and after application. The
input-output water quality data were collected from a real-world wastewater treatment
plant (Beijing, China) over the year 2014. After deleting the abnormal data, 280 samples were
obtained and normalized; 140 samples from 1/5/2014 to 30/9/2014 were taken as the training
data while the remaining 140 samples from 1/10/2014 to 30/11/2014 were employed as testing
data.

The error measures for the effluent NH4 are 0.1 mg/L confidence limits. Both the mean testing

RMSE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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s
and the mean predicting accuracy

PDays

t¼1
1� e tð Þ=bg tð Þð Þ=Days

 !

are utilized as the performance indices to assess the modeling performance, where N is the
number of samples.

Figure 3. Experiment diagram of the online modeling.
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The predicting results and the predicting error of the effluent SNH concentration are shown in
Figures 4–6. Additionally, to show the performance of SOFNN clearly,Table 2 shows the network
structure, themean testing RMSE and themean accuracy in comparisonwith othermethods.

The prediction results of the effluent SNH based on SOFNN are displayed in Figures 4–6. The
training RMSE of the effluent SNH is shown in Figure 4; it can be observed that the final value
can reach 0.02. In Figure 5, the predicted results are displayed, both the SOFNN outputs and
real outputs. The predicted outputs based on SOFNN can approximate the real outputs with
little errors. Meanwhile, the errors are displayed in Figure 6, which remain in the range of

Figure 4. The training RMSE.

Figure 5. The testing results of the effluent SNH.
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�0.3. From this figure, it can be observed that the proposed adaptive fuzzy neural network has
the superior prediction ability by using SPO4, ORP, SO2, TSS and PH as the inputs.

In addition, the results of SOFNN are also compared with other modeling methods, SOFNN
with fixed learning rate, the self-organizing fuzzy neural network with adaptive computation
algorithm (SOFNN-ACA)[23], fast and accurate online self-organizing fuzzy neural network
(FAOS-PFNN) [24], growing-and-pruning fuzzy neural network (GP-FNN)[25] and the math-
ematic model [12].

Table 2 indicates that the proposed SOFNN can achieve with compact structure than
other compared methods, the number of the final normalized neurons is 13. Higher mean
accuracy is acquired by this proposed SOFNN with adaptive learning rate (mean accuracy
value is 97.94%), which is higher than the proposed SOFNN-ACA [23], FAOS-PFNN [24],
GP-FNN [25] and the mathematic model [12]. This means that this proposed SOFNN with

Figure 6. The testing errors of the effluent SNH.

Methods No. of final normalized neurons Mean testing RMSE Mean accuracy (%)

SOFNN
(adaptive learning rate)

13 0.103 97.94

SOFNN
(fixed learning rate)

13 0.112 97.76

SOFNN-ACA [23] 19 0.162 96.76

FAOS-PFNN [24] 25 0.221 95.58

GP-FNN [25] 19 0.191 96.18

Mathematic model [12] — 0.772 84.56

Table 2. Performance comparison between different methods.
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adaptive learning rate has the ability to improve the accuracy of approximating the global
optimization parameters during the learning process. The detailed testing samples are
shown in Tables 3–9.

2.18 2.55 2.21 2.73 3.00 2.81 2.75 2.83 2.94 3.17

2.70 3.24 3.13 3.32 3.43 2.74 2.82 2.59 2.47 2.20

2.39 2.32 2.60 2.23 2.53 2.11 2.10 2.73 2.54 2.58

2.70 2.65 2.78 2.67 2.83 2.72 2.99 2.83 2.98 2.73

3.05 3.00 2.76 2.38 2.88 2.95 3.04 2.97 3.36 2.75

3.42 3.03 3.41 3.23 3.08 2.97 3.09 3.03 2.95 3.06

2.76 2.24 2.58 2.60 2.88 2.32 2.55 2.60 2.27 1.92

1.82 1.73 2.51 2.33 2.53 2.21 2.65 2.19 2.85 2.23

2.48 1.94 1.97 1.52 1.67 1.60 1.43 1.53 1.57 1.57

1.54 1.69 1.44 1.21 1.19 1.11 1.00 1.00 0.90 0.80

0.68 0.62 0.54 0.52 0.47 0.44 0.35 0.34 0.30 0.30

0.27 0.29 0.28 0.25 0.25 0.23 0.23 2.24 2.27 0.27

2.18 2.55 2.21 2.73 3.00 2.81 2.75 2.83 2.94 3.17

2.70 3.24 3.13 3.32 3.43 2.74 2.82 2.59 2.47 2.20

Table 3. Testing inputs SPO4.

�17.43 �16.54 �16.79 �15.13 �17.18 �28.20 �35.76 �43.97 �51.53 �57.17

�63.07 �71.01 �76.85 �82.49 �87.81 �91.91 �95.37 �98.19 �101.14 �104.21

�97.80 �89.28 �80.69 �77.49 �71.98 �73.83 �68.64 �67.23 �71.14 �80.82

�97.61 �103.57 �108.32 �112.16 �115.49 �117.99 �120.05 �121.65 �123.12 �122.67

�121.20 �119.79 �120.75 �108.44 �56.21 �49.86 �48.84 �49.22 �46.34 �51.40

�48.01 �54.99 �52.94 �49.67 �47.75 �45.95 �46.21 �45.63 �45.76 �36.40

�11.73 �12.11 �6.09 �39.74 �15.25 �13.01 �11.28 �10.25 �13.33 �22.24

�31.66 �41.28 �51.47 �60.63 �66.27 �62.36 �61.34 �57.11 �60.89 32.05

39.55 37.56 38.33 37.69 37.43 36.66 35.89 34.48 33.07 31.08

30.76 27.62 26.47 33.33 �27.82 �43.26 �55.95 �63.90 �71.85 �78.90

�84.09 �88.90 �94.22 �96.97 �99.28 �102.42 �105.50 �108.64 �112.10 �115.56

�117.99 �121.07 �124.47 �126.84 �129.21 �133.06 �135.43 �137.09 �138.95 �140.94

�142.67 �144.02 �144.85 �146.52 �147.48 �147.99 �149.02 �150.62 �151.90 �153.63

�155.49 �157.28 �159.08 �158.76 �160.87 �163.24 �165.94 �170.17 �172.79 �174.78

Table 4. Testing inputs ORP.
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�0.3. From this figure, it can be observed that the proposed adaptive fuzzy neural network has
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Table 2 indicates that the proposed SOFNN can achieve with compact structure than
other compared methods, the number of the final normalized neurons is 13. Higher mean
accuracy is acquired by this proposed SOFNN with adaptive learning rate (mean accuracy
value is 97.94%), which is higher than the proposed SOFNN-ACA [23], FAOS-PFNN [24],
GP-FNN [25] and the mathematic model [12]. This means that this proposed SOFNN with
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adaptive learning rate has the ability to improve the accuracy of approximating the global
optimization parameters during the learning process. The detailed testing samples are
shown in Tables 3–9.

2.18 2.55 2.21 2.73 3.00 2.81 2.75 2.83 2.94 3.17
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�17.43 �16.54 �16.79 �15.13 �17.18 �28.20 �35.76 �43.97 �51.53 �57.17
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�121.20 �119.79 �120.75 �108.44 �56.21 �49.86 �48.84 �49.22 �46.34 �51.40
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�11.73 �12.11 �6.09 �39.74 �15.25 �13.01 �11.28 �10.25 �13.33 �22.24

�31.66 �41.28 �51.47 �60.63 �66.27 �62.36 �61.34 �57.11 �60.89 32.05

39.55 37.56 38.33 37.69 37.43 36.66 35.89 34.48 33.07 31.08

30.76 27.62 26.47 33.33 �27.82 �43.26 �55.95 �63.90 �71.85 �78.90

�84.09 �88.90 �94.22 �96.97 �99.28 �102.42 �105.50 �108.64 �112.10 �115.56

�117.99 �121.07 �124.47 �126.84 �129.21 �133.06 �135.43 �137.09 �138.95 �140.94
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7.64 6.35 4.34 2.63 1.84 1.54 1.34 1.33 1.41 1.73

1.77 1.86 1.97 2.41 2.77 2.92 2.80 3.76 5.62 6.02

6.11 6.04 5.91 6.12 5.90 5.22 4.02 3.43 2.71 2.30

2.36 2.59 2.77 3.30 3.49 3.77 4.02 4.22 4.16 4.28

5.59 7.49 7.97 7.93 7.64 6.91 6.54 6.35 6.35 6.60

6.57 6.75 6.84 6.83 6.88 7.10 7.17 7.11 7.07 7.84

7.95 7.65 7.36 7.96 7.80 5.98 4.08 2.72 2.04 1.87

2.10 3.20 4.75 5.59 5.95 6.22 6.54 7.12 7.75 5.97

7.67 6.55 6.09 6.09 6.40 6.63 6.92 6.85 6.67 6.78

7.05 7.35 7.63 7.77 0.81 0.81 0.84 0.86 0.89 0.86

0.99 1.14 0.73 0.68 0.65 0.68 0.66 0.56 0.50 0.53

0.55 0.54 0.49 0.49 0.48 0.49 0.48 0.51 0.53 0.50

0.53 0.57 0.54 0.54 0.59 0.62 0.53 0.52 0.49 0.50

0.51 0.52 0.45 0.43 0.46 0.46 0.46 0.48 0.51 0.47

Table 5. Testing inputs SO2.

2.83 2.72 2.83 2.77 2.81 2.82 2.74 2.77 2.78 2.77

2.78 2.78 2.80 2.80 2.75 2.79 2.77 2.83 2.79 2.79

2.78 2.76 2.80 2.81 2.80 2.85 2.80 2.82 2.90 2.81

2.81 2.78 2.90 2.81 3.17 2.80 2.92 2.85 2.80 2.82

2.82 2.89 2.91 2.80 2.79 2.81 2.82 2.88 2.84 2.83

2.82 2.82 2.80 2.82 2.83 2.87 2.77 2.82 2.82 2.82

2.81 2.84 2.83 2.83 2.86 2.77 2.73 2.78 2.80 2.79

2.81 2.80 2.74 2.81 2.81 2.78 2.87 2.83 2.87 2.88

2.86 2.82 2.95 2.89 2.88 2.90 2.89 2.95 2.90 2.92

2.93 2.89 2.93 2.90 2.82 2.82 2.81 2.80 2.77 2.82

2.80 2.84 2.81 2.82 2.79 2.78 2.85 2.78 2.73 2.74

2.78 2.71 2.77 2.84 2.87 2.86 2.90 2.88 2.90 2.84

2.80 2.88 2.85 2.82 2.78 2.78 2.79 2.81 2.78 2.75

2.75 2.71 2.76 2.75 2.77 2.72 2.71 2.71 2.74 2.68

Table 6. Testing inputs TSS.
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7.93 7.93 7.93 7.93 7.92 7.91 7.90 7.89 7.88 7.87

7.86 7.86 7.85 7.85 7.84 7.84 7.84 7.85 7.85 7.85

7.85 7.85 7.86 7.86 7.86 7.86 7.86 7.86 7.87 7.87

7.86 7.86 7.86 7.86 7.86 7.86 7.86 7.86 7.86 7.86

7.87 7.87 7.87 7.88 7.91 7.92 7.92 7.92 7.92 7.92

7.91 7.91 7.91 7.90 7.90 7.90 7.90 7.90 7.90 7.90

7.95 7.95 7.95 7.89 7.90 7.91 7.92 7.92 7.92 7.92

7.91 7.90 7.90 7.90 7.89 7.89 7.89 7.89 7.89 7.93

8.02 8.02 8.02 8.02 8.02 8.01 8.01 8.01 8.01 8.01

8.01 8.00 8.00 7.99 8.02 8.02 8.02 8.01 8.01 8.01

8.00 7.99 7.98 8.00 8.01 8.02 8.02 8.02 8.01 8.00

7.99 8.00 8.00 8.00 8.00 8.01 8.00 8.00 7.99 7.99

7.99 7.99 7.99 7.99 7.99 7.99 8.00 8.01 8.00 8.00

8.00 8.01 8.01 8.01 8.01 8.00 8.00 8.00 7.99 7.99

Table 7. Testing inputs PH.

3.22 3.24 3.25 3.25 3.34 3.33 3.41 3.33 3.38 3.44

3.46 3.44 3.41 3.38 3.47 3.61 3.56 3.95 3.67 3.81

3.82 3.97 3.63 3.52 3.51 3.70 3.61 3.61 3.47 3.67

3.26 3.29 3.26 3.20 3.24 3.37 3.50 3.85 3.75 3.81

3.61 3.66 3.65 3.65 3.66 3.66 3.62 2.98 3.64 4.31

4.90 5.42 5.77 5.95 6.35 6.82 7.27 7.62 8.08 8.20

8.38 8.50 8.78 9.02 9.32 9.26 9.99 10.16 10.54 11.11

11.38 11.71 11.77 11.97 11.76 12.41 12.77 12.52 12.52 12.59

12.65 12.35 12.41 11.95 12.15 12.17 12.24 12.37 12.76 12.89

12.88 13.19 12.93 12.58 12.92 12.65 12.68 12.81 12.68 12.89

12.82 12.43 11.73 11.17 10.87 11.30 11.12 11.16 10.59 10.14

9.11 9.02 8.75 8.95 8.83 8.58 8.64 8.88 8.90 9.07

8.97 9.35 3.22 3.28 3.33 3.32 3.36 3.37 3.30 3.36

3.37 3.45 3.49 3.40 3.44 3.39 3.51 3.58 3.53 3.70

Table 8. Testing outputs SNH.
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7.64 6.35 4.34 2.63 1.84 1.54 1.34 1.33 1.41 1.73

1.77 1.86 1.97 2.41 2.77 2.92 2.80 3.76 5.62 6.02

6.11 6.04 5.91 6.12 5.90 5.22 4.02 3.43 2.71 2.30

2.36 2.59 2.77 3.30 3.49 3.77 4.02 4.22 4.16 4.28

5.59 7.49 7.97 7.93 7.64 6.91 6.54 6.35 6.35 6.60

6.57 6.75 6.84 6.83 6.88 7.10 7.17 7.11 7.07 7.84

7.95 7.65 7.36 7.96 7.80 5.98 4.08 2.72 2.04 1.87

2.10 3.20 4.75 5.59 5.95 6.22 6.54 7.12 7.75 5.97

7.67 6.55 6.09 6.09 6.40 6.63 6.92 6.85 6.67 6.78

7.05 7.35 7.63 7.77 0.81 0.81 0.84 0.86 0.89 0.86

0.99 1.14 0.73 0.68 0.65 0.68 0.66 0.56 0.50 0.53

0.55 0.54 0.49 0.49 0.48 0.49 0.48 0.51 0.53 0.50

0.53 0.57 0.54 0.54 0.59 0.62 0.53 0.52 0.49 0.50

0.51 0.52 0.45 0.43 0.46 0.46 0.46 0.48 0.51 0.47

Table 5. Testing inputs SO2.

2.83 2.72 2.83 2.77 2.81 2.82 2.74 2.77 2.78 2.77

2.78 2.78 2.80 2.80 2.75 2.79 2.77 2.83 2.79 2.79

2.78 2.76 2.80 2.81 2.80 2.85 2.80 2.82 2.90 2.81

2.81 2.78 2.90 2.81 3.17 2.80 2.92 2.85 2.80 2.82

2.82 2.89 2.91 2.80 2.79 2.81 2.82 2.88 2.84 2.83

2.82 2.82 2.80 2.82 2.83 2.87 2.77 2.82 2.82 2.82

2.81 2.84 2.83 2.83 2.86 2.77 2.73 2.78 2.80 2.79

2.81 2.80 2.74 2.81 2.81 2.78 2.87 2.83 2.87 2.88

2.86 2.82 2.95 2.89 2.88 2.90 2.89 2.95 2.90 2.92

2.93 2.89 2.93 2.90 2.82 2.82 2.81 2.80 2.77 2.82

2.80 2.84 2.81 2.82 2.79 2.78 2.85 2.78 2.73 2.74

2.78 2.71 2.77 2.84 2.87 2.86 2.90 2.88 2.90 2.84

2.80 2.88 2.85 2.82 2.78 2.78 2.79 2.81 2.78 2.75

2.75 2.71 2.76 2.75 2.77 2.72 2.71 2.71 2.74 2.68

Table 6. Testing inputs TSS.
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7.93 7.93 7.93 7.93 7.92 7.91 7.90 7.89 7.88 7.87

7.86 7.86 7.85 7.85 7.84 7.84 7.84 7.85 7.85 7.85

7.85 7.85 7.86 7.86 7.86 7.86 7.86 7.86 7.87 7.87

7.86 7.86 7.86 7.86 7.86 7.86 7.86 7.86 7.86 7.86

7.87 7.87 7.87 7.88 7.91 7.92 7.92 7.92 7.92 7.92

7.91 7.91 7.91 7.90 7.90 7.90 7.90 7.90 7.90 7.90

7.95 7.95 7.95 7.89 7.90 7.91 7.92 7.92 7.92 7.92

7.91 7.90 7.90 7.90 7.89 7.89 7.89 7.89 7.89 7.93

8.02 8.02 8.02 8.02 8.02 8.01 8.01 8.01 8.01 8.01

8.01 8.00 8.00 7.99 8.02 8.02 8.02 8.01 8.01 8.01

8.00 7.99 7.98 8.00 8.01 8.02 8.02 8.02 8.01 8.00

7.99 8.00 8.00 8.00 8.00 8.01 8.00 8.00 7.99 7.99

7.99 7.99 7.99 7.99 7.99 7.99 8.00 8.01 8.00 8.00

8.00 8.01 8.01 8.01 8.01 8.00 8.00 8.00 7.99 7.99

Table 7. Testing inputs PH.

3.22 3.24 3.25 3.25 3.34 3.33 3.41 3.33 3.38 3.44

3.46 3.44 3.41 3.38 3.47 3.61 3.56 3.95 3.67 3.81

3.82 3.97 3.63 3.52 3.51 3.70 3.61 3.61 3.47 3.67

3.26 3.29 3.26 3.20 3.24 3.37 3.50 3.85 3.75 3.81

3.61 3.66 3.65 3.65 3.66 3.66 3.62 2.98 3.64 4.31

4.90 5.42 5.77 5.95 6.35 6.82 7.27 7.62 8.08 8.20

8.38 8.50 8.78 9.02 9.32 9.26 9.99 10.16 10.54 11.11

11.38 11.71 11.77 11.97 11.76 12.41 12.77 12.52 12.52 12.59

12.65 12.35 12.41 11.95 12.15 12.17 12.24 12.37 12.76 12.89

12.88 13.19 12.93 12.58 12.92 12.65 12.68 12.81 12.68 12.89

12.82 12.43 11.73 11.17 10.87 11.30 11.12 11.16 10.59 10.14

9.11 9.02 8.75 8.95 8.83 8.58 8.64 8.88 8.90 9.07

8.97 9.35 3.22 3.28 3.33 3.32 3.36 3.37 3.30 3.36

3.37 3.45 3.49 3.40 3.44 3.39 3.51 3.58 3.53 3.70

Table 8. Testing outputs SNH.
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5. Conclusion

In this chapter, an intelligent method is designed to realize the online prediction of the effluent
SNH. Based on SOFNN, the proposed model could capture the correlation between the effluent
SNH and the principal process variables and construct the modeling structure automatically. The
effectiveness of the proposed intelligent modeling method is evaluated in a WWTP. Experimen-
tal simulations and results analysis are provided to show the superior prediction performance.
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Abstract

This study explored the best operating conditions for a novel electrocoagulation (EC) 
reactor with the rotating anode for textile wastewater treatment. The influence of operat-
ing parameters like interelectrode distance (IED), current density (CD), temperature, pH, 
operating time (RT) and rotation speed on the removal efficiency of the contaminant was 
studied. A comparative study was done using conventional model with static electrodes 
in two phases under same textile wastewater. The findings revealed that the optimal 
conditions for textile wastewater treatment were attained at RT = 10 min, CD = 4 mA/cm2, 
rotation speed = 150 rpm, temperature = 25°C, IED = 1 cm and pH = 4.57. The removal effi-
ciencies of color, biological oxygen demand (BOD), turbidity, chemical oxygen demand 
(COD) and total suspended solid (TSS) were 98.50, 95.55, 96, 98 and 97.10%, respectively, 
within the first 10 min of the reaction. The results of the experiment reveal that the newly 
designed reactor incorporated with cathode rings and rotated anode impellers provide 
a superior treatment efficiency within a short reaction time. The novel EC reactor with 
a rotating anode significantly enhanced textile wastewater treatment compared to the 
conventional model. The values of adsorption and passivation resistance validated the 
pollutants removal rate.

Keywords: rotated anode reactor, textile wastewater, electrode consumption, 
electrocoagulation

1. Introduction

Electrocoagulation (EC) process involves in situ coagulant formation with sacrificial anode dis-
solution. Generally, the anode is prepared using iron or aluminum (Al) [1, 2]. The metal ions 
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interact to generate insoluble OH− ions. The generated insoluble hydroxides adsorb the con-
taminants from the solution either by electrostatic attraction or complexation before the coagu-
lation [3, 4]. Lessening of the electrodes’ internal resistance drop (IR-drop) is one of the most 
essentials toward reducing the total cost of EC operation to enhance the current performance 
by enhancing the state of turbulence. Both oxygen and hydrogen gas emerged near the cath-
ode and anode as soon as each gas bubble nucleates. The bubbles are like insulating spherical 
figures, generating a film that fouls oxide over the electrode surface (passivation effects). This 
issue increases the total electrical resistance of the cell, thereby needing a superior quantity of 
electrical energy to attain the optimal removal [5]. To moderate the bubble accumulation, the 
electrolyte flow around the electrodes must be augmented for the bubbles to be pushed out [6].

To proffer solution to these, the current EC reactor with rotating anode was conducted to 
enhance the reactors’ overall efficiency [7]. Additionally, the leading objective of the present 
work is to study the treatment of textile wastewater using a novel EC reactor under optimum 
operating conditions and to compare the performance with that of conventional EC reactor.

2. Materials and methods

2.1. Wastewater characteristics

The wastewater used for the present study was obtained from one of the foremost textile 
industries in Babylon (Iraq). For dyeing of fabrics, the industry employs Imperon Violet KB 
(CAS #: 6358-46-9). Table 1 presents the major characteristics of the textile wastewater, while 
Table 2 shows the properties of the employed Imperon Violet KB.

2.2. EC rotating anode reactor

Figure 1 illustrates the new EC reactor employed in the current study. The reactor (10 L work-
ing volume) was made from Perspex and has a cylindrical form stirred tank setting (total 
length = 500 mm; inner diameter = 174 mm; external diameter = 180 mm). To keep the impel-
ler structure and sustain the rotation of the electrode, a 32-mm-diameter rotating shaft was 
attached to a regulating speed motor. The motor is a DC electrical type and offers a number of 
steady-state speeds in the range of 0–1000 rpm. The electrodes were produced from the alumi-
num substance; the rotating anode comprises ten impellers. All the impellers have four rods 
(diameter = 12 mm, length = 30 mm) each and ten rings, which were employed as the cathode. 
Every one of the ring (thickness = 12 mm, internal diameter = 134 mm, diameter = 172 mm) 
was serially organized, maintaining 30 mm distance of apart. The entire active surface area is 
500 cm2; the reactor comprises three equally spaced baffles to establish the cathode rings by ter-
minating the rotation and tangential flow arrangements of the mass fluid. The endorsed surface 
area-to-volume ratio ranges from 5 to 45 m2/m3 [8]. In the current model, the ratio was mini-
mized (to 5 m2/m3) with the aid of a small area of the electrode for treatment of a great wastewa-
ter volume. The patent novelty filing was performed with application number PI 2015702202.
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2.3. Experimental procedure

The performance of EC process was determined based on color removal, TSS and COD. The 
experiment was initially performed by investigating the influence of CD and the anode 
rotation speed. The overall competence of the reactor was investigated using three major 
variables: overall rotation speed of the anode, CD and processing time. The value of RT of 
10–30 min was maintained. Three values of CD (4, 6 and 8 mA/cm2) with different steady-state 
anode rotation speed (75, 150 and 250 rpm) were observed at room temperature (25–27°C). 
The selection of the current densities was based on some initial studies, which show an insig-
nificant change in the total removal efficiency when the value of CD exceeds 8 mA/cm2. For 
all the runs, a 10 L sample was used for the EC process, and nine different batches of EC runs 
were performed. Upon concluding each run, a primary sample was removed, and the cells 
were washed with a 5% HCl solution for 10 min and subsequently washed using a sponge. 
The anode and cathode were linked to the positive and negative parts of DC power supply 
(YIZHAN, 0–6 A; 0-40 V, China). 30 V was used as the main voltage was for each experiment. 
For voltage measurement, a voltmeter was attached to the cell in parallel. For each run, the 
current was kept constant by using a variable resistance and monitored using an ammeter. 
For each iteration, the samples were left to settle for 30 min and subsequently filtered. About 
100 ml of supernatant sample was collected for examination and analysis in replicates. The 
same parameters were examined for the entire replicated sample.

Parameters Values

Electrical conductivity (μS/cm) 1455

Turbidity (NTU) 396

Total suspension solid, TSS (mg/L) 3270

Total dissolved solid, TDS (mg/L) 1250

Dissolved oxygen, DO (mg/L) 0.72

pH 4.50

Chlorides, Cl− (mg/L) 35

Sulfate (mg/L) 678

Phosphate (mg/L) 7.2

Nitrates (mg/L) 11

Phenols (mg/L) 335

Oil and grease (mg/L) 3.2

BOD (mg/L) 112

COD (mg/L) 990

Table 1. Characteristics of textile wastewater.
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The experiment was performed using four different sets of operating conditions to obtain 
best parameters. The influence of pH on the EC system was investigated at varying pH val-
ues (5–10 by addition of 0.5 M NaOH). Some secondary electrolytes like Na2SO4 and NaCl 
(0.0, 0.02, 0.05 and 0.10 kg/m3) were added to the wastewater toward investigating the effect 
of electrolyte support on the removal efficiency. The influence of temperature was studied, 
ranging from 25 to 45°C using water circulation to sustain the temperature as the EC process 
proceeds. The IED between the cathode rings and anode impellers were attained for various 
distance (1, 1.5 and 2 cm). At the end of experimentation, the best operating condition was 
determined again in triplicate to confirm the accuracy of the EC operation and repeatability 
for treatment of textile wastewater pollutants. For comparison study using same textile waste-
water, the results of the conventional model with parallel electrodes in two phases have been 
observed by our previous works using EC alone by aluminum plates [9] and on enhancing of 
EC process by combining with electro-oxidation (EO) using titanium plates [10].

Color Imperon Violet KB

Chemical structure

Chemical formula C32H26N4O5

The molecular weight (g/mol) 546.57

λmax (nm)* 533

*Absorbance of 0.34 at 533.

Table 2. Properties of Imperon violet KB.
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The passivation and adsorption phenomenon was also investigated using the electrochemical 
impedance spectroscopy. The experiment was performed using AC signal potential amplitude 
maintained at 10 mV, and the observed frequency range was 0.01–105 Hz. A potentiostat was 
employed to carry out the electrochemical impedance assays. The impedance experiments 
were performed in a single-partition, three-electrode system, consisting of an Al electrode 

Figure 1. (a) Illustration of EC rotating anode setup. (b) Representation of the EC rotating anode system: (1) motor 
variable speed, (2) stainless steel shaft (D = 32 mm), (3) Teflon flange cover (upper) (H = 100 mm, D = 280 mm), (4) 
impeller anode aluminum rod (D = 12 mm, L = 30 mm, no = 4), (5) aluminum ring cathode (T = 12 mm, d.In = 132 mm, 
D.Out =1 72 mm, no = 10), (6) Perspex reactor (L = 500 mm, d.In = 174 cm, D.Out = 180 mm), (7) upper ports (D = 10 mm, 
no = 3), (8) ball bearing, (9) thrust bearing, (10) lower port (D = 10 mm), (11) zoom couping and (12) Teflon flange cover 
(lower) (D = 280 mm, H = 100 mm). (c) Electrode configurations: (i) cathode and anode, (ii) anode impellers, (iii) cathode 
rings and (iv) top view of cathode rings and impeller anode.

Treatment of Textile Wastewater Using a Novel Electrocoagulation Reactor Design
http://dx.doi.org/10.5772/intechopen.76876

115



The experiment was performed using four different sets of operating conditions to obtain 
best parameters. The influence of pH on the EC system was investigated at varying pH val-
ues (5–10 by addition of 0.5 M NaOH). Some secondary electrolytes like Na2SO4 and NaCl 
(0.0, 0.02, 0.05 and 0.10 kg/m3) were added to the wastewater toward investigating the effect 
of electrolyte support on the removal efficiency. The influence of temperature was studied, 
ranging from 25 to 45°C using water circulation to sustain the temperature as the EC process 
proceeds. The IED between the cathode rings and anode impellers were attained for various 
distance (1, 1.5 and 2 cm). At the end of experimentation, the best operating condition was 
determined again in triplicate to confirm the accuracy of the EC operation and repeatability 
for treatment of textile wastewater pollutants. For comparison study using same textile waste-
water, the results of the conventional model with parallel electrodes in two phases have been 
observed by our previous works using EC alone by aluminum plates [9] and on enhancing of 
EC process by combining with electro-oxidation (EO) using titanium plates [10].

Color Imperon Violet KB

Chemical structure

Chemical formula C32H26N4O5

The molecular weight (g/mol) 546.57

λmax (nm)* 533

*Absorbance of 0.34 at 533.

Table 2. Properties of Imperon violet KB.

Wastewater and Water Quality114

The passivation and adsorption phenomenon was also investigated using the electrochemical 
impedance spectroscopy. The experiment was performed using AC signal potential amplitude 
maintained at 10 mV, and the observed frequency range was 0.01–105 Hz. A potentiostat was 
employed to carry out the electrochemical impedance assays. The impedance experiments 
were performed in a single-partition, three-electrode system, consisting of an Al electrode 

Figure 1. (a) Illustration of EC rotating anode setup. (b) Representation of the EC rotating anode system: (1) motor 
variable speed, (2) stainless steel shaft (D = 32 mm), (3) Teflon flange cover (upper) (H = 100 mm, D = 280 mm), (4) 
impeller anode aluminum rod (D = 12 mm, L = 30 mm, no = 4), (5) aluminum ring cathode (T = 12 mm, d.In = 132 mm, 
D.Out =1 72 mm, no = 10), (6) Perspex reactor (L = 500 mm, d.In = 174 cm, D.Out = 180 mm), (7) upper ports (D = 10 mm, 
no = 3), (8) ball bearing, (9) thrust bearing, (10) lower port (D = 10 mm), (11) zoom couping and (12) Teflon flange cover 
(lower) (D = 280 mm, H = 100 mm). (c) Electrode configurations: (i) cathode and anode, (ii) anode impellers, (iii) cathode 
rings and (iv) top view of cathode rings and impeller anode.

Treatment of Textile Wastewater Using a Novel Electrocoagulation Reactor Design
http://dx.doi.org/10.5772/intechopen.76876

115



(1:25 of the original size) as the working electrode, a platinum wire as a counter electrode and 
Ag/AgCl (3 M KCl) electrode as a reference electrode.

2.4. Chemical analysis

The efficiency of the new EC reactor for the entire treatment was analyzed based on color 
removal performances, TSS and COD. For every iteration, the electrical potential was kept 
constant at 30 V. The COD was determined using a Closed Reflux-Titrimetric technique. The 
determination of TDS and TSS was performed using gravimetric technique. The phenol con-
tent was determined using HPLC. ODS Hypersil C18 column (4.6 mm×150 mm×5 μm) at 25 
was employed for separation of aromatic and phenolic compounds with the aid of water/
acetonitrile (40/60, v/v) being the mobile phase. The flow rate of the mobile phase and the 
injection volumes was 1 mL/min and 5 μL. 254 nm detection wavelength was used. The sam-
ples were subjected to filtration by using a 0.25 μm membrane filter. The amount of grease 
and oil (G&O) was determined using solvent extraction technique. The amount of dissolved 
oxygen (DO) and BOD was determined using DO meter. The turbidity, conductivity and 
pH were also determined in the present study. The color was analyzed through absorbance 
using a UV–Vis spectrophotometer with a wavelength corresponding to the peak absorbance 
value for the textile effluence (533 nm). The sample filtration was carried out with the aid of 
Whatman 934 AH filter. The rotating anode speed was monitored using a microprocessor 
digital meter. The ion was analyzed using ionic chromatography ICS-2000. The whole ana-
lytical works were performed based on the prescribed procedures in the standard techniques 
[11]. The determination of color removal, TSS and COD was done using formulas stated by 
[12–15] among others.

2.5. Sludge compaction analysis

The sludge of the textile wastewater was allowed to sit for 1 h to boost the alliance of the sedi-
ments. The two concentrations of cationic polymer (LPM 3135 polymer, 10 and 40 mg/L) were 
examined to enhance the settling process. The volume of the space engaged by the solid (mL) 
was measured at fixed time intervals. The weight of the wet residue (the solid portion) was 
determined, after which the samples were dried for approximately 24 h at 100°C to obtain the 
whole residual solids. The specific resistance to filtration (SRF) and the cake-dry solid was 
estimated to properly depict the dewater capability of the sludge using Buchner funnel filtra-
tion with pressure (0.015 mPas). The SRF formula (in m/kg) is defined as [16].

  RF (SRF)  =  ( 2KbPA   2 )  /  μa  w    (1)

where P is the pressure during sludge filtration (mPas), A is the filtered area, μ is the viscosity 
of the filtrate (N.s/m2), aw is the weight of the solid per unit volume of filtrate (kg/m3) and Kb is 
the slope of the V vs. t/V plot. Whatman glass fiber filter (Grade 934-AH) was used. Measuring 
and estimating dryness of the general cake were performed by the following equation:

  Sludge dryness  (%)  = 100 ×  [ ( m  3   −  m  1  )  /  ( m  2   −  m  1  ) ]   (2)
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where m1 and m2 are the mass of the cup (with the membrane) after and before the filtration 
process and m3 is the mass of the same cup after the drying for 24 h at 100°C.

A sludge volume index (SVI) was implemented to decide the settling properties of the sludge 
suspensions. The SVI (mL/g) is the volume (in mm) used by 1 g of a suspension subject to 
30 min of settling [11]. The SVI is defined as.

  SVI =  VD  30   / TSS  (3)

where TSS is the concentration of suspended solids (g/L) and VD30 is the volume of settled 
sludge after 30 min (mL/L).

2.6. Economic analysis

The total operating costs for treatment of wastewater process include electricity, equipment, 
chemical usage, labor, maintenance and sludge disposal. For EC process, the major costs of 
operation include the cost of electricity and electrode material. In this study, the cost of chemi-
cal supplements and sludge disposal was added as well. The total cost of operation (TCO) was 
computed using [3].

  TCO = a  C  energy   + b  C  electrode   + d  C  sludge   + e  C  chemicals    (4)

   C  energy   = UIRT / V  (5)

   C  electrode   =  M  w   I RT / ZFV  (6)

where Cenergy = denotes intake of energy per cubic meter of wastewater (kWh/m3); 
Celectrode = intake of electrode for treatment of 1 m3 of wastewater (kg/m3); Csludge = quantity of 
sludge per m3 of wastewater (kg/m3); Cchemical = amount of chemicals (kg/m3).; a = total cost of 
electricity (about 0.075US$/kWh); b = cost of iron or aluminum (2.5US$/kg); d = sludge dis-
posal cost excluding the drying and including transportation (0.06US$/kg); e = cost of chemi-
cals that can be added: LPM 3135 polymer (3.0US$/kg), NaOH (0.5US$/kg), Na2SO4 (0.25US$/
kg) and NaCl (0.06US$/kg); U = voltage; I = intensity of the current; RT = EC electrolysis time; 
V = textile wastewater working volume; Mw = molar mass of the iron (55.84 g/mol) or alumi-
num (26.98 g/mol); Z = quantity of electrons moved (3); F = Faraday constant (96,500 C/mol).

The operating expense was computed according to the Iraqi market prices for the year 2017. 
For EC rotating anode, the total consumption of electrical energy was estimated as follows:

   C  energy    (kWh /  m   3 )  =   ( C  energy  )   
S
   +   ( C  energy  )   

M
    (7)

where (Cenergy)M signifies the rate at which the DC motor anode rotation consumed electrical 
energy and (Cenergy)S signifies the amount of electrical energy consumed by the reacting system 
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where m1 and m2 are the mass of the cup (with the membrane) after and before the filtration 
process and m3 is the mass of the same cup after the drying for 24 h at 100°C.
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suspensions. The SVI (mL/g) is the volume (in mm) used by 1 g of a suspension subject to 
30 min of settling [11]. The SVI is defined as.
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where TSS is the concentration of suspended solids (g/L) and VD30 is the volume of settled 
sludge after 30 min (mL/L).
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sludge per m3 of wastewater (kg/m3); Cchemical = amount of chemicals (kg/m3).; a = total cost of 
electricity (about 0.075US$/kWh); b = cost of iron or aluminum (2.5US$/kg); d = sludge dis-
posal cost excluding the drying and including transportation (0.06US$/kg); e = cost of chemi-
cals that can be added: LPM 3135 polymer (3.0US$/kg), NaOH (0.5US$/kg), Na2SO4 (0.25US$/
kg) and NaCl (0.06US$/kg); U = voltage; I = intensity of the current; RT = EC electrolysis time; 
V = textile wastewater working volume; Mw = molar mass of the iron (55.84 g/mol) or alumi-
num (26.98 g/mol); Z = quantity of electrons moved (3); F = Faraday constant (96,500 C/mol).

The operating expense was computed according to the Iraqi market prices for the year 2017. 
For EC rotating anode, the total consumption of electrical energy was estimated as follows:
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Figure 2. The removal efficacy of several parameters of the textile wastewater using the best operating condition.

(electricity received by the cathode and the anode because of DC power supply). The values 
of (Cenergy)M and (Cenergy)S were determined from Eq. (5).

3. Results and discussion

3.1. Efficiency and reproducibility of the novel EC reactor

The investigations of the best parameters have been discussed in our previous research [17]. The 
major EC operation in the textile wastewater was executed in triplicate to confirm the efficiency 
and reproducibility of the application when the best operating conditions (CD = 4 mA/cm2, tem-
perature = 25°C, RT = 10 min, pH = 4. 57, rotation speed = 150 rpm and de = 1 cm) are used. The 
performance of the novel EC system was investigated based on the levels of BOD, Al, color, 
phenols, turbidity, COD, G&O, TDS, DO, nitrates, sulfate, phosphate and TSS. The summary 
of the results of the parameters is shown in Figure 2 and Table 3. The EC operation exhibited 
97.1% total removal efficiency of COD. After the EC treatment process, the G&O and BOD5 in 
the wastewater had values of 0.1 and 5 mg/L, respectively. The hydrophobic capacity of G&O 
resulted in a higher affinity combining with the H2 bubbles created at the cathode. The (G&O)-H2 
complex gathered on the surface of the liquid, which could be skimmed with ease [18].

The proposed EC design enables superior efficiencies and simultaneously reduces energy con-
sumption in comparison with other reports. Un and Aytac [12] studied textile wastewater treat-
ment by EC process in a packed-bed electrochemical reactor. They reported 96.88% removal 
efficiency for COD and observed that the color was almost completely removed after 1 h of EC 
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operation. However, in this work, the 97% COD removal efficiency was obtained after 10 min 
reaction. Merzouk et al. [15] also studied the textile wastewater treatment using electro-flotation 
and EC using a batch reactor (electrode gap = 1 cm, conductivity = 2.1 μS/cm, pH = 7.6 and 
density = 11.55 mA/cm2). With the best operating conditions, the obtained results are as follow: 
TSS = 85.5%, color = 93%, COD = 79.7%, BOD5 = 88.9% and turbidity = 76.2%. Comparing with 

Parameters Raw 
effluent

Treated 
effluent

Allowable limit (EPA) 
1996

Removal (%)

Electrical conductivity (μS/cm) 1455 2000 ID __

Initial pH 4.57 4.57 — __

Final pH __ 6.92 6–8 __

Energy consumption (kwh/m3) __ 0.966 — __

Electrode consumption (kg/m3) __ 0.038 __

Sludge production (kg/m3) 1.44

Polymer consumption (kg/m3) 0.01

O&G (mg/L) 3 0.1 5–40 96.66

BOD5 (mg/L) 112.5 5.00 5–45.5 95.55

COD (mg/L) 988 28.65 20–500 97.10

TSS (mg/L) 3270 65.70 60–300 98.00

Color observance at 533 NM 0.3400 0.0051 ID 98.50

TDS (mg/L) 1250 80.00 5–180 93.60

Turbidity (NTU) 396 19.80 15–50 96.00

DO (mg/L) 0.7 14.5 4.5–15

Sulfate (mg/L) 678 17.00 ID 97.50

Phosphate (mg/L) 7.2 0.23 ID 96.80

Nitrates (mg/L) 11 0.2 ID 98.18

Phenols (mg/L) 335 0.0065 10 99.99

Chlorides Cl− (mg/L) 33 0.4 ID —

Aluminum (mg/L) 1.50 6.00 — __

Electrical energy cost (US$/m3) __ 0.072 — __

Electrode consumption cost (US$/m3) __ 0.095 — __

Sludge disposition cost (US$/m3) __ 0.086 __ __

Polymer cost (US$/m3) __ 0.030 __ __

Total operating cost (US$/m3) __ 0.283 — __

Table 3. Efficiency and reproducibility of EC rotating anode in textile wastewater treatment using the best operating 
conditions (CD = 4 mA/cm2, temperature = 25°C, rotation speed = 150 rpm, RT = 10 min, pH = 4.57, de = 1 cm).
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Figure 2. The removal efficacy of several parameters of the textile wastewater using the best operating condition.
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the above results, this study utilizes only EC under the best operating conditions and exhib-
its superior removal efficiencies: TSS 98%, color >98%, BOD5 = 95.55%, COD 97% and turbid-
ity = 96%. In recent time, El-Ashtoukhy et al. [19] examined phenol removal from wastewater 
generated from oil refinery using a fixed-bed anode electrochemical reactor consisting random 
Al raschig rings. At pH = 7, CD = 8.59 mA/cm2 and concentration of NaCl = 1 g/L, around 80% 
phenol reduction was observed after 2 h using 40 mg/L as the primary phenol concentration.

In this study, the concentration of primary phenol is 350.0 mg/L, and after 10 min, about 99.99% 
was extracted, while 0.009 mg/L of phenol remains with the cured wastewater. Furthermore, 
Martinez-Delgadillo et al. (2012) investigated Cr (VI) reduction to Cr (III) with the aid of Fe (II) in 
a rotating ring iron electrode. Their report shows up to 99.9% removal of Cr (VI) between 22 and 
42 min contact time at an angular velocity ranging from 0 to 230 rpm (at 5 A). In the current study, 
the optimal reaction time and current were 10 min and 2 A, to confirm the reduction in power 
consumption and low cost of operation. Moreover, this work also reports high TDS removal effi-
ciency (93.6%) when the best set of operating parameters were used, and the phosphate concen-
tration was decreased to 0.23 from 7.2 mg/L. The Al electrode suspension displayed a rise in the 
whole dissolved concentration to 6.00 from 1.5 mg/L during the operation. In comparison with the 
quality standards of global textile wastewater [20, 21], the findings support the analysis of the effi-
cacy of the EC system for treatment of textile wastewater for various usages. The outcomes show 
that the COD, turbidity, TDS, BOD and DO are all lower than the acceptable limit. Conversely, the 
generally pH level of the treated effluence was basic (6.9 ± 0.04) to some extent, which is under the 
acceptable limit. Similarly, the oil and grease, as well as the total phenols, fall under the accept-
able limit. Under optimal conditions, the real electrode consumption was 0.038 kg/m3, while the 
energy consumption was 0.966 kWh/m3, 0.9 kWh/m3 for DC power supply consumption and 
0.066 kWh/m3 for DC motor of rotating anode. For settling metallic sludge study after adding 
0.01 kg/m3 LPM3135 polymers, a 5% sludge dryness and 63 mL/g SVI were noted in the course of 
the analysis. The sludge production was 1.44 kg/m3. Furthermore, the SRF utilized in these inves-
tigations was (4.6×1012m/kg). The results revealed that the main cost of the treatment operation 
per m3 [Eq. (4)] of wastewater, using the best set of operating parameters, is roughly 0.283 US$.

3.2. Comparison performance of the EC rotating anode with the conventional model

Table 4 shows a comparative study between EC rotating anode and the conventional static 
electrodes in two-phase EC process alone and EC-EO process depending on the results of 
each model at the optimal conditions. Each model has the same optimal applied current to 
volume ratio (0.2 A/L). Although the EC model with rotating anode has the lowest surface 
area to volume ratio (5 m2/m3), it can be seen that this reactor model obtained the best removal 
efficiency of contaminant textile wastewater (COD, TSS and the color). The minimum reaction 
time (10 min) was achieved by EC model with rotating anode compared with a conventional 
model in two phases (90 min) which demonstrated the activity of electrodes for the treatment 
and reduced significantly the energy consumption to 0.966 kwh/m3. Furthermore, the rotation 
speed of anode affects the energy consumption by reducing the main voltage and passivation 
films. The EC process with rotating anode showed excellent treatment without setting the 
initial pH or using supporting electrolyte. The electrode consumption and sludge production 
were less than the conventional model with static electrodes. As for the operating costs, the 
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EC model with rotating anode was lower than the conventional model with static electrodes 
(EC rotating anode = 0.283US$/m3, while conventional static electrode including EC = 1.76 
US$/m3 and EC-EO =1.69 US$/m3).

3.3. Passivation and adsorption phenomenon

Electrochemical impedance spectroscopy is one of the most effective methods for investigation 
of electrochemical constraints of the electrolyte/electrode interface [22–24]. The impedance 
method was employed to study the effect of color adsorption on the Al anode and rotation 
speed (rpm) of the electrode on electrode passivity. The electrolyte was real textile effluence, 
and the potential of 0 V vs. Ag/AgCl, and frequency ranging from 0.01 to 105 Hz, was used for 
performance evaluation of the electrolyte/anode interface. Figure 3(a) presents the Nyquist 
plot for the anode at varying speed of rotation (0, 75, 100 and 150 rpm). Two semicircles were 
detected at low frequencies and high frequencies. Figure 3(b) presents the best fits for the Al 
electrode impedance spectra. The fitting parameters comprise the solution resistance (Rs) in 
parallel with a combination of the double-layer capacitance (Cdl) and impedance of the faradic 
reaction. On the other hand, the faradic reaction impedance comprises passivation resistance 
(Rct), accompanied by adsorption capacitance (Cads) and adsorption resistance (Rads) [25–28]. 
Table 5 summarizes the impedance parameters. Temporarily, the first semicircle diameter 
signifies the values of Rct, and the diameter of the second semicircle signifies the values of Rads.

Parameters EC rotating anode EC static electrode EC-EO static electrode

Materials Al-Al Mp Al-Bp Al Mp Ti-Bp Al

COD removal (%) 97.10 92.60 93.50

TSS removal (%) 98.00 96.40 97.00

Color removal (%) 98.50 96.50 97.50

Initial pH Natural 6.00 6.00

Conductivity (μS/cm) 2000 1980 1910

Current/volume ratio (A/L) 0.2 0.2 0.2

Surface area/volume ratio (m2/m3) 5 12 12

RT (min) 10 90 90

Electrode consumption (kg/m3) 0.038 0.1 0.087

Energy consumption (kwh/m3) 0.966 8.49 9.00

Sludge production (kg/m3) 1.44 3.50 2.88

NaOH (kg/m3) No add 1.26 1.20

NaCl (kg/m3) No add 0.1 No add

Operation cost (US$/m3) 0.283 1.76 1.69

Table 4. Comparison of the EC rotating anode with the conventional model static electrode (EC alone and EC-EO) at 
optimal conditions.
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the optimal reaction time and current were 10 min and 2 A, to confirm the reduction in power 
consumption and low cost of operation. Moreover, this work also reports high TDS removal effi-
ciency (93.6%) when the best set of operating parameters were used, and the phosphate concen-
tration was decreased to 0.23 from 7.2 mg/L. The Al electrode suspension displayed a rise in the 
whole dissolved concentration to 6.00 from 1.5 mg/L during the operation. In comparison with the 
quality standards of global textile wastewater [20, 21], the findings support the analysis of the effi-
cacy of the EC system for treatment of textile wastewater for various usages. The outcomes show 
that the COD, turbidity, TDS, BOD and DO are all lower than the acceptable limit. Conversely, the 
generally pH level of the treated effluence was basic (6.9 ± 0.04) to some extent, which is under the 
acceptable limit. Similarly, the oil and grease, as well as the total phenols, fall under the accept-
able limit. Under optimal conditions, the real electrode consumption was 0.038 kg/m3, while the 
energy consumption was 0.966 kWh/m3, 0.9 kWh/m3 for DC power supply consumption and 
0.066 kWh/m3 for DC motor of rotating anode. For settling metallic sludge study after adding 
0.01 kg/m3 LPM3135 polymers, a 5% sludge dryness and 63 mL/g SVI were noted in the course of 
the analysis. The sludge production was 1.44 kg/m3. Furthermore, the SRF utilized in these inves-
tigations was (4.6×1012m/kg). The results revealed that the main cost of the treatment operation 
per m3 [Eq. (4)] of wastewater, using the best set of operating parameters, is roughly 0.283 US$.

3.2. Comparison performance of the EC rotating anode with the conventional model

Table 4 shows a comparative study between EC rotating anode and the conventional static 
electrodes in two-phase EC process alone and EC-EO process depending on the results of 
each model at the optimal conditions. Each model has the same optimal applied current to 
volume ratio (0.2 A/L). Although the EC model with rotating anode has the lowest surface 
area to volume ratio (5 m2/m3), it can be seen that this reactor model obtained the best removal 
efficiency of contaminant textile wastewater (COD, TSS and the color). The minimum reaction 
time (10 min) was achieved by EC model with rotating anode compared with a conventional 
model in two phases (90 min) which demonstrated the activity of electrodes for the treatment 
and reduced significantly the energy consumption to 0.966 kwh/m3. Furthermore, the rotation 
speed of anode affects the energy consumption by reducing the main voltage and passivation 
films. The EC process with rotating anode showed excellent treatment without setting the 
initial pH or using supporting electrolyte. The electrode consumption and sludge production 
were less than the conventional model with static electrodes. As for the operating costs, the 
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EC model with rotating anode was lower than the conventional model with static electrodes 
(EC rotating anode = 0.283US$/m3, while conventional static electrode including EC = 1.76 
US$/m3 and EC-EO =1.69 US$/m3).

3.3. Passivation and adsorption phenomenon

Electrochemical impedance spectroscopy is one of the most effective methods for investigation 
of electrochemical constraints of the electrolyte/electrode interface [22–24]. The impedance 
method was employed to study the effect of color adsorption on the Al anode and rotation 
speed (rpm) of the electrode on electrode passivity. The electrolyte was real textile effluence, 
and the potential of 0 V vs. Ag/AgCl, and frequency ranging from 0.01 to 105 Hz, was used for 
performance evaluation of the electrolyte/anode interface. Figure 3(a) presents the Nyquist 
plot for the anode at varying speed of rotation (0, 75, 100 and 150 rpm). Two semicircles were 
detected at low frequencies and high frequencies. Figure 3(b) presents the best fits for the Al 
electrode impedance spectra. The fitting parameters comprise the solution resistance (Rs) in 
parallel with a combination of the double-layer capacitance (Cdl) and impedance of the faradic 
reaction. On the other hand, the faradic reaction impedance comprises passivation resistance 
(Rct), accompanied by adsorption capacitance (Cads) and adsorption resistance (Rads) [25–28]. 
Table 5 summarizes the impedance parameters. Temporarily, the first semicircle diameter 
signifies the values of Rct, and the diameter of the second semicircle signifies the values of Rads.

Parameters EC rotating anode EC static electrode EC-EO static electrode

Materials Al-Al Mp Al-Bp Al Mp Ti-Bp Al

COD removal (%) 97.10 92.60 93.50

TSS removal (%) 98.00 96.40 97.00

Color removal (%) 98.50 96.50 97.50

Initial pH Natural 6.00 6.00

Conductivity (μS/cm) 2000 1980 1910
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Sludge production (kg/m3) 1.44 3.50 2.88

NaOH (kg/m3) No add 1.26 1.20

NaCl (kg/m3) No add 0.1 No add

Operation cost (US$/m3) 0.283 1.76 1.69

Table 4. Comparison of the EC rotating anode with the conventional model static electrode (EC alone and EC-EO) at 
optimal conditions.
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From Table 5 and Figure 3(a), it is clear that the values of Rct and Rads significantly declined with a 
rise in the rotation speed of the Al anode from 0 attaining the lowest value at 150 rpm. Therefore, 
the fouling rate of the anode was lessened, and the rate of adsorption of color to the interface of 
the anode increased at 150 rpm. Conversely, the highest values of the adsorption capacitance 
and double-layer capacitance were observed at 150 rpm. This elucidates the improvement in 
the rate of removal upon rotating the anode at 150 rpm as the EC experiment proceeds. It also 
confirms that the designed model can be a panacea to the limitation of the previous model.

4. Conclusions

The use of novel EC reactor in textile wastewater treatment exhibits a higher removal efficiency 
than the erstwhile models. The efficiency of the textile effluence pollutant removal with high 
values was achieved using a lower CD, precisely 4 mA/cm2, at initial reaction period (10 min) at 
1 cm interelectrode distance (IED) and 150 rpm anode rotation speed. A rise in the value of CD 
enhanced the efficiency of EC process in the treatment of textile wastewater. The setting of the 

Rotation speed (rpm) Rs(Ω) Rct(Ω) Cdl(μF) Rads (Ω) Cads(μF)

0 63.30 96.98 0.128 1774 7.18

75 56.90 88.89 0.129 1531 7.36

100 59. 08 90.00 0.145 1369 7.13

150 40.54 41.65 0.412 1151 8.31

Table 5. Electrochemical impedance data extracted from the Nyquist plots at varying speed of rotation (rpm).

Figure 3. (a) Nyquist plots of the Al anode in an aqueous textile wastewater solution at 25°C temperature and varying 
electrode speed of rotation. (b) Equivalent circuits utilized to fit the Nyquist plots.
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solution pH to increase the solution temperature and the addition of any chemicals (Na2SO4 or 
NaCl) is not required. The economic viability of the operation of the reactor is influenced by 
the parameters. The energy and electrode consumption of the EC increases as the CD increases. 
The optimal energy and electrode consumptions were 0.038 kg/m3 and 0.966 kWh/m3, which 
led to the lower cost of operation (0.283US$/m3). The novel EC reactor with rotating anode sig-
nificantly enhanced the textile wastewater treatment by improving the pollutant removal rate, 
reducing reaction time of treatment, without any additional chemicals during the process, and 
reducing the operation cost compared to conventional model (EC and EC-EO). It was found 
that the passivation phenomenon reduced with the increased rotation speed of anode, which 
enhanced the EC process performance and validated the novel reactor design.
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From Table 5 and Figure 3(a), it is clear that the values of Rct and Rads significantly declined with a 
rise in the rotation speed of the Al anode from 0 attaining the lowest value at 150 rpm. Therefore, 
the fouling rate of the anode was lessened, and the rate of adsorption of color to the interface of 
the anode increased at 150 rpm. Conversely, the highest values of the adsorption capacitance 
and double-layer capacitance were observed at 150 rpm. This elucidates the improvement in 
the rate of removal upon rotating the anode at 150 rpm as the EC experiment proceeds. It also 
confirms that the designed model can be a panacea to the limitation of the previous model.
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solution pH to increase the solution temperature and the addition of any chemicals (Na2SO4 or 
NaCl) is not required. The economic viability of the operation of the reactor is influenced by 
the parameters. The energy and electrode consumption of the EC increases as the CD increases. 
The optimal energy and electrode consumptions were 0.038 kg/m3 and 0.966 kWh/m3, which 
led to the lower cost of operation (0.283US$/m3). The novel EC reactor with rotating anode sig-
nificantly enhanced the textile wastewater treatment by improving the pollutant removal rate, 
reducing reaction time of treatment, without any additional chemicals during the process, and 
reducing the operation cost compared to conventional model (EC and EC-EO). It was found 
that the passivation phenomenon reduced with the increased rotation speed of anode, which 
enhanced the EC process performance and validated the novel reactor design.
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Abstract

The coagulation-flocculation process is one of the conventional technologies used for the 
treatment of different types of industrial wastewater. The zeta potential is a key parameter 
that allows to determine the effective pH, the type and the correct biopolyelectrolyte dose 
to return the water quality using coagulation-flocculation. In this chapter, we present the 
application of a natural cationic biopolyelectrolyte (chitosan) to make the separation and 
recovery of cellulose fiber more efficient and to increase the reuse of treated water from 
the pulp and paper industry. The result of the coagulation-flocculation test at pH 5.4 and a 
chitosan dose = 10 mg/L shows that the treated water has the following values: biochemical 
oxygen demand = 150 mg O2/L, turbidity = 5 FAU, total suspended solids = 2 mg/L, chemical 
oxygen demand = 200 mg/L and hardness = 250 mg CaCO3/L. The quality of water obtained 
allows its discharge to a natural water body, in which it is possible to continue with a biologi-
cal treatment stage, or to reuse the treated water for the manufacture of paper. Additionally, 
this coagulation-flocculation process can be coupled to an advanced oxidation process to 
increase the quality of the water and mineralize the content of organic material.

Keywords: zeta potential, wastewater treatment, biopolyelectrolytes, 
coagulation-flocculation

1. Introduction

The issue regarding the quality and use of water has several aspects: the first option is the 
most common and of greater importance, than a simple view, which becomes the vital liquid 
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to survive and perform daily activities. Its quality directly affects the health and well-being of 
society [1]. The second corresponds to the use of water as the main raw material for the manu-
facture of some products and the operation of production processes. The interaction of water 
with the environment is influenced by the water quality that both society and the industrial 
sector confer on water.

Each type of industry has a particular interest in the care of water quality and its reuse, which 
is why day by day, they require new strategies to treat and recycle the wastewater they gen-
erate in the different production processes [1]. Water quality is affected by various chemical 
substances that dissolve in water used in each stage of the manufacturing process.

In general, the main pollutants that are identified in the industrial wastewater are suspended 
particles, organic matter, heavy metals, the hardness of the water and fats and oils [2]. One 
of the pollutants frequently present in the industrial wastewater is suspended particles or 
solids. According to the nature of the production processes, the particles in suspension can 
be organic and inorganic and can be present in different particle sizes. The content of organic 
matter in industrial wastewater is attributed to the organic compounds (colorants, additives, 
nutrients, carbohydrates, etc.) that can be biodegradable or difficult to be degraded, and that 
are incorporated into the water at the time of use [3]. The levels of concentration in which these 
contaminants or undesirable substances are present in the wastewater are directly related to 
the operating conditions of the productive processes. The presence of these pollutants in the 
water causes an impact on the efficiency of the production processes, limits the reuse of water, 
increases the consumption of clean water, the discharge of the wastewater generated contami-
nates the water bodies, and this implies sanctions to the industry for exceeding the maximum 
permissible limits at the effluent discharge point [3].

There is an urgent need of environmentally friendly and cheaper technologies to eliminate the 
chemical toxicants from wastewater to improve the water quality.

Several methods that have been developed to eliminate these present pollutants from waste-
water are as follows: reverse osmosis, solvent extraction, coagulation-flocculation, membrane 
separation, chemical precipitation, advanced oxidation processes, ion exchange, evaporation, 
electrolysis [4–6], photochemical [7], activated sludge [8], anaerobic and aerobic treatment [9, 10], 
electrodialysis [11], ultrasonic treatment [12], magnetic separation [13] and adsorption [14–16].

As part of the integral management of water in the industry, the development of environ-
mentally friendly technologies is involved. In this chapter, we propose one of the strategies to 
restore the water quality (decontaminate, purify, remove undesirable substances for a specific 
use), which consists of the application of natural functional polymeric materials in physico-
chemical/electrochemical systems for the elimination of contaminants [17]. One of the simple 
and efficient methods for the separation of various types of contaminants is coagulation-floc-
culation, in which chemical substances are used as synthetic coagulant-flocculating agents 
(polyelectrolytes) [18]. However, in order to employ the different renewable sources, which 
are rich in polymeric materials and available in the region, as shrimp waste from the fishing 
industry will be used as a raw material for the production of functional polyelectrolytes and 
give it an added value. Due to the type of interactions that occur at a molecular level between 
the contaminants and the polyelectrolytes in the coagulation-flocculation processes, the zeta 
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potential measurements are key to determine the best operating conditions and understand 
the mechanisms of interface (contaminant-biopolyelectrolyte). In this chapter, the physi-
cochemical characterization of six types of industrial wastewater is presented. Due to the 
complexity and variety of the contaminants present in these types of wastewater, only the 
wastewater treatability results of the pulp and paper industry are presented.

2. Experimental

2.1. Wastewater sampling

In this chapter, the physicochemical characterization of six types of industrial wastewater 
and how to develop a treatment strategy for water recovery and how to add value to the 
byproducts formed are presented. The wastewater sampling protocol was followed as recom-
mended by Mexican sampling standard (NMX-AA-003-1980). Residual water samples were 
taken from the nixtamalization industry (nejayote) that is dedicated to the manufacture of 
corn products and their derivatives. Another sample was collected from a candy factory that 
generates wastewater with a high content of dyes and suspended particles. The third case 
corresponds to a company dedicated to the recycling of cellulose and paper, which uses well 
water for its paper and cardboard manufacturing process. Another type of water sample was 
collected from the industry that is dedicated to the collection of hazardous waste that contains 
a greater proportion of oil and water. Finally, there is the sector dedicated to the metalwork-
ing industry and the semiconductor industry. Tested parameters were: total solids (TS), total 
dissolved solids (TDS), total suspended solids (TSS), turbidity, color, particle size, electri-
cal conductivity (EC), zeta potential (ζ), total phosphorous (TP), biological oxygen demand 
(BOD5), chemical oxygen demand (COD), total organic carbon (TOC) and total nitrogen (TN). 
Tests were carried out following the current Mexican standard procedures that are equivalent 
to those published by EPA (AWWA standard methods, respectively).

2.2. Extraction of chitosan biopolyelectrolyte

Chitosan (Ch) was obtained from waste shrimp shells using the adapted method proposed by 
the authors Goycoolea et al. [19].

2.3. Zeta potential = f (pH) profiles of the industrial wastewater and chitosan

Zeta Potential from wastewater and biopolyelectrolyte data was recorded on a Stabino Particle 
Charge Mapping (Microtrac). The measurements were done at ambient temperature in Teflon 
cuvettes. Influence of pH on the zeta potential behavior of each biopolyelectrolytes was stud-
ied within a pH range of 2–11 with 0.1 M NaOH and 0.1 M HCl [20].

2.4. Wastewater coagulation-flocculation tests using chitosan

The performance of cationic chitosan biopolyelectrolyte in the coagulation-flocculation of 
wastewater from the cellulose and paper recycling industry was carried out using 20 mL of 
residual water at pH 5.4 and in different doses of chitosan extracted from the shrimp shells. 
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After each addition of chitosan, the mixture of residual water with chitosan was stirred at 
200 rpm for 2 min and subsequently at 50 rpm for 20 min. For the evaluation of the quality of 
the treated water, a sample of the supernatant was extracted [21].

3. Results and discussion

Tables 1 and 2 show the physicochemical characterization of the six types of industrial waste-
water. The values of the main residual water quality parameters such as BOD5, COD, alkalin-
ity, hardness, pH, electrical conductivity, content of dissolved and suspended solids, settleable 
solids, temperature, turbidity, nitrogen and total phosphorus, heavy metals are shown. Of 
these normative parameters, the environmental legislation dictates which ones must comply, 
considering the type of industry and body of discharge of residual water. Additionally, other 
non-regulated parameters, which are fundamental to understand and operate the coagulation-
flocculation process, such as particle size, turbidity, total organic carbon, biodegradability and 
zeta potential [21]. The measurement of these parameters is key to implement the design and 
sequence of an industrial wastewater treatment train to achieve the best quality of treated water.

In all types of wastewater, the regulated parameters exceed the maximum permissible lim-
its, both for their discharge to the water receiving bodies and for their reuse. One of the 
main pollutants present in industrial wastewater is the content of dissolved and suspended 
solids, where these can be organic and inorganic depending on the source of the wastewa-
ter. Generally, the first stage of a wastewater treatment train consists of the elimination of 
the suspended particles; this is where the coagulation-flocculation processes are applied. 
Considering the main interactions that occur between the suspended particles and the coag-
ulant-flocculant agents, the zeta potential is a key parameter to determine the surface charge 
density of the suspended particles and the polyelectrolytes, as well as the optimum dose to 
perform the solid-liquid separation of the suspended particles.

Figure 1 shows the ζ = f (pH) profiles of each type of industrial wastewater, metalworking, 
candy factory, nejayote, recycled oils, recycled cellulose and paper. These profiles show that 
all the wastewater has negative zeta potential values at pH > 5, while at pH <5, zeta potential 
values are close to neutrality or positive. With exception, the wastewater from the electroplat-
ing processes shows positive zeta potential values at pH <6.0, and at pH > 7.0 presents nega-
tive zeta potential values. As expected, in order to carry out a coagulation-flocculation process 
in an efficient way, it is necessary to add a polyelectrolyte with a positive charge to neutralize 
the negative charge of the wastewater from the pulp and paper industry. The monitoring of 
the zeta potential value with respect to the polyelectrolyte dose in the wastewater allows to 
construct the coagulation-flocculation operation curves, and this ensures that the operators 
of the wastewater treatment plants avoid the problem of overdosing of coagulant-flocculant 
agents and save on the consumption of chemical substances [22]. In this chapter, the capacity 
of a biopolyelectrolyte extracted from the shrimp waste for the clarification of wastewater 
from the cellulose and paper recycling industry was evaluated. This was done with the aim of 
increasing the reuse potential of the treated water and improving the efficiency of solid-liquid 
separation processes for the recovery of cellulose fiber present in industrial wastewater.
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Parameter Nixtamalization
wastewater

Parameter Candy Industry 
wastewater

Temperature (°C) 38 Temperature (°C) 26

Sedimentable solids, SS (mL/L) 850 SS (mL/L) 25

Total Dissolved Solids, TDS (mg/L) 47,200 TDS (mg/L) 12,743

Total Suspended Solids, TSS (mg/L) 2000 TSS (mg/L) 2342

Turbidity (FAU) 1500 Turbidity (FAU) 1676

Alkalinity (mg/L CaCO3) 1025 Alkalinity (mg/L CaCO3) 500

Electric conductivity, EC (mS/cm) 5.42 EC (mS/cm) 1.30

ζ (mV) −10.5 ζ (mV) −25.7

Particle size of dissolved part (nm) 100–600 Particle size of dissolved part 
(nm)

300–800

Color (Pt-Co) 8580 Color (Pt-Co) 6572

pH 10.0–12.0 pH 6.7

Chemical Oxygen Demand, COD 
(mg O2/L)

28,450 COD (mg O2/L) 786

Total Organic Carbon, TOC (mg C/L) 9836 TOC (mg C/L) 250

Biochemical Oxygen Demand, BOD5 
(mg O2/L)

2700 BOD5 (mg O2/L) 653

Total Phosphorus, TP (mg P/L) 1321 TP (mg P/L) 142

Total Nitrogen, TN (mg N/L) 418 TN (mg N/L) 120

Biodegradability (BOD5/COD) 0.27 Biodegradability (BOD5/COD) 0.83

Parameter Recycled cellulose and 
paper wastewater

Parameter Recycled oils 
wastewater

Temperature (°C) 35 Temperature (°C) 28

Chlorides (mg/L) 900 Zn (mg/L) 10.2

Total hardness (mg/L) 3800 Cu (mg/L) 12.2

Alkalinity (mg/L CaCO3) 850 Alkalinity (mg/L CaCO3) 100

Fats and oils (mg/L) 11 Fats and oils (mg/L) 6732

TSS (mg/L) 500 TSS (mg/L) 15,000

TDS (mg/L) 3500 TDS (mg/L) 3500

SS (mL/L) 438 SS (mL/L) 438

Turbidity (FAU) 560 Turbidity (FAU) 350

EC (mS/cm) 1.00 EC (mS/cm) 2.00

ζ (mV) −25.8 ζ (mV) −2.1
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construct the coagulation-flocculation operation curves, and this ensures that the operators 
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agents and save on the consumption of chemical substances [22]. In this chapter, the capacity 
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Parameter Electroplating 
wastewater

Parameter Metalworking 
wastewater

Temperature (°C) 25 Temperature (°C) 32

Sn (mg/L) 4854 Zn (mg/L) 7.78

Pb (mg/L) 1044 Ni (mg/L) 41.57

Fe (mg/L) 683 Cr (mg/L) 7.44

TSS (mg/L) 4510 Cd (mg/L) 0.47

Turbidity (FAU) 2990 SS (mg/L) 9

EC (mS/cm) 74 Fats and oils (mg/L) 465.66

ζ (mV) 26 TSS (mg/L) 3352.63

Particle size (nm) 346 Turbidity (FAU) 2990

Color (Pt-Co) 6742 EC (mS/cm) 327

pH 0.8 ζ (mV) −10.0

COD (mg O2/L) 1432 Particle size (nm) 678

TOC (mg C/L) 125 Color (Pt-Co) 2500

BOD5 (mg O2/L) 30 pH 7.36

TN (mg N/L) 50.6 COD (mg O2/L) 64,800

Biodegradability (BOD5/COD) 0.02 TOC (mg C/L) 3858

BOD5 (mg O2/L) 2857

TN (mg N/L) 316.8

Biodegradability (BOD5/COD) 0.04

Table 2. Physicochemical characterization of industrial wastewater: Electroplating and metalworking wastewater.

Parameter Recycled cellulose and 
paper wastewater

Parameter Recycled oils 
wastewater

Particle size (nm) 500 Particle size (nm) 750

Color (Pt-Co) 3000 Color (Pt-Co) 2340

pH 5.4 pH 7.63

COD (mg O2/L) 8000 COD (mg O2/L) 43,650

TOC (mg C/L) 1890 TOC (mg C/L) 5200

BOD5 (mg O2/L) 4000 BOD5 (mg O2/L) 17,500

Total Nitrogen, TN (mg N/L) 88 Biodegradability (BOD5/COD) 0.4

Total Phosphorus, TP (mg P/L) 16

Biodegradability (BOD5/COD) 0.5

Table 1. Physicochemical characterization of industrial wastewater: Nixtamalization, recycled cellulose and paper and 
recycled oils wastewater.

Wastewater and Water Quality132

Figure 1. ζ = f (pH) profiles from industrial wastewater: Candy factory, metalworking, recycled oils, nejayote, electro-
plating and recycled cellulose and paper.

Figure 2. ζ = f (pH) profiles of recycled cellulose and paper wastewater and chitosan.
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Figure 1. ζ = f (pH) profiles from industrial wastewater: Candy factory, metalworking, recycled oils, nejayote, electro-
plating and recycled cellulose and paper.

Figure 2. ζ = f (pH) profiles of recycled cellulose and paper wastewater and chitosan.
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Figure 3. ζ = f (chitosan dose) in coagulation-flocculation tests from recycled cellulose and paper wastewater.

Figure 2 shows the variation of zeta potential with respect to the pH of the wastewater and 
chitosan. The zeta potential value of the wastewater shows that the suspended particles have 
a negative surface charge density at pH 5–9. The ζ = f (pH) profile shows that at pH = 4.0 and 
pH > 10.0, the wastewater has two isoelectric points (ζ = 0). The stability of the particles to 
remain suspended is due to the value of the negative zeta potential (ζ = −25.5 mV). In order 
to destabilize the dispersion of cellulose fiber particles, the addition of a cationic coagulant-
flocculant agent that allows the neutralization of the negative surface charge is necessary. The 
wastewater at pH 5.4 has a ζ = −25.5 mV and the chitosan ζ = 15.0 mV, the dosage of chitosan 
at this pH by pure electrostatic interaction ensures its reaction.

In Figure 3, it is shown that the zeta potential value of the wastewater from cellulose and paper 
industry increases linearly as the dose of chitosan increases (ζ = −25.5 mV to ζ = −5.1 mV), 
reaching the isoelectric point at a dose of 10 mg/L chitosan. The water treated at pH 5.4 with 
chitosan has a value of BOD5 = 150 mg O2/L, turbidity = 5 FAU, TSS = 2 mg/L, COD = 200 mg/L 
and hardness = 250 mg CaCO3/L, and the treated water with these physicochemical character-
istics can be discharged into the municipal sewer system or reused as process water.

4. Conclusions

The wastewater generated by industries is becoming more complex and difficult to treat to 
restore its quality and reuse it. The coagulation-flocculation process has become one of the 

Wastewater and Water Quality134

most used technologies to remove suspended particles, dyes and heavy metals; however, 
one of the trends consists of the substitution of synthetic coagulant-flocculant agents with 
biopolyelectrolytes. This leads to the development of environmentally friendly technolo-
gies, and take advantage of the waste that contains biodegradable polymeric materials and 
with high potential for its application in the elimination of toxic pollutants from industrial 
wastewater. In this chapter, the wastewater treatment of the cellulose and paper industry was 
carried out through a coagulation-flocculation process using a dose of 10 mg/L chitosan at 
pH 5.4. Through the zeta potential measurements, the pH = 5.4 at which the chitosan and the 
wastewater have an opposite electric charge was determined, and the best dose of chitosan to 
maximize the recovery of cellulose fiber and obtain the best quality of treated water.
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Abstract

Pseudomonas aeruginosa was used to assess their potentials to degrade PCBs at concentra-
tions of 1.0 μg/mL. An aliquot of 1.0 μL of the bacterial suspension with an optical density
of 1.0 at 600 nm was used as an inoculum of the assay. Isolates were analysed for their
ability to degrade PCB (Aroclor 1260) by measuring a shift in the wavemax using Cary 300
UV-visible spectrophotometer for a period of 96 hours. The presence /absence of the
compounds was checked using high performance liquid chromatography (HPLC) UFLC
Shimadzu using florescence detector pump RF-20A and system gold column C18 (CTO-
20A) after 96 h. PCBs were extracted from wastewater samples from both Gaborone and
Mafikeng using the Quick, Easy, Cheap, Effective, Rugged, and Safe (QuEChERS) extrac-
tion kit, and analysis was performed using the gas chromatography mass spectrometer
(GC-MS). The bacteria were able to degrade these compounds under different pH values
of 5.0, 7.0, 8.0, and 9.0 and temperatures of 20, 27, 30, and 35�C. Degradation occurred at
the most at 35�C and the least at 20�C for PCB samples that were used in the study. The
bacteria strain was able to completely degrade Aroclor 1260 that was incoperated into the
wastewater samples within 96 h. This was shown by a shift in the wavelength from 224 to
270 nm, which indicated that Aroclor 1260 was degraded and therefore forming a
chlorobenzoate derivative. From this finding, it can be concluded that the sewage water
samples did not possess PCB (Aroclor 1260) after treatment with bacteria and can be
safely recycled.
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1. Background

One of the key areas in sustainable development entails the promotion of environmental
management and introduction of new technologies to treat large quantities of waste. This
includes treatment of wastewater for recycling purposes [1]. The adverse effects of global
warming have mostly been experienced by countries in Africa, resulting in scarcity of water
as a natural resource. This has prompted a great global concern to recycle and conserve water,
especially in sub-Saharan Africa where the problem of water scarcity has affected most coun-
tries [2]. South Africa is faced with freshwater scarcity, which is exacerbated by its increasing
demand, pollution, unsustainable use, and climate change [3].

The presence of chemicals in the environment calls for quantification of such so as to come up
with a risk analysis posed by these chemicals [4, 5]. According to Guillen et al., substances such
as pharmaceuticals, perfluorinated acids, perfluorosulfonates, PAHs, PCBs, pesticides, and
surfactants are mostly found in wastewater [4]. Ying et al. also noted that the presence of
pharmaceutically active compounds in wastewater is a major concern [6]. Several methods
may be used to determine quantitatively, these substances from wastewater, which is mainly
from sewage treatment plants [6]. According to Ying et al., although much research has been
done regarding the removal of these substances, it was mainly on activated sludge and no
work has been done on wastewater [6].

Some strains of organism Acinetobacter have the ability to degrade pollutants such as biphenyls
from wastewater [7]. Enterobacter cloacae secretes an emulsifier that increases the hydrophobicity
of the bacterial cell surface and also neutralizes the surface charge of cells [8]. This as a result
increases the ability of the bacteria to degrade PCBs [8, 9]. Biosurfactants are also effective at
extremes of temperature, pH, and salinity [9, 10], a property that is essential in the biodegrada-
tion of PCBs as they are hydrophobic organic compounds [11]. This property causes these
recalcitrant compounds to be removed through physico-chemical means or treatments, limited
bioavailability to microorganisms, and limited availability to oxidative and reductive chemicals
when applied in treatments [8].

This study is very important in contributing toward addressing sustainable development goal 6.
With the global emphasis of conservation of natural resources and the three Rs, that is, reduce,
reuse, and recycle, this research is very important. The research is my original proposal which
was stimulated by quite a number of issues, such as the scarcity of water although there is a lot of
water that is being let to waste. Also the high prevalence of cancer cases with no direct link to
water but with a view to eliminate the possibility of such cancer causing chemicals with direct
attention on PCBs, from sewagewhich in most cases the effluent is released into the environment.

2. Brief literature

2.1. Physio-chemical properties of polychlorinated biphenyls (PCBs)

Polychlorinated biphenyls (PCBs) consist of two benzene rings with a carbon-to-carbon bond
between carbon 1 on one ring and carbon 1 on the other ring [12]. PCBs have varying number
of chlorines in their structure [12–14], as shown in Figure 1.
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Toxicity of PCBs is dependent upon the number of chlorines present on the biphenyl structure
and their position, that is, the co-planar congeners [13, 14]. The PCB congeners that have been
deemed to be highly toxic were those that had chlorine atoms attached to the 3,4-ortho
positions, followed by those with 5–10 chlorine atoms in the para and meta positions [13].

PCBs toxicity has been largely associated with their structure. This has resulted in PCBs being
placed into categories, namely coplanar or non-ortho-substituted “arene” substitution patterns
or noncoplanar or ortho-substituted congeners [15]. The coplanar group members are charac-
terized by a fairly rigid structure, with the biphenyl rings in the same plane giving them a
molecule structure similar to polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated
dibenzofurans. Based on this structure, this group of PCBs act in the same way as these
molecules as an agonist of the aryl hydrocarbon receptor (AhR) in organisms [16]. This group
of PCBs is considered contributors to overall dioxin toxicity [16].

On the other hand, the other group of PCBs, noncoplanar PCBs, has chlorine atoms at the ortho
positions. According to Ross [17], they have not been found to activate the AhR and are not
considered part of the dioxin group; however, they have been implicated in having some
neurotoxic and immunotoxic effects, although at levels much higher than normally associated
with dioxins, and thus of much less concern to regulatory bodies [18, 19].

According to Rudel et al. PCBs are very stable compounds and do not decompose readily [18].
Their chemical inability to oxidize and reduce in the natural environment gives them this
characteristic; they have a long half-life (8–15 years) and are insoluble in water, thus the
recalcitrant property [18]. The biodegradability (and solubility in water) of PCBs is also depen-
dent upon the number of chlorine molecules it has [12, 13]. The more chlorine molecules
contained in a compound renders that compound less biodegradable [12]. PCBs are mostly
hydrophobic; some are less hydrophilic [20, 21]. These properties result in bioaccumulation of
these compounds as they do no dissolve in water, and thus, they render them difficult to be
biodegraded [12, 14, 20, 22].

2.2. Elimination of PCBs

Although the Stockholm Convention on Persistent Organic Pollutants (POPs) (of which PCBs
are part of) signed in 2001 was aimed at eliminating and/or restricting the production and use
of POPs [23], more of these ubiquitous substances are still being introduced into the

Figure 1. Structure of PCBs (source: [14]).
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environment through various human activities [24]. Water has become a widely used environ-
mental matrix for monitoring POPs [20, 25, 26], although most studies on PCBs have been
carried out on contaminated soils than water [27].

The destruction of PCBs by chemical, thermal, and biochemical processes is extremely difficult
and presents the risk of generating extremely toxic dibenzodioxins and dibenzofurans through
partial oxidation [12, 16, 27].

2.3. Effects of polychlorinated biphenyls (PCBs) on human health

PCB mixtures have been associated with cancer incidents in animals from long time back [17,
28, 29]. PCBs were found to induce liver tumors, thyroid adenomas, intestinal metaplasia, and
adenocarcinomas in rats and mice [29]. Exposure to some environmental chemicals such as
DDTand PCBs has been associated with a drop in sperm count, breast cancer, testicular cancer,
and hypospadias, which are all associated with endocrine disruption caused by these
chemicals [30]. This comes as a result of some PCB congeners being able to occupy thyroid
receptors, thus interrupting their action [17, 30].

PCBs accumulate in the fats of organisms and get passed on from one organism to the other in
food chains [31, 32], thus causing bioaccumulation. They get entry into the human body and
animals through the skin, lungs, and gastrointestinal tract [13]. PCBs then get distributed to
various parts of the body via blood and accumulate in different tissues [31, 33]. The effects of
PCBs on humans depend on age, sex, and part of the body affected by chemicals [13]. The liver,
as the major organ for removal of toxins in the body, is usually highly affected by PCBs [13, 29].
Humans become exposed to PCBs through consumption of contaminated fish, meat, and dairy
products [28] and also through grains grown in PCB contaminated soils [13, 28]. PCBs have
been isolated from human milk and serum [31, 34] and have been found to have effects on
breastfed children leading to low IQ and endocrine-related ailments [28, 31, 34]. Some studies
have shown an increase in cancer mortality in workers exposed to PCBs [13].

2.4. Biodegradation

Biodegradation is the metabolic ability of microorganisms to transform or mineralize organic
contaminants into less harmful, non-hazardous substances, which are integrated into natural
biochemical cycles [27, 35]. Specific bacteria having bio-degradative potential for various
chemical substances in wastewater as well as raw water may be used to treat water [35] for
purposes of safe recycling. Bacteria, unlike other organisms, have the ability to interact better
with man-made and naturally occurring compounds, which result in such compounds being
changed structurally and eventually degraded [35]. This is in a way a better cleanup strategy
that can be used in the cleanup of wastewater as it is environment friendly [35]. Use of mixed
population of microbes is usually recommended as it has been seen to yield faster results as the
two different microbes attack different parts through different mechanisms resulting in effec-
tive breakdown of the toxic compound [21, 33]. This activity also creates a condition of co-
metabolism [33].
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PCBs may not be readily biodegradable, but studies have shown that some bacteria species
such as Vibrio cholera, Acinetobacter 1woffnii, Aeromonas hydrophila, Pseudomonas aeruginosa,
Pseudomonas putida, Rhodococcus sp., Bacillus sp., and Burkholderia sp. have the ability to break-
down these compounds, although it is through a very long route [11, 13, 21, 36, 37, 51]. This
may be achieved through co-metabolism and mineralization [8, 35]. They use of a metabolic
pathway similar in all these bacteria, which comprise four steps catalyzed by enzymes BphA,
BphB, BphC, and BphD [37]. The pathway, according to Petric et al., is initiated by insertion of
two oxygen atoms at the carbon positions 2, 3 of one aromatic ring [37]. This is followed by
dehydrogenation meta-cleavage and hydrolysis forming a 5-carbon compound [37]. The pro-
cess follows a biphenyl catabolic pathway [37].

2.5. Biodegradation of xenobiotic compounds

According to Heider and Rabus, xenobiotic compound due to its recalcitrant nature is hard to
break down [38]. The recalcitrant nature of these compounds is a result of the complexity of its
chemical composition [8]. Breakdown of these compounds occurs when enzymes act on cer-
tain groups present in the compound [38]. The halocarbons, for example, the halogen group,
are targeted, with enzymes such as oxygenases playing a major role in their breakdown [8].
The enzymes target the bonds such as ester-, amide-, or ether bonds present in the compounds
leading to break down of these compounds [39, 40]. The enzymes may target the aliphatic
chains and in aromatic compounds, the aromatic components may be targeted [40]. The mode
of attack as well as the site depends primarily on the action of enzyme, its concentration, and
favorable conditions [40]. According to Abor-Amer [40], the xenobiotics do not act as a source
of energy to microbes and as a result, they are not degraded while the presence of a suitable
substrate induces its breakdown [39]. These substrates are known as co-metabolites, and the
process of degradation is known asco-metabolism [39]. Gratuitous metabolism is another
process in which xenobiotics serve as substrates and are acted upon to release energy [8].

The processes described cannot be achieved through the use of Moringa oleifera in treating
wastewater to remove PCBs. It is evident from literature that the removal of these compounds
using plant protein has not been fully studied [52]. Plant protein has been found to be slightly
efficient with the reduction of fecal coliforms and other bacteria [41, 42], which has made
Moringa treatment to be applicable. The use ofMoringa oleifera seed powder in water treatment
plants has been found to target mainly microorganisms, thus reducing turbidity [43].
Although this mode of water treatment has been used, especially in rural areas of the develop-
ing countries, synthetic polymers, aluminum sulfate, ferric chloride, and poly aluminum
chlorides used together with this powder have been reported to be unsafe [41, 43, 44]. The
action of Moringa oleifera seed powder has been reported to be based on the ability of the
protein contained in the seeds to be able to form coagulants, which reduce water turbidity by
acting on coliforms [45]. The bacteria found to be mainly involved in biodegradation of POPs
and PCBs have been found mostly not to be coliforms [11, 13]. After treating water with
Moringa seed powder, 101–105 of bacteria is left [45]. Taking into cognizance that Moringa is a
tree, sustainability of tree growth and productivity, which relies on environmental conditions,
may not be viable. This will therefore affect production and maintenance of the Moringa tree
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species, given the global warming and related environmental problems. Growing of bacteria
indoors is quite sustainable, when compared to growth of plants although Lea argues that
propagation is affordable [44].

3. Materials and method

3.1. Sample collection

Water released from the wastewater treatment plant (effluent) was obtained from Notwane
Sewage Treatment Plant situated in Gaborone, Botswana. It was collected from the sampling
site in sterile 250 ml Duran bottles and immediately placed on ice in a cooler box with ice. The
samples were taken to the Department of Biological Sciences, North-West University, Mafi-
keng for analysis. Samples were analyzed within 24 h of sampling. The treatment plant treats
40,000 m3 per day of sewage.

3.2. Biodegradation of PCBs in wastewater by isolate Pseudomonas aeruginosa

In the study carried out by the author, out of the many bacteria stated in literature, only
Pseudomonas aeruginosa isolated from the wastewater sampled during the study was used.
The water samples were divided into two parts, one part was sterilized by autoclaving at
121�C for 15 min and the other half was left unsterilized. The wastewater samples were treated
with Aroclors of polychlorinated biphenyls (PCBs) obtained from SUPELCO Solutions
Within™, USA, through Lehlabile Scientific, South Africa. The PCBs were supplied as
Aroclors. Aroclor 1242 (Lot No. LB8851), 1248 (Lot No. LB88969), and 1260 (Lot No. LB92109)
in 1 ml ampoules at concentration 1000 μg/ml dissolved in isooctane were used in this study.
The purity for each Aroclor was not stated.

To each 100 ml wastewater sample in a 250 ml flask, 10 μl of polychlorinated biphenyls
Aroclors mixture, herein referred to as PCBs, was added. The sterilized wastewater samples
were inoculated with a colony of the 18 h old culture of the test organism, which was identified
as Pseudomonas aeruginosa (with accession number from the gene bank of CP 006832 in a study
carried out in 2014). Non-sterilized wastewater without bacterial inoculation (Control 1) and
sterilized wastewater without inoculation (Control 2) were both treated with PCBs and were
the controls. The flasks were wrapped with aluminum foil to exclude light and were incubated
at 30�C in the dark in a rotary shaker at 150 rpm [46]. A 5 ml was aseptically taken at 24 h
intervals from each setup/flask for detection of PCBs using HPLC and spectral changes were
checked at 200–800 nm using Cary 300 UV-visible spectrophotometer, for a period of 96 h.

Analysis for PCB using HPLC was carried out as described by Roy et al. with some modifica-
tions [46]. A 1 ml was sampled from each setup to check for residual PCB at 24 h interval. The
compounds were extracted by adding 10 ml each of dichloromethane and acetone. The mix-
ture was incubated in a rotary shaker for 24 h at 30�C. After incubation, the mixture was
centrifuged for 10 min at 12,000 rpm at 4�C using a Hermle Z326k high speed micro-
centrifuge, Labortechnik GmbH (LASEC, South Africa). The extra water was pipetted and 4 g
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of anhydrous sodium sulfate mixed with a PCB-containing solvent to remove residual water.
The extract was concentrated to 1.5 ml using a rotary evaporator Stuart RE300DB, LASEC,
South Africa and filtered with 0.45 μm PTFE syringe filters. Extracts were analyzed by high
performance liquid chromatography (HPLC) UFLC Shimadzu using a florescence detector
pump RF-20A and system gold column C18 (CTO-20A). The excitation level was set at
254 nm, emission level at 390 nm. The mobile phase used was a mixture of acetonitrile and
water (80:20) as described by Roy et al. [46]. Data analysis was computed using real-time
analysis. All chemicals used were of HPLC grade supplied by Sigma Aldrich through
Lehlabile Scientific, South Africa.

4. Results

4.1. Degradation of PCBs by Pseudomonas aeruginosa

Samples of wastewater from the Notwane Sewage Treatment Plant were used in this study to
find out the degree of biodegradation of PCBs in wastewater un-inoculated and inoculated with
the test organism. Spectral changes (a shift in wavelength (λmax) in nm), detected using the UV-
visible spectrophotometer, were used as an indication that the compounds were broken down
into new products. The results of the wavemax (λmax) nm obtained are presented in Figure 2.

The results shown by chromatogram indicated that there was a shift in λmax from 224 to
270 nm in 0 h of incubation to 96 h of incubation at 30�C on a rotary shaker in the dark. These
results were obtained using a Cary 300 UV-visible spectrophotometer at a wavelength range of
200–800 nm. The results were an indication that isolates Pseudomonas aeruginosa was able to
degrade Aroclor 1260 into chlorobenzoates and derivatives, which have wavelength ranging
from 244 to 270 nm, hence the shift in wavelength.

Figure 2. Spectral changes of PCB degradation in water inoculated with isolate Pseudomonas aeruginosa.
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4.2. Results from high performance liquid chromatography (HPLC)

HPLC chromatogram depicted differences in picks obtained for the experiments, the controls,
and the standards. Although concentrations were not determined, no PCBs were detected by
HPLC after 96 h of incubation. This was an indication that the bacteria degraded the com-
pounds, hence the chromatogram shown in Figure 4. The chromatogram obtained for the
experiments was compared with the chromatogram for the PCB standard using the retention
times for the compounds in the standard, which was represented in Figure 3. The results for

Figure 3. HPLC chromatogram for PCBs standard using a florescence detector method at 10 μl injection volume.

Figure 4. Chromatogram for PCB biodegradation experiment after 96 h of incubation.
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PCB standard presented in Figure 3 showed that there were several compounds in the Aroclor;
thus, the many picks, which are not found when the same treatment was extended to the
experiment, resulted in Figure 4.

The chromatogram shows that the components of the standard had retention times ranging
from 3.647 to 13.119 min. The components picked by the instrument are indicated by the red
line marking the beginning and ending of the peak. The instrument could not detect the actual
names of the compounds though.

The wastewater was sterilized and thereafter inoculated with the test organism and PCBs
mixture added. Figure 4 shows that no peaks were picked by the HPLC. This is an indication
that the polychlorinated biphenyls added to the wastewater were completely broken down by
isolate Pseudomonas aeruginosa resulting in complete elimination.

Representation of Figure 4 is a clear indication that there were no detectable amounts of com-
pounds after Aroclor was subjected to bacterial treatment. The compounds were broken down in
5 days. There are no peaks shown as compared to the chromatogram shown in Figure 3.

5. Discussion

The wavelength maximum (λmax) observed after 96 h ranged from 264 to 269 nm on average for
PCBs (Figure 2). These results indicated that the PCBs were broken down forming new products
with different wavelength and thus the change. This implies that the bacteria were able to use
them as their sole source of carbon; thus, the biodegradation of the PCBs added to wastewater.
The shifts are an indication of the presence of initial ring oxidation metabolites and ring fission
metabolites [19, 47]. PCBs first get degraded into chlorobenzoates [47] that have been found to
have λmax ranging from 210 to 214 nm in the B-band and 244 to 270 nm in the C-band when
dissolved in water [48], a range that was observed in the results obtained after 24 h of culturing
the organism used in this study in PCBs Aroclor mixture, results of which are shown in Figure 2.
The results depicted that the bacteria was able to breakdown the PCBs, which were similar to
results in a similar studies by Vrchotova et al. and Seeger et al. [47, 49]. In their studies [47, 49],
the product chlorobenzoate was biodegraded into benzoate and eventually pyruvate and
acetyladehyde, which are essential in the tricarboxylic cycle (TCA) [47, 49].

The HPLC run confirmed that the compound was biodegraded by the bacteria isolate Pseudo-
monas aeruginosa as presented in Figures 3 and 4, which was also proved by Heider and Rabus,
Roy et al. and Raja et al. [38, 46, 50] in their studies. No PCB compound was detected after 96 h
of exposure to the bacteria in wastewater.

6. Conclusion

Pseudomonas aeruginosa, isolated fromwastewater in the Notwane Sewage Treatment Plant was
successfully used in biodegradation of recalcitrant polychlorinated biphenyls (PCBs). This
having been successfully employed at the micro level, and further tests can be carried out to
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validate the results obtained in this study. With this recommendation in place, it is ideal to say
that employing bacteria in the biodegradation processes of recalcitrant PCBs will be highly
cost effective as it is a biotechnological process. The process will enable developing countries to
employ effective but easy to maintain at a cost effective mode means of wastewater treatment.
This wholly will also enable these countries to address the problem of water shortage at the
same time practicing water conservation strategies. This is in a way contributing toward
addressing the sustainable development goals (SDGs). With the findings from this study, a
recommendation for further experimentation on a larger scale is made so as to safely recycle
the sewage water for purposes of redirecting to Gaborone dam. This in a way will aid in
curbing the problem of water shortage, of course, taking into consideration other factors, such
as total coliforms, Escherichia coli, and other pathogenic organisms and chemicals. These have
to be within the expected standards according to Botswana Bureau of Standards (BOBS) limits
as well as international World Health Organization (WHO) standards.
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solution envisaged the wastewater treatment plant Calafat but can be adapted and implemented
for other similar wastewater treatment plants from the WCO.

The wastewater treatment is a process operated to convert wastewater into an effluent that can
be returned to the water cycle with minimal impact on the environment. This process takes
place in a wastewater treatment plant (WTP) [2]. In a WTP, the treatment usually comprises
three stages, called primary, secondary, and tertiary treatments [3]. Primary treatment consists
in the mechanical removing of settled and floating materials, and the remaining liquid can be
discharged or directed to secondary treatment. Secondary treatment removes dissolved and
suspended biological matter, and it is typically performed by microorganisms in a special
habitat. The goal of tertiary treatment is to provide a final treatment stage to improve the
effluent quality before it is released to the environment. The treatment method used at the
WTP Calafat is a classical one, with a mechanical stage for the impurity removal and a
biological stage based on activated sludge. The proposed control solution for this WTP is
based on a DCS structure.

The paradigm of DCSs is related to the control of medium and high complexity processes, and
it consists in the implementation of distributed and hierarchized systems in a number of four
to five levels [4]. The two main attributes of the DCS should be mentioned here: the horizontal
functionality in each level is managed by a real-time operating system, and the communication
between levels is characterized by the network used in the DCS. Currently, some modern
technologies from the networks and processing devices are incorporated into the DCSs [5, 6].
The DCS-SCADA solution for the WTP Calafat consists in four levels: the field level (level 0),
the direct control level (level 1), the plant supervisory level (level 2), and the production
control/regional coordination level (level 3). In this chapter, the structure of the first three
levels and their functionality are presented. The primary control loops implemented at level 1
of DCS-WTP Calafat are described. Also, due to the fact that the performance improvement of
the WTP control system is possible only by managing the activated sludge bioprocess, some
advanced control solutions based on nonlinear adaptive and robust control algorithms are
proposed for level 2 of the DCS.

The activated sludge process implemented at WTP Calafat is an aerobic process, highly nonlinear
and characterized by parametric uncertainties [3, 7–11]. The best-known model that tries to
describe the activated sludge processes is ASM1 (Activated Sludge Model No. 1) [3, 10–12]. The
main drawback of ASM1 is its complexity, such that it becomes unfeasible for control. Thus, in
this chapter a simplified model of the activated sludge process will be used. The model is based
on the model of Nejjari et al. [8], adapted for WTP Calafat.

Several control strategies were developed for bioprocesses, such as linearizing strategy, adap-
tive approach [3, 7–9], robust and optimal control, sliding mode control [13], model predictive
control [14], etc. Yet, in all these schemes, the knowledge of all inputs is required. Unfortu-
nately, for wastewater treatment processes, usually, the complete knowledge of inputs is not
available. For these cases, interval observers (or set observers) were developed in the last
period, allowing the reconstruction of a guaranteed interval for the unmeasured states instead
of estimating their precise numerical values. The only requirement is to know an interval in
which the unmeasured inputs of the process evolve. These robust observers are capable of
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coping with the problems posed by both the uncertainties in the inputs and the incomplete
knowledge of process kinetics [15–18].

In this chapter, some of our previous results [12] are extended for WTP Calafat in order to
design multivariable adaptive and robust control algorithms. The proposed control strategies
are able to handle the model uncertainties of an activated sludge process used for removal of
two pollutants carried out in a continuous recycle reactor. The main control objective is to
maintain the pollution level at a desired low value despite the load and concentration varia-
tions of the pollutant. The adaptive control scheme is designed by combining a linearizing
control law with a state asymptotic observer and with an estimator used for online estimation
of unknown kinetics. The robust control structure is designed as a linearizing control law plus
an interval observer able to estimate lower and upper bounds in which the unmeasured states
are guaranteed to lie. Moreover, the uncertain process parameters are replaced by their lower
and upper bounds assumed known.

The chapter is organized as follows. In Section 2, the general characteristics of the WTP Calafat
and the process flow are presented. Section 3 proposes a distributed control solution for the
wastewater treatment process from WTP Calafat. The control architecture and the primary
control loops are analyzed. In Section 4, the design of multivariable adaptive and robust
control schemes for the activated sludge process is provided. The behavior of the proposed
control algorithms is analyzed by performing realistic simulation experiments. The final con-
clusions are presented in Section 5.

2. Description of the technological process flow

The general characteristics of the wastewater treatment plant (WTP) Calafat and the process
flow will be presented. The process flow comprises two stages: the pretreatment (which is the
so-called mechanical stage) and the biological stage. Figure 1 presents the general block
diagram of the WTP, and Figure 2 shows an aerial photography of the WTP.

The WTP was designed for the treatment of a daily average flow of 8366 m3/day and of a
maximum flow of 530 m3/h. The WTP size was chosen in order to solve the needs of a number
of maximum 29,000 inhabitants of Calafat town, predicted for 2020. The treatment method is a
classical one, with a mechanical stage for the impurity removal and a biological stage based on
activated sludge. The wastewater enters in a tank; it is lifted with special pumps to the
pretreatment area and after that is gravitationally discharged in the biological tanks, where
the water is aerated and mixed with the activated sludge. Thus, the biodegradation of the
water occurs. Finally, the effluent is discarded through decantation.

2.1. Process flow: pretreatment

The process technological lines will be succinctly described. After the entering in the WTP, the
influent wastewater passes through a bar screen (the gross filter) to remove all large objects,
and after that it flows in a gravitationally way through a slit in the pump room. This unit is

Distributed Control Systems for a Wastewater Treatment Plant: Architectures and Advanced Control Solutions
http://dx.doi.org/10.5772/intechopen.74827

155



solution envisaged the wastewater treatment plant Calafat but can be adapted and implemented
for other similar wastewater treatment plants from the WCO.

The wastewater treatment is a process operated to convert wastewater into an effluent that can
be returned to the water cycle with minimal impact on the environment. This process takes
place in a wastewater treatment plant (WTP) [2]. In a WTP, the treatment usually comprises
three stages, called primary, secondary, and tertiary treatments [3]. Primary treatment consists
in the mechanical removing of settled and floating materials, and the remaining liquid can be
discharged or directed to secondary treatment. Secondary treatment removes dissolved and
suspended biological matter, and it is typically performed by microorganisms in a special
habitat. The goal of tertiary treatment is to provide a final treatment stage to improve the
effluent quality before it is released to the environment. The treatment method used at the
WTP Calafat is a classical one, with a mechanical stage for the impurity removal and a
biological stage based on activated sludge. The proposed control solution for this WTP is
based on a DCS structure.

The paradigm of DCSs is related to the control of medium and high complexity processes, and
it consists in the implementation of distributed and hierarchized systems in a number of four
to five levels [4]. The two main attributes of the DCS should be mentioned here: the horizontal
functionality in each level is managed by a real-time operating system, and the communication
between levels is characterized by the network used in the DCS. Currently, some modern
technologies from the networks and processing devices are incorporated into the DCSs [5, 6].
The DCS-SCADA solution for the WTP Calafat consists in four levels: the field level (level 0),
the direct control level (level 1), the plant supervisory level (level 2), and the production
control/regional coordination level (level 3). In this chapter, the structure of the first three
levels and their functionality are presented. The primary control loops implemented at level 1
of DCS-WTP Calafat are described. Also, due to the fact that the performance improvement of
the WTP control system is possible only by managing the activated sludge bioprocess, some
advanced control solutions based on nonlinear adaptive and robust control algorithms are
proposed for level 2 of the DCS.

The activated sludge process implemented at WTP Calafat is an aerobic process, highly nonlinear
and characterized by parametric uncertainties [3, 7–11]. The best-known model that tries to
describe the activated sludge processes is ASM1 (Activated Sludge Model No. 1) [3, 10–12]. The
main drawback of ASM1 is its complexity, such that it becomes unfeasible for control. Thus, in
this chapter a simplified model of the activated sludge process will be used. The model is based
on the model of Nejjari et al. [8], adapted for WTP Calafat.

Several control strategies were developed for bioprocesses, such as linearizing strategy, adap-
tive approach [3, 7–9], robust and optimal control, sliding mode control [13], model predictive
control [14], etc. Yet, in all these schemes, the knowledge of all inputs is required. Unfortu-
nately, for wastewater treatment processes, usually, the complete knowledge of inputs is not
available. For these cases, interval observers (or set observers) were developed in the last
period, allowing the reconstruction of a guaranteed interval for the unmeasured states instead
of estimating their precise numerical values. The only requirement is to know an interval in
which the unmeasured inputs of the process evolve. These robust observers are capable of

Wastewater and Water Quality154

coping with the problems posed by both the uncertainties in the inputs and the incomplete
knowledge of process kinetics [15–18].

In this chapter, some of our previous results [12] are extended for WTP Calafat in order to
design multivariable adaptive and robust control algorithms. The proposed control strategies
are able to handle the model uncertainties of an activated sludge process used for removal of
two pollutants carried out in a continuous recycle reactor. The main control objective is to
maintain the pollution level at a desired low value despite the load and concentration varia-
tions of the pollutant. The adaptive control scheme is designed by combining a linearizing
control law with a state asymptotic observer and with an estimator used for online estimation
of unknown kinetics. The robust control structure is designed as a linearizing control law plus
an interval observer able to estimate lower and upper bounds in which the unmeasured states
are guaranteed to lie. Moreover, the uncertain process parameters are replaced by their lower
and upper bounds assumed known.

The chapter is organized as follows. In Section 2, the general characteristics of the WTP Calafat
and the process flow are presented. Section 3 proposes a distributed control solution for the
wastewater treatment process from WTP Calafat. The control architecture and the primary
control loops are analyzed. In Section 4, the design of multivariable adaptive and robust
control schemes for the activated sludge process is provided. The behavior of the proposed
control algorithms is analyzed by performing realistic simulation experiments. The final con-
clusions are presented in Section 5.

2. Description of the technological process flow

The general characteristics of the wastewater treatment plant (WTP) Calafat and the process
flow will be presented. The process flow comprises two stages: the pretreatment (which is the
so-called mechanical stage) and the biological stage. Figure 1 presents the general block
diagram of the WTP, and Figure 2 shows an aerial photography of the WTP.

The WTP was designed for the treatment of a daily average flow of 8366 m3/day and of a
maximum flow of 530 m3/h. The WTP size was chosen in order to solve the needs of a number
of maximum 29,000 inhabitants of Calafat town, predicted for 2020. The treatment method is a
classical one, with a mechanical stage for the impurity removal and a biological stage based on
activated sludge. The wastewater enters in a tank; it is lifted with special pumps to the
pretreatment area and after that is gravitationally discharged in the biological tanks, where
the water is aerated and mixed with the activated sludge. Thus, the biodegradation of the
water occurs. Finally, the effluent is discarded through decantation.

2.1. Process flow: pretreatment

The process technological lines will be succinctly described. After the entering in the WTP, the
influent wastewater passes through a bar screen (the gross filter) to remove all large objects,
and after that it flows in a gravitationally way through a slit in the pump room. This unit is
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equipped with three Flygt submersible centrifugal pumps P1.A, P1.B, and P1.S (two active
pumps (A and B) and one for backup (S)). The water level is measured by using an ultrasonic
transducer L1 and is kept between two limits (preestablished limits depending on average
water flow). By using the level information, the pumps act to keep the level into the limits.
Also, the level information is transmitted to the process computer in the central control room.
The water exits from the pumps P1.A, P1.B, and P1.S through three vertical pipes, which at the
superior part of the tank (in the valve room) pass to a horizontal configuration and after that
merge into a collector. From the valve room, a pipeline goes to the preliminary treatment

Figure 1. Block diagram (WTP Calafat).

Figure 2. WTP Calafat (aerial photo).
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(pretreatment: mechanical stage). This plant is placed on a metallic structure at the +6.40 m
elevation.

An electromagnetic flow meter is placed on the vertical part of the pipe, and it is used to
measure the hourly flow of the wastewater provided by the pumps P1.A, P1.B, and P1.S. By
opening two sluice valves located at the entrance of the channels used for thin filtering, the
wastewater resulted from the pumps P1.A, P1.B, and P1.S passes through the channels and is
filtrated by using some rotational filters. The thin impurities which are separated by the filters
are then discharged on a conveyer belt and stored into a special tank.

The wastewater enters in a tangential manner in the workers, and, under the mixer action, the
water has a descendant spiral movement. After that, the wastewater is lifted through a central
pipe, and finally it is evacuated through a radial pipe. This movement, due to the gravitational
and centrifugal forces, allows the sedimentation of the solids in the lower part of the workers.
The fat and grease floating on the surface are collected by the skimmers. The solid particles are
removed by opening the sliding valves, and thus these particles are periodically drained via a
spiral conveyer. The grit is cleared into a special tank. After the pretreatment, the water passes
via a pipeline which ramifies at the superior part of the biological tanks in the anoxic zones.

2.2. Process flow: biological stage

The biological tanks consist of two biological reactors (bioreactors) and two settlers (sedimen-
tation tanks). These are circular tanks, positioned in a concentric manner, with the settler in the
inner part and the biological reactor in the exterior. The walls of the tanks (5 m height) are from
special glassed steel. The walls are embedded into concrete structures plated with Izocor
hydro-isolation. The external diameter is d1 = 35.16 m, the volume is V = 3800 m3, and the inner
diameter is d2 = 18.86 m. At the biological reactor, the bottom is plane, but the bottom of the
settler is in the shape of a truncated cone. The bioreactor is divided in two zones, anoxic and
aerobic, by using two steel walls, radially disposed. The ratio of the volumes is 30% anoxic/
70% aerobic.

In the anoxic zone of each bioreactor, the wastewater from the pretreatment is mixed with the
activated sludge which is recirculated by the Flygt pumps RAS/SAS P3.A, P3.B, P3.S. These
pumps are controlled with frequency converters, and the flow ratio is 1:1. An equal flow of
mixture from the aerobic zone is pumped through a slit from the zone separation wall by the
internal recirculation pumps P2.A and P2.B (Flygt type, with frequency converters). The
mixers placed in this anoxic zone achieve the homogenization of the three inputs (wastewater,
activated sludge, aerobic mixture). In the anoxic zone, the next actions are achieved:

• An appropriate ratio between the substrate (the organic content of the wastewater +
nutrients) and the microorganisms (the active content of the sludge)

• The denitrification process (the nitrogen removal)

From the anoxic zone, the compound passes into the aerobic zone, where the biochemical
oxidation of the organic matter is achieved. The needed oxygen is provided from the air
delivered by the BOC Edwards air blowers A1.A, A1.B, and A1.S and bubbled as thin bubbles
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special glassed steel. The walls are embedded into concrete structures plated with Izocor
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aerobic, by using two steel walls, radially disposed. The ratio of the volumes is 30% anoxic/
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In the anoxic zone of each bioreactor, the wastewater from the pretreatment is mixed with the
activated sludge which is recirculated by the Flygt pumps RAS/SAS P3.A, P3.B, P3.S. These
pumps are controlled with frequency converters, and the flow ratio is 1:1. An equal flow of
mixture from the aerobic zone is pumped through a slit from the zone separation wall by the
internal recirculation pumps P2.A and P2.B (Flygt type, with frequency converters). The
mixers placed in this anoxic zone achieve the homogenization of the three inputs (wastewater,
activated sludge, aerobic mixture). In the anoxic zone, the next actions are achieved:

• An appropriate ratio between the substrate (the organic content of the wastewater +
nutrients) and the microorganisms (the active content of the sludge)

• The denitrification process (the nitrogen removal)

From the anoxic zone, the compound passes into the aerobic zone, where the biochemical
oxidation of the organic matter is achieved. The needed oxygen is provided from the air
delivered by the BOC Edwards air blowers A1.A, A1.B, and A1.S and bubbled as thin bubbles
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by using polymeric membranes. Two technological variables are very important for the aerobic
process: the dissolved oxygen (DO) and the pH of the mixture. These are measured and
indicated by using the transducers Q1 and Q2 (for DO concentration) and Q3 and Q4, respec-
tively, (for pH). The air is blown by the air blowers A1.A, A1.B, and A1.S (two active and one
for backup) through galvanized steel pipes. The air pressure and temperature can be moni-
tored by using the local devices. The airflows at the two tanks are measured by using the flow
meters F1 and F2. The flow control is necessary in order to maintain the DO concentration
between the specified values. The DO is measured by using the sensors Q1 and Q2, and the
information is used to control the air blower speed by using frequency converters.

The mixture from the aerobic zone arrives at the partition wall where one-third from the flow
is taken by the recirculation pumps P2.A and P2.B and delivered to the anoxic zones and two-
thirds from the flow is passed through a pipeline (via the communicating vessel principle) into
the central pipe of the settler. From here the mixture exits in a radial and uniform way at the
superior part. The effluent is separated from the sludge and after that is gravitationally
removed through a circular drain. Finally, the effluent is flushed in the Danube through a
channel. The settlers are equipped with radial scrapper bridges, which have a double goal:

• The superior scrapper collects the foam and directs it to a foam-collecting chamber.

• The inferior scrapper cleans the sediments and directs the sludge to a discharge whirl.

The activated sludge is transported to a collector from which is exhausted through three
ramifications by the pumps RAS/SAS P3.A, P3.B, P3.S (RAS is the recirculated activated sludge
at the anoxic zones; SAS is the surplus activated sludge, which is carried to a special tank).

As a conclusion, in the biological tanks, the following processes occur:

• The decomposition of the organic matters by using enzymes (enzymatic reactions)

• Assimilation of some components by the microorganisms

• Microorganism growth (increase of the activated sludge mass)

• Oxygen consumption for endogenic respiration and biochemical oxidation

• Nitrification and denitrification

• The removal of the excess sludge

3. A distributed control solution for the wastewater treatment process:
WTP Calafat

3.1. The control architecture

The proposed DCS-SCADA solution for the WTP Calafat is presented in Figure 3. The levels of
the DCS and their functionality are described in the next paragraphs.
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Level 0 contains all the field devices placed at the technological process level. Classically, at this
level we have the measurements of various variables and the final control elements. The
components of this level are:

• Sensors (analogic) for flows, levels, pressures, pH, and DO concentrations, such as elec-
tromagnetic sensors (Siemens, 0–10 m/s water speed) for flows, ultrasonic sensors (Sie-
mens, 0.3–8 m) for level measurements, pH, and DO concentrations measured via
integrated measurement systems (4–20 mA) for dosing devices, etc.

• Contact sensors that provide data about the state of some equipment and operations

• Final control elements (actuators) such as control valves, pumps, etc.

• Dedicated devices for various operations such as dosages, recipes, and technological
processing, which will interact with the DCS at the monitoring level

• On/off elements for various actions such as pump starting, etc.

Level 1 comprises the data acquisition devices and the controllers, including the real-time data
processing. The analogic signals from sensors and also the control inputs to the actuators are
unified signals (e.g., currents in the range 4–20 mA). Due to the geographical distribution, the
WTP control system is implemented with several PLCs (programmable logic controllers).
These PLCs are connected into a master-slave network with extensions, which handles the

Figure 3. The structure of the DCS with four levels (WTP Calafat).
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information and takes the required decisions for the coordination of the entire technological
process. The acquired data, the decisions, and the events occurred in the process are commu-
nicated to the next level (SCADA) in order to be used and displayed on the graphical monitor-
ing interface. The information flow is bidirectional; that is, the PLCs receive information about
global decisions or optimization, such as set points for the control loops, switches between
operational regimes, etc. The decisions at this level are taken in real time and such that the
operation of the overall process is managed. The primary control loops are implemented at the
PLC level, but the set point of each loop is provided by the superior hierarchic level (SCADA).
The PLCs also achieve the implementation of the direct commands delivered by the control
algorithms and function of various operational regimes.

Level 2 contains the equipment and the devices from the control room, which receive the informa-
tion from level 1 (PLC level) and supervise the global operation of the WTP. This level is
represented by the SCADA/HMI (human-machine interface) system. The main functions achieved
at this level consist in operation optimization, implementation of adaptive and robust control
algorithms (proposed in Section 4), operationmonitoring via graphical interfaces, remote operation
mechanisms, data/event storage, achievement of a data historian, etc. Also, the SCADA ensures the
communication between the local dispatcher room (WTP Calafat) and the regional dispatcher of
Water CompanyOltenia, by using a GSM/GPRS system. The SCADA/HMI runs on two redundant
servers. The SCADA supervises the direct control system (real time). If the SCADA system stops,
the process will be automatically operated by using the PLCs. Several protection and backup
procedures are incorporated in the operation and supervisor programs. The most of control and
data acquisition devices used for levels 1 and 2 are provided by Siemens, Telemecanique, etc.

Level 3 is the regional dispatcher of the WCO, and it will coordinate the activity of the WTP
with respect of the performance and of extended monitoring of the geographical area.

The operation regimes allowed by the DCS are as follows: automatic, manual via the computer,
and locally manual. Automatic: The WTP control is achieved exclusively through the com-
mand/decision provided by the DCS (PLCs + SCADA/HMI). Manual via the computer: The
DCS works only as a data acquisition system, but the decisions are taken by the human
operator and are transmitted via PLCs and SCADA to the actuators. The system offers all the
information and keeps the inter-blockings at the software and hardware levels. This regime
can be achieved for the entire WTP or only for some components. Locally manual: This regime
implies the local operation, no matter what regime is set at the PLCs or SCADA levels. This
regime is of high priority, but the SCADAwill signalize at the dispatcher level in this situation,
and the event will be stored. This regime is useful when failures occur or in the case of network
communication problems, startups, and maintenance.

The integration of local SCADA in regional SCADA. The regional SCADA system is a regional
centralized structure, which implies the organization of a regional dispatcher, equipped with
reliable industrial devices, disposed in a redundant topology in order to ensure a continuous
operation. The regional dispatcher role is to coordinate all the subnetworks from the urban
areas. The local dispatchers are in fact local process networks from each urban area, which
acquire and handle the primary information from the process (levels, flows, concentrations,
telemetry, diagnostic signals, etc.). This information is available for the local operator but also
at the regional level.
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3.2. Level 1: primary control loops

In this section, a few numbers of primary control loops that are implemented at level 1 of DCS-
WTP Calafat will be described.

The control loop 1 ensures the level control in the admission room. The level is measured with the
sensor L1, and the control action is achieved via the wastewater pumps P1.A, P1.B, and P1.S (two
active pumps (A and B) and one for backup (S)). The block diagram of this control loop is presented
in Figure 4. The level set point is preestablished, since the influent flow in theWTP fluctuates. If the
level decreases under a limit, the pumps are shut down (decision at the PLC level). This critical
situation is transmitted to the SCADA system, where a warning signal will be displayed/stored.
The control loop is a classical feedback loop, with a possible PID control law plus a switching
mechanism. The control loop is implemented at level 1 of DCS, but the set point (the reference) is
provided by level 2. The actuators are the three pumps P1.A, P1.B, and P1.S that have the motors
controlled with static frequency converters in order to provide a variable flow. The switching
mechanism (switching logic) of the pumps is designed to ensure a rotation in the operation of the
pumps. This fact is done to avoid the unevenlywear of the pumps but also for the failure situations.
The influent wastewater flows are disturbances for the loop and will be rejected by the control law.

The control loop 2 is designed for the control of dissolved oxygen (DO) concentrations, which
are measured with the transducers Q1 and Q2, and the control is provided by the air blowers
A1.A, A1.B, and A1.S. The control loops are presented in Figure 5 and are dedicated to the DO
concentration control in the biological tanks (aerators).

The control laws are PIDs (with self-tuning facilities), but also some advanced control laws can
be implemented. As in the previous case, the control loop is implemented at level 1 of DCS, but
the set point is provided by level 2. The actuator for the technological line A is the air blower
A1.A and for the line B is A1.B (A1.S is a backup air blower).

The control loop 3 is dedicated to the regulation of the recirculated flow percentage calculated
from the aerated water flow (from the input of the distribution room). This process variable
(percent) is processed by using an algorithm with several input arguments such as dissolved

Figure 4. Level control loop: pumps room from the WTP admission.
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oxygen, suspended solids, nitrogen, and phosphorus provided by the automated extraction
probe system. The set point is given by the operator via the SCADA system, and the control
action is based on the emulsion sludge pumps P2.A and P2.B from the aerators. These two
control loops (block diagrams in Figure 6) are independent because we have two biological
treatment tanks. The control loop is implemented at level 1 of DCS, and the set point is
provided by level 2. The actuator for the technological line A is the recirculation pump P2.A,
and for the line B is the pump P2.B.

The control loop 4 is designed to control the ratio (flow F1)/(flow F2), which is the activated
sludge flow introduced in the influent wastewater flow, by using the submersible pumps P3.A,
P3.B, and P3.S. This control loop is presented in Figure 7. The backup pump P3.S will act:

• Periodically (scheduled by the operator), to ensure a uniform usage of the pumps

• When additional flows of wastewater occur and the active pumps cannot provide the
required activated sludge flow

• When some failures occur at the active pumps

Figure 5. Control loops for the dissolved oxygen concentration.

Figure 6. Control loops for the recirculation flows.
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As in the previous cases, the control loop is implemented at level 1 of DCS, and the set point is
provided by level 2. The actuators are the submersible pumps P3.A, P3.B, and P3.S. The switching
mechanism (switching logic) of the pumps is designed in order to cover the above-described
scenarios. The influent wastewater flows and their parameters are disturbances for the control
loop and will be rejected by the control law.

4. Advanced control solutions for the activated sludge bioprocess

In the following sections, some advanced control solutions are proposed in order to be
implemented at level 2 of the DCS-WTP Calafat. More precisely, multivariable adaptive and
robust control algorithms are proposed for the activated sludge process that takes place at
WTP Calafat. The main control objective at this level is to maintain the pollution level at a
desired low value despite the load and concentration variations of the pollutant. The con-
trolled variables are the concentrations of pollutant and dissolved oxygen inside the aerator.
Therefore, some of the control loops described in the previous section will be used, and other
loops will be modified. The simulations performed in realistic conditions and using an
adapted model of the activated sludge process showed that the performance of the overall
control system can be increased. The implementation of the proposed control algorithms at
WTP Calafat will be ensured within the research project TISIPRO [19].

4.1. Dynamical model of the activated sludge bioprocess and control objective

The activated sludge process which works at WTP Calafat is an aerobic process of biological
wastewater treatment. As it was mentioned above, this process is operated in at least two
interconnected tanks: a bioreactor (aerator) in which the biodegradation of the pollutants takes
place and a sedimentation tank (settler) in which the liquid is clarified (the biomass is sepa-
rated from the treated wastewater) (Figure 8). This bioprocess is very complex, highly
nonlinear, and characterized by parametric uncertainties. In the literature there are many
models that try to describe the activated sludge processes. The best-known model is ASM1
(Activated Sludge Model No. 1) [3, 10–12]. The main drawback of ASM1 is its complexity, such
that it becomes unusable in control issues. Thus, in this chapter a simplified model of a process
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oxygen, suspended solids, nitrogen, and phosphorus provided by the automated extraction
probe system. The set point is given by the operator via the SCADA system, and the control
action is based on the emulsion sludge pumps P2.A and P2.B from the aerators. These two
control loops (block diagrams in Figure 6) are independent because we have two biological
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The control loop 4 is designed to control the ratio (flow F1)/(flow F2), which is the activated
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• When additional flows of wastewater occur and the active pumps cannot provide the
required activated sludge flow

• When some failures occur at the active pumps
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for the removal of the pollutant S from the treated water will be used. The model is based on
the model of Nejjari et al. [8], adapted for WTP Calafat. The dynamics of the plant (aerator +
settler) is described by the mass balance equations [8, 9]:

_X tð Þ ¼ μ tð ÞX� μSX�D 1þ rð ÞXþ rDXr,
_S tð Þ ¼ � 1=Yð Þ μ tð ÞX� μSX

� ��D 1þ rð ÞSþDSin,
_O tð Þ ¼ � K0=Yð Þ μ tð ÞX� μSX

� ��D 1þ rð ÞOþ αFO Osat �Oð Þ þDOin,
_Xr tð Þ ¼ 1þ rð ÞDX� rþ β

� �
DXr,

(1)

where X, S, O, and Xr are the concentrations of biomass (active sludge) in the aerator, of
substrate (pollutant), of dissolved oxygen, and of recycled biomass, respectively, Osat is the
saturation concentration of dissolved oxygen, D = Fin/V is the dilution rate (Fin is the influent
flow rate, V is the constant aerator volume), μ is the specific growth rate, μS is the decay
coefficient for biomass, Y is the consumption coefficient of substrate S, r is the rate of recycled
sludge, β is the rate of removed sludge, FO is the aeration rate, and α is the oxygen transfer
rate. Sin and Oin are the substrate and dissolved oxygen concentrations in influent substrate.

If we define ξ ¼ X S O Xr½ �T the state vector of model (1), ϕ ¼ μ �ð Þ � μS

� �
X the reaction rate,

v ¼ 0 DSin DOin þ αFOOsat½ Þ 0�T the vector of mass inflow rates and gaseous transfer rates,

and K ¼ 1 � 1=Y � K0=Y 0½ �T the yield vector, then model (1) can be written as

_ξ ¼ Kϕ ξð Þ �Dξþ v (2)

where D is the matrix of dilution rates, whose structure is the next one:

D ¼

D 1þ rð Þ 0 0 �rD
0 D 1þ rð Þ 0 0
0 0 D 1þ rð Þ þ αFO 0

�D 1þ rð Þ 0 0 D rþ β
� �

2
6664

3
7775: (3)

In fact, model (2) describes the dynamics of a large class of bioprocesses carried out in stirred
tank reactors and is referred as general dynamic state-space model of this class of bioprocesses [3, 7],

Figure 8. Schematic view of an activated sludge process.
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with ξ∈ℜn, ϕ �ð Þ∈ℜm, K∈ℜn�m,D∈ℜn�n, and v∈ℜn. The nonlinear character of model (2) is
given by the reaction kinetics, its modeling being the most difficult task.

The main control objective is to maintain the pollution level at a desired low value despite the
load and concentration variations of the pollutant. Because in any aerobic fermentation a
proper aeration is essential in order to obtain an efficient process, then an adequate control of
dissolved oxygen concentration in aerator is very important [3, 8, 11]. Thus, the controlled
variables are concentrations of pollutant S and dissolved oxygen O inside the aerator, that is,

y ¼ S O½ �T . As control inputs we chose the dilution rate D and the aeration rate FO, that is,

u ¼ D FO½ �T . So, we have a multivariable control problem of a squared process with two
inputs and two outputs [12]. Since in model (1) the relative degrees [20] of both controlled
variables S and O are equal to one, then the dynamic of output y can be written as

_y ¼ Ψ ξð Þ þ ΦT ξð Þθþ B ξð Þu, (4)

where Ψ ξð Þ, ΦT ξð Þ, θ, and B ξð Þ are given by.

Ψ ξð Þ ¼ 1=Yð Þ � μSX
K0=Yð Þ � μSX

� �
,ΦT ξð Þ ¼ �1=Y

�K0=Y

� �
,θ ¼ μX, B ξð Þ ¼ Sin � 1þ rð ÞS 0

Oin � 1þ rð ÞO α Osat �Oð Þ

� �
(5)

Model (4) is linear with respect to control input u(t).

The matrix B ξð Þ is nonsingular and so invertible as long as Sin � 1þ rð ÞS and α Osat �Oð Þ are
different from zero, conditions that are satisfied in a normal operation of the reactor.

We consider that the specific growth rate μ is a double Monod-type model, i.e., [8]

μ tð Þ ¼ μmax
S tð Þ

KS þ S tð Þ �
O tð Þ

KO þO tð Þ (6)

where μmax is the maximum specific growth rate of microorganisms and KS and KO are the
saturation constants for substrate S and for oxygen, respectively.

Consequently, based on the input-output model (4), the main control objective is to make output
y to asymptotically track some desired trajectories denoted y∗ ∈ℜ2 despite any influent pol-
lutant variation and uncertainty and time-varying of some process parameters and also of
unavailability of some process states.

4.2. Control strategies

4.2.1. Exact feedback linearizing control

Firstly, we consider the ideal case where maximum prior knowledge concerning the process is
available; that is, model (2) is completely known (i.e., μ is assumed completely known and all
the state variables, and all the inflow rates are available by online measurements). Then, a
multivariable decoupling exact feedback linearizing control law can be designed. Since the relative
degree of the input-output model (4) is equal to 1, then for the closed loop system, we impose
the following first-order linear stable dynamical behavior:
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with ξ∈ℜn, ϕ �ð Þ∈ℜm, K∈ℜn�m,D∈ℜn�n, and v∈ℜn. The nonlinear character of model (2) is
given by the reaction kinetics, its modeling being the most difficult task.

The main control objective is to maintain the pollution level at a desired low value despite the
load and concentration variations of the pollutant. Because in any aerobic fermentation a
proper aeration is essential in order to obtain an efficient process, then an adequate control of
dissolved oxygen concentration in aerator is very important [3, 8, 11]. Thus, the controlled
variables are concentrations of pollutant S and dissolved oxygen O inside the aerator, that is,

y ¼ S O½ �T . As control inputs we chose the dilution rate D and the aeration rate FO, that is,

u ¼ D FO½ �T . So, we have a multivariable control problem of a squared process with two
inputs and two outputs [12]. Since in model (1) the relative degrees [20] of both controlled
variables S and O are equal to one, then the dynamic of output y can be written as

_y ¼ Ψ ξð Þ þ ΦT ξð Þθþ B ξð Þu, (4)

where Ψ ξð Þ, ΦT ξð Þ, θ, and B ξð Þ are given by.
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Model (4) is linear with respect to control input u(t).

The matrix B ξð Þ is nonsingular and so invertible as long as Sin � 1þ rð ÞS and α Osat �Oð Þ are
different from zero, conditions that are satisfied in a normal operation of the reactor.

We consider that the specific growth rate μ is a double Monod-type model, i.e., [8]

μ tð Þ ¼ μmax
S tð Þ

KS þ S tð Þ �
O tð Þ

KO þO tð Þ (6)

where μmax is the maximum specific growth rate of microorganisms and KS and KO are the
saturation constants for substrate S and for oxygen, respectively.

Consequently, based on the input-output model (4), the main control objective is to make output
y to asymptotically track some desired trajectories denoted y∗ ∈ℜ2 despite any influent pol-
lutant variation and uncertainty and time-varying of some process parameters and also of
unavailability of some process states.

4.2. Control strategies

4.2.1. Exact feedback linearizing control

Firstly, we consider the ideal case where maximum prior knowledge concerning the process is
available; that is, model (2) is completely known (i.e., μ is assumed completely known and all
the state variables, and all the inflow rates are available by online measurements). Then, a
multivariable decoupling exact feedback linearizing control law can be designed. Since the relative
degree of the input-output model (4) is equal to 1, then for the closed loop system, we impose
the following first-order linear stable dynamical behavior:
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_y∗ � _yð Þ þΛ � y∗ � yð Þ ¼ 0, (7)

where y∗ ¼ S∗ O∗½ �T is a desired piecewise constant output,Λ ¼ diag λif g, λi > 0, and i ¼ 1, 2.

Then, frommodels (4) and (7), one obtains a multivariable decoupling feedback linearizing control law:

u ¼ B ξð Þ�1 Λ y∗ � yð Þ �Ψ ξð Þ � ΦT ξð Þθþ _y∗
� �

: (8)

The control law (8) leads to a linear error model described as _e ¼ �Λ e, where e ¼ y∗ � y is the
tracking error, which for λi > 0, i ¼ 1, 2 has an exponential stable point at e ¼ 0.

This controller will be used both for developing of the adaptive and robust controllers and as
benchmark, because it yields the best behavior and can be used for comparison.

4.2.2. Adaptive control strategy

Since the prior knowledge concerning the process previously assumed is not realistic, we will
design an adaptive control strategy under the following conditions:

• The specific growth rate μ is time-varying and completely unknown.

• The variables X and Xr are not accessible.

• The inflow rate Fin and the rate of recycled sludge r are time-varying.

• The online available measurements are the output pollution level S; the oxygen concen-
trations Oin and O, respectively; and the influent substrate concentration Sin.

• All the other kinetic and process coefficients are known.

Recall that the control objective is to make output y to asymptotically track some specified
references y∗ ∈ℜ2 despite the unknown kinetics, any time variation of Sin, Oin, and Fin and
time-varying of some process parameters. Under the above conditions, an adaptive controller is
obtained as follows. The unmeasured variables X and Xr can be estimated by using an appropri-
ate form of the reaction rate-independent asymptotic observer developed in [12], described by the
next equations (for details, see [12, 15–17]):

_bw tð Þ ¼ W tð Þ bw tð Þ þ Z tð Þζ1 tð Þ þNb tð Þ, bw 0ð Þ ¼ Nbξ 0ð Þ bζ2 tð Þ ¼ N�1
2 bw tð Þ �N1ζ1 tð Þð Þ (9)

with

W tð Þ ¼ N1A12 tð Þ þN2A22 tð Þð ÞN�1
2 , Z tð Þ ¼ N1A11 tð Þ þN2A21 tð Þ �W tð ÞN1 (10)

This observer was developed for the following class of nonlinear models [12, 15–17]:

_ξ tð Þ ¼ Kϕ ξ; tð Þ þ A tð Þξ tð Þ þ b tð Þ, (11)

that can describe the dynamics of numerous bioprocesses, with x∈ℜn, ϕ �ð Þ∈ℜm, K∈ℜn�m,
A∈ℜn�n, and b∈ℜn. Note that the aerobic process modeled by model (2) belongs to this class.
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For a good understanding, we resume here only some aspects. If in model (11) q ≤ n, states are
measured online, and then model (11) can be rewritten as [12, 15–17]:

_ζ1 tð Þ ¼ K1ϕ ξ; tð Þ þ A11 ζ1 þ A12 ζ2 þ b1 tð Þ, _ζ2 tð Þ ¼ K2ϕ ξ; tð Þ þ A21 ζ1 þ A22 ζ2 þ b2 tð Þ, (12)

where ζ1 (dimζ1 ¼ q) denotes the measured variables and ζ2 (dimζ2 ¼ n� q ¼ s) represents
the variables that have to be estimated, and the matrices K1, K2, A11, A12, A21, A22, b1, and b2,
with suitable dimensions, are the corresponding partitions of K, A, and b, respectively.

The observers (9) and (10) were developed under the next assumptions about model (11)
[12, 15–17]: (H1) K, A(t), and b(t) are known, ∀t ≥ 0; (H2) ϕ ξ; tð Þ is unknown, ∀t ≥ 0; (H3)
rank K1 ¼ rank K ¼ pwith p ≤m < n; and (H4) A(t) is bounded, i.e., there exist two constant
matrices A� and Aþ such as A� ≤A tð Þ ≤Aþ and ∀t ≥ 0.

The auxiliary variable w dim w ¼ sð Þ is defined as w tð Þ ¼ Nξ tð Þ, with N ¼ N1⋮N2½ �∈ℜ s�n,
where N1 ∈ℜ s�q and N2 ∈ℜ s�s checks the equation N1K1 þN2K2 ¼ 0. If N2 can be arbitrarily
chosen, then N1 ¼ �N2K2K∗

1, where K∗
1 is a generalized pseudo-inverse of K1 [15, 21]. More-

over, if N2 is invertible, then the unmeasured states ζ2 can be calculated from
w tð Þ ¼ N1 ζ1 tð Þ þN2 ζ2 tð Þ as ζ2 ¼ N�1

2 w�N1ζ1ð Þ. This condition is satisfied if N2 is chosen as
N2 ¼ kIs, where k > 0 is a real arbitrary parameter and Is is the s-dimensional unity matrix.

The stability of the observers (9) and (10) can be analyzed by using the observation error
~ζ2 ¼ ζ2 � bζ2, whose dynamics obtained from models (9) and (12) is given by _~ζ2 tð Þ ¼ Wζ tð Þ
~ζ2 tð Þ, with

Wζ tð Þ ¼ N�1
2 W tð ÞN2 ¼ A22 tð Þ � K2K∗

1A12 tð Þ: (13)

It was proven (see [21]) that whatever K∗
1 is, the observers (9) and (10) are asymptotically stable

if the next conditions hold [15]: (a)Wζ, ij tð Þ ≥ 0 and ∀i 6¼ j, that is,Wζ is a Metzler matrix [22]; (b)

W�
ζ and Wþ

ζ are Hurwitz stable matrices, with W�
ζ tð Þ ¼ A�

22 tð Þ � K2K∗
1A

�
12 tð Þ, where Aþ

12 and

Aþ
22 and A�

12 and A�
22 are the corresponding partitions of A� and Aþ, specified in (H4). Since in

model (2) rank K ¼ 1, under the above conditions, let us consider the next state partitions:

ζ1 ¼ S O½ �T and ζ2 ¼ X Xr½ �T : (14)

which are induced on the matrices K, A, and b from model (11) the following partitions:

K ¼ KT
1 ⋮K

T
2

� � ¼ �1=Y � K0=Y ⋮1 0½ �T,ϕ ξ; tð Þ ¼ μ S;Oð Þ � μS

� �
X,

A tð Þ ¼
A11 ⋮ A12

⋯ ⋮ ⋯

A21 ⋮ A22

2
664

3
775 ¼

�D 1þ rð Þ 0 ⋮ 0 0

0 �D 1þ rð Þ � αFO ⋮ 0 0

⋯⋯⋯ ⋯⋯⋯⋯⋯⋯⋯ ⋮ ⋯⋯⋯ ⋯⋯⋯⋯⋯

0 0 ⋮ �D 1þ rð Þ rD

0 0 ⋮ D 1þ rð Þ �D rþ β
� �

2
666666664

3
777777775
,

b tð Þ ¼ bT1 ⋮b
T
2

� �T ¼ DSin αFOOsat þDOin ⋮ 0 0½ �T :

(15)
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[12, 15–17]: (H1) K, A(t), and b(t) are known, ∀t ≥ 0; (H2) ϕ ξ; tð Þ is unknown, ∀t ≥ 0; (H3)
rank K1 ¼ rank K ¼ pwith p ≤m < n; and (H4) A(t) is bounded, i.e., there exist two constant
matrices A� and Aþ such as A� ≤A tð Þ ≤Aþ and ∀t ≥ 0.

The auxiliary variable w dim w ¼ sð Þ is defined as w tð Þ ¼ Nξ tð Þ, with N ¼ N1⋮N2½ �∈ℜ s�n,
where N1 ∈ℜ s�q and N2 ∈ℜ s�s checks the equation N1K1 þN2K2 ¼ 0. If N2 can be arbitrarily
chosen, then N1 ¼ �N2K2K∗

1, where K∗
1 is a generalized pseudo-inverse of K1 [15, 21]. More-

over, if N2 is invertible, then the unmeasured states ζ2 can be calculated from
w tð Þ ¼ N1 ζ1 tð Þ þN2 ζ2 tð Þ as ζ2 ¼ N�1

2 w�N1ζ1ð Þ. This condition is satisfied if N2 is chosen as
N2 ¼ kIs, where k > 0 is a real arbitrary parameter and Is is the s-dimensional unity matrix.

The stability of the observers (9) and (10) can be analyzed by using the observation error
~ζ2 ¼ ζ2 � bζ2, whose dynamics obtained from models (9) and (12) is given by _~ζ2 tð Þ ¼ Wζ tð Þ
~ζ2 tð Þ, with

Wζ tð Þ ¼ N�1
2 W tð ÞN2 ¼ A22 tð Þ � K2K∗

1A12 tð Þ: (13)

It was proven (see [21]) that whatever K∗
1 is, the observers (9) and (10) are asymptotically stable

if the next conditions hold [15]: (a)Wζ, ij tð Þ ≥ 0 and ∀i 6¼ j, that is,Wζ is a Metzler matrix [22]; (b)

W�
ζ and Wþ

ζ are Hurwitz stable matrices, with W�
ζ tð Þ ¼ A�

22 tð Þ � K2K∗
1A

�
12 tð Þ, where Aþ

12 and

Aþ
22 and A�

12 and A�
22 are the corresponding partitions of A� and Aþ, specified in (H4). Since in

model (2) rank K ¼ 1, under the above conditions, let us consider the next state partitions:

ζ1 ¼ S O½ �T and ζ2 ¼ X Xr½ �T : (14)

which are induced on the matrices K, A, and b from model (11) the following partitions:

K ¼ KT
1 ⋮K

T
2

� � ¼ �1=Y � K0=Y ⋮1 0½ �T,ϕ ξ; tð Þ ¼ μ S;Oð Þ � μS

� �
X,

A tð Þ ¼
A11 ⋮ A12

⋯ ⋮ ⋯

A21 ⋮ A22

2
664

3
775 ¼

�D 1þ rð Þ 0 ⋮ 0 0

0 �D 1þ rð Þ � αFO ⋮ 0 0

⋯⋯⋯ ⋯⋯⋯⋯⋯⋯⋯ ⋮ ⋯⋯⋯ ⋯⋯⋯⋯⋯

0 0 ⋮ �D 1þ rð Þ rD

0 0 ⋮ D 1þ rð Þ �D rþ β
� �

2
666666664

3
777777775
,

b tð Þ ¼ bT1 ⋮b
T
2

� �T ¼ DSin αFOOsat þDOin ⋮ 0 0½ �T :

(15)
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If the matrix N2 is chosen as N2 ¼ I2, then the matrix N1 from N ¼ N1⋮N2½ � takes the form:

N1 ¼ �N2K2K∗
1 ¼

1

1=Yð Þ2 þ K0=Yð Þ2 �
1=Y K0=Y
0 0

� �
: (16)

The unmeasured states X and Xr are obtained by using the asymptotic observers (9) and (10)
where W(t) and Z(t) are described by the following matrices:

W tð Þ ¼ �D 1þ rð Þ rD
D 1þ rð Þ �D βþ r

� �
� �

, (17)

Z tð Þ ¼ 1

1=Yð Þ2 þ K0=Yð Þ2
0 � K0=Yð ÞαFO 1þ rð Þ

� 1=Yð ÞD 1þ rð Þ � K0=Yð ÞD βþ r
� �

� �
: (18)

Since N2 ¼ I2, then Wζ tð Þ ¼ W tð Þ. It is obvious that if 0 < D� ≤D ≤Dþ and 0 ≤ r� ≤ r ≤ rþ, where
D� and Dþ and r� and rþ represent a lower and, respectively, an upper bound of D and r, and
1 ≥ β ≥ 0, then two stable bounds denotedW�

ζ andWþ
ζ can be calculated for the stablematrixWζ tð Þ.

To obtain the online estimates bμ of the unknown rate μ, we will use an observer-based
parameter estimator (OBE) (for details, see [3, 7, 21]).

Since for the aerobic digestion we must estimate only one incompletely known reaction rate,
using only the dynamics of S and O, then the OBE is particularized as [3, 7, 12]

_S tð Þ ¼ � 1=Yð Þ bμ � μS

� �bX �D 1þ rð ÞSþDSin þ ω1 S� bS
� �

, _O tð Þ ¼ � K0=Yð Þ bμ � μS

� �bX

�D 1þ rð ÞOþ αFO Osat �Oð Þ þDOin þ ω2 O� bO
� �

, _bμ tð Þ ¼ � 1=Yð ÞbX � γ1 � S� bS
� �

� K0=Yð ÞbX � γ2 � O� bO
� �

, (19)

where bX is the online estimate of X, calculated by using the state asymptotic observer given in
Eqs. (9) and (10), and ω1, ω2 < 0 and γ1, γ2 > 0 are design parameters at the user’s disposal
to control the stability and the tracking properties of the estimator.

Finally, the complete adaptive control algorithm is made up by combination of the observer
Eqs. (9), (10), and (14)–(18) and parameter estimator Eq. (19) with the linearizing control law
(8) rewritten as

D
FO

� �
¼ Sin � 1þ rð ÞS 0

Oin � 1þ rð ÞO α Osat �Oð Þ
� ��1 λ1 0

0 λ2

� �
� S∗ � S

O∗ �O

� ��

� � 1=Yð Þ � bμ � μS

� � � bX
� K0=Yð Þ � bμ � μS

� � � bX

" #
þ

_S∗

_O∗

" #!
: (20)

A block diagram of the designed multivariable adaptive system is shown in Figure 9.
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4.2.3. Robust control strategy

We will develop a robust control strategy under realistic conditions as follows:

• Sin and Oin are not measurable; that is, in model (11) the vector b(t) is incompletely known,
but some lower and upper bounds, possible time-varying, denoted by S�in and Sþin and O�

in

and Oþ
in, respectively, are given.

• The variables X and Xr are not accessible.

• μ is uncertain and time-varying, because both μmax and KS are uncertain and time-
varying, but for these, the bounds μ�

max and μþ
max and K�

S and Kþ
S , respectively, are known.

• The inflow rate Fin is time-varying.

• r is time-varying, but r∈ r�; rþ½ �, where the bounds r∓ are given.

• The available online measurements are S and O.

• All the other kinetic and process coefficients are known.

To control process (1) under the above conditions, we will develop a robust control strategy as
follows. First, the components D and FO of the control law (8) are written as

D ¼ 1
Sin � 1þ rð ÞS λ1 S∗ � Sð Þ þ f D

� �
, (21)

FO ¼ � Oin � 1þ rð ÞO
Sin � 1þ rð ÞSð Þ � α Osat �Oð Þ λ1 S∗ � Sð Þ þ f D

� �þ 1
α Osat �Oð Þ λ2 O∗ �Oð Þ þ f O

� �
, (22)

where

f D ¼ 1=Yð Þ μ� μS

� �
X, f O ¼ K0=Yð Þ μ� μS

� �
X: (23)

To estimate the unknown variable X from Eq. (23), we cannot use anymore the asymptotic
observers (9) and (10) because Sin and Oin are not measurable. Hence, by using a suitable

Figure 9. Structure of the adaptive controlled bioprocess.
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If the matrix N2 is chosen as N2 ¼ I2, then the matrix N1 from N ¼ N1⋮N2½ � takes the form:

N1 ¼ �N2K2K∗
1 ¼

1

1=Yð Þ2 þ K0=Yð Þ2 �
1=Y K0=Y
0 0

� �
: (16)

The unmeasured states X and Xr are obtained by using the asymptotic observers (9) and (10)
where W(t) and Z(t) are described by the following matrices:

W tð Þ ¼ �D 1þ rð Þ rD
D 1þ rð Þ �D βþ r

� �
� �

, (17)

Z tð Þ ¼ 1

1=Yð Þ2 þ K0=Yð Þ2
0 � K0=Yð ÞαFO 1þ rð Þ

� 1=Yð ÞD 1þ rð Þ � K0=Yð ÞD βþ r
� �

� �
: (18)

Since N2 ¼ I2, then Wζ tð Þ ¼ W tð Þ. It is obvious that if 0 < D� ≤D ≤Dþ and 0 ≤ r� ≤ r ≤ rþ, where
D� and Dþ and r� and rþ represent a lower and, respectively, an upper bound of D and r, and
1 ≥ β ≥ 0, then two stable bounds denotedW�

ζ andWþ
ζ can be calculated for the stablematrixWζ tð Þ.

To obtain the online estimates bμ of the unknown rate μ, we will use an observer-based
parameter estimator (OBE) (for details, see [3, 7, 21]).

Since for the aerobic digestion we must estimate only one incompletely known reaction rate,
using only the dynamics of S and O, then the OBE is particularized as [3, 7, 12]

_S tð Þ ¼ � 1=Yð Þ bμ � μS

� �bX �D 1þ rð ÞSþDSin þ ω1 S� bS
� �

, _O tð Þ ¼ � K0=Yð Þ bμ � μS

� �bX

�D 1þ rð ÞOþ αFO Osat �Oð Þ þDOin þ ω2 O� bO
� �

, _bμ tð Þ ¼ � 1=Yð ÞbX � γ1 � S� bS
� �

� K0=Yð ÞbX � γ2 � O� bO
� �

, (19)

where bX is the online estimate of X, calculated by using the state asymptotic observer given in
Eqs. (9) and (10), and ω1, ω2 < 0 and γ1, γ2 > 0 are design parameters at the user’s disposal
to control the stability and the tracking properties of the estimator.

Finally, the complete adaptive control algorithm is made up by combination of the observer
Eqs. (9), (10), and (14)–(18) and parameter estimator Eq. (19) with the linearizing control law
(8) rewritten as

D
FO

� �
¼ Sin � 1þ rð ÞS 0

Oin � 1þ rð ÞO α Osat �Oð Þ
� ��1 λ1 0

0 λ2

� �
� S∗ � S

O∗ �O

� ��

� � 1=Yð Þ � bμ � μS

� � � bX
� K0=Yð Þ � bμ � μS

� � � bX

" #
þ

_S∗

_O∗

" #!
: (20)

A block diagram of the designed multivariable adaptive system is shown in Figure 9.
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4.2.3. Robust control strategy

We will develop a robust control strategy under realistic conditions as follows:

• Sin and Oin are not measurable; that is, in model (11) the vector b(t) is incompletely known,
but some lower and upper bounds, possible time-varying, denoted by S�in and Sþin and O�

in

and Oþ
in, respectively, are given.

• The variables X and Xr are not accessible.

• μ is uncertain and time-varying, because both μmax and KS are uncertain and time-
varying, but for these, the bounds μ�

max and μþ
max and K�

S and Kþ
S , respectively, are known.

• The inflow rate Fin is time-varying.

• r is time-varying, but r∈ r�; rþ½ �, where the bounds r∓ are given.

• The available online measurements are S and O.

• All the other kinetic and process coefficients are known.

To control process (1) under the above conditions, we will develop a robust control strategy as
follows. First, the components D and FO of the control law (8) are written as

D ¼ 1
Sin � 1þ rð ÞS λ1 S∗ � Sð Þ þ f D

� �
, (21)

FO ¼ � Oin � 1þ rð ÞO
Sin � 1þ rð ÞSð Þ � α Osat �Oð Þ λ1 S∗ � Sð Þ þ f D

� �þ 1
α Osat �Oð Þ λ2 O∗ �Oð Þ þ f O

� �
, (22)

where

f D ¼ 1=Yð Þ μ� μS

� �
X, f O ¼ K0=Yð Þ μ� μS

� �
X: (23)

To estimate the unknown variable X from Eq. (23), we cannot use anymore the asymptotic
observers (9) and (10) because Sin and Oin are not measurable. Hence, by using a suitable

Figure 9. Structure of the adaptive controlled bioprocess.
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observer interval, based on the known lower and upper bounds of Sin and Oin, we estimate
lower and upper bounds of X, in-between it evolve. The interval observer is achieved by using
the designed asymptotic observers (9) and (10). For this purpose, the hypothesis (H1) is
modified into (H10) as follows: (H10) K and A(t) are known, ∀t ≥ 0, and the next additional
hypotheses are introduced [15, 16, 21]: (H5) the input vector b(t) is unknown, but guaranteed
bounds, possibly time-varying, are given as b� tð Þ ≤ b tð Þ ≤ bþ tð Þ; and (H6) the initial state condi-
tions are unknown, but guaranteed bounds are given as ξ� 0ð Þ ≤ ξ 0ð Þ ≤ ξþ 0ð Þ.
Interval observers work as a bundle of two observers: an upper observer, which produces an
upper bound of the state vector, and a lower observer producing a lower bound, providing
this way a bounded interval in which the state vector is guaranteed to evolve [15–17, 23]. The
design is based on properties of monotone dynamical systems or cooperative systems (see
[15–16, 21, 24]). Then, under hypotheses (H10)-(H6), a robust interval observer for the system
(2) can be described as [12, 15–17, 21]

Σþð Þ ¼
_wþ tð Þ ¼ W tð Þwþ tð Þ þ Z tð Þζ1 tð Þ þMvþ tð Þ, w 0ð Þþ ¼ Nξ 0ð Þþ,

ζþ2 tð Þ ¼ N�1
2 wþ tð Þ �N1ζ1 tð Þð Þ,

(

Σ�ð Þ ¼ _w� tð Þ ¼ W tð Þw� tð Þ þ Z tð Þζ1 tð Þ þMv� tð Þ, w 0ð Þ� ¼ Nξ 0ð Þ�,
ζ�2 tð Þ ¼ N�1

2 w� tð Þ �N1ζ1 tð Þð Þ,
�

(24)

where W tð Þ and Z tð Þ are given by (10), ζþ2 tð Þ and ζ�2 tð Þ are upper and lower bounds of the

estimated state ζ2 tð Þ and M ¼ N1⋮jN1, ijj⋮N2
� �

, and vþ tð Þ ¼ bþ1 þ b�1
� �

=2 bþ1 � b�1
� �

=2 bþ2
� �T

and v� tð Þ ¼ bþ1 þ b�1
� �

=2 � bþ1 � b�1
� �

=2 b�2
� �T , with bþ1 , bþ2 and b�1 , b�2 , are the partitions

of the known upper and lower bounds of the input vector b(t). Since N2 must have to be
invertible, then it is chosen as N2 ¼ kIs, where Is is the identity matrix and k > 0 is a real
arbitrary parameter.

If the matrix Wζ tð Þ defined in Eq. (13) is cooperative [15–16, 23], then under hypotheses (H10)–
(H6), the pair of systems Σþ; Σ�ð Þ constitutes a stable robust interval observer generating
trajectories ζþ2 tð Þ and ζ�2 tð Þ, and it guarantees that ζ�2 tð Þ ≤ ζ2 tð Þ ≤ ζþ2 tð Þ and ∀t ≥ 0 as soon as
ξ� 0ð Þ ≤ ξ 0ð Þ ≤ ξþ 0ð Þ [15–16, 21]. The convergence of observer (24) can be proven like in [21].

Since the control objective is to maintain the wastewater degradation S at a desired low-level S*

with a proper aeration, then under the next realistic conditions S�in ≤ Sin ≤ S
þ
in, O

�
in ≤Oin ≤Oþ

in,

μ�
max ≤μmax ≤μ

þ
max, K

�
S ≤KS ≤Kþ

S , r
� ≤ r ≤ rþ, and bX�

≤ bX ≤ bXþ
(where bX is the estimated value of

X, but bX�
and bXþ

are its lower and upper bounds achieved by using the interval observer
(24)), we can define the following robust control strategy.

If S < 1� εð ÞS∗ and O < 1� εð ÞO∗, where 0 < ε ≤ 0:05, represent a dead zone, then***

D ¼ 1
S�in � 1þ rþð ÞS λ1 S∗ � Sð Þ þ fþD

� �
,

FO ¼ � O�
in � 1þ rþð ÞO

Sþin � 1þ r�ð ÞS� � � α Osat �Oð Þ λ1 S∗ � Sð Þ þ fþD
� �þ 1

α Osat �Oð Þ λ2 O∗ �Oð Þ þ f�O
� �
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else if 1� εð Þ and O > 1þ εð ÞO∗, then

D ¼ 1
S�in � 1þ rþð ÞS λ1 S∗ � Sð Þ þ fþD

� �
,

FO ¼ � Oþ
in � 1þ r�ð ÞO

S�in � 1þ rþð ÞS� � � α Osat �Oð Þ λ1 S∗ � Sð Þ þ f�D
� �þ 1

α Osat �Oð Þ λ2 O∗ �Oð Þ þ fþO
� �

else if S > 1þ εð ÞS∗ and O < 1� εð ÞO∗, then

D ¼ 1
Sþin � 1þ r�ð ÞS λ1 S∗ � Sð Þ þ f�D

� �
, (25)

FO ¼ � O�
in � 1þ rþð ÞO

Sþin � 1þ r�ð ÞS� � � α Osat �Oð Þ λ1 S∗ � Sð Þ þ fþD
� �þ 1

α Osat �Oð Þ λ2 O∗ �Oð Þ þ f�O
� �

else if S > 1þ εð ÞS∗ and O > 1þ εð ÞO∗, then

D ¼ 1
Sþin � 1þ r�ð ÞS λ1 S∗ � Sð Þ þ f�D

� �
,

FO ¼ � Oþ
in � 1þ r�ð ÞO

S�in � 1þ rþð ÞS� � � α Osat �Oð Þ λ1 S∗ � Sð Þ þ f�D
� �þ 1

α Osat �Oð Þ λ2 O∗ �Oð Þ þ fþO
� �

,

where.

f�D ¼ 1=Y ∓ð Þ μ� � μS

� �bX�
, f�O ¼ K0=Y ∓ð Þ μ� � μS

� �bX�
(26)

In Eq. (26) the values of μþ and μ� of μ are calculated as μ� ¼ μ�
maxS= K∓

S þ S
� � �O= KO þOð Þ,

and bX�
and bXþ

correspond to S�in and O�
in and Sþin and Oþ

in, respectively.

Remark 1. Note that in a normal operation of the bioreactor the terms Sþin � 1þ r�ð ÞS,
S�in � 1þ rþð ÞS, and α Osat �Oð Þ from control law (25) are different from zero.◆
As can be observed from the structure of the control scheme (25) (block diagram in Figure 10)
and from the simulation results presented in the next section, this control strategy forces the
controlled variables to be as close as possible to their desired values.

4.3. Simulation results and discussions

The performance of adaptive controller given by Eq. (20) and of robust controller given by Eqs.
(25) and (26) by comparison to the exact linearizing controller (8) (used as benchmark) has
been tested by performing extensive simulation experiments. For a proper comparison, the
simulations were carried out by using the process model (1) under identical conditions. The
values of process and kinetic parameters [8, 12] are adapted for WTP Calafat as in Table 1. Two
simulation scenarios were taken into consideration:
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observer interval, based on the known lower and upper bounds of Sin and Oin, we estimate
lower and upper bounds of X, in-between it evolve. The interval observer is achieved by using
the designed asymptotic observers (9) and (10). For this purpose, the hypothesis (H1) is
modified into (H10) as follows: (H10) K and A(t) are known, ∀t ≥ 0, and the next additional
hypotheses are introduced [15, 16, 21]: (H5) the input vector b(t) is unknown, but guaranteed
bounds, possibly time-varying, are given as b� tð Þ ≤ b tð Þ ≤ bþ tð Þ; and (H6) the initial state condi-
tions are unknown, but guaranteed bounds are given as ξ� 0ð Þ ≤ ξ 0ð Þ ≤ ξþ 0ð Þ.
Interval observers work as a bundle of two observers: an upper observer, which produces an
upper bound of the state vector, and a lower observer producing a lower bound, providing
this way a bounded interval in which the state vector is guaranteed to evolve [15–17, 23]. The
design is based on properties of monotone dynamical systems or cooperative systems (see
[15–16, 21, 24]). Then, under hypotheses (H10)-(H6), a robust interval observer for the system
(2) can be described as [12, 15–17, 21]

Σþð Þ ¼
_wþ tð Þ ¼ W tð Þwþ tð Þ þ Z tð Þζ1 tð Þ þMvþ tð Þ, w 0ð Þþ ¼ Nξ 0ð Þþ,

ζþ2 tð Þ ¼ N�1
2 wþ tð Þ �N1ζ1 tð Þð Þ,

(

Σ�ð Þ ¼ _w� tð Þ ¼ W tð Þw� tð Þ þ Z tð Þζ1 tð Þ þMv� tð Þ, w 0ð Þ� ¼ Nξ 0ð Þ�,
ζ�2 tð Þ ¼ N�1

2 w� tð Þ �N1ζ1 tð Þð Þ,
�

(24)

where W tð Þ and Z tð Þ are given by (10), ζþ2 tð Þ and ζ�2 tð Þ are upper and lower bounds of the

estimated state ζ2 tð Þ and M ¼ N1⋮jN1, ijj⋮N2
� �

, and vþ tð Þ ¼ bþ1 þ b�1
� �

=2 bþ1 � b�1
� �

=2 bþ2
� �T

and v� tð Þ ¼ bþ1 þ b�1
� �

=2 � bþ1 � b�1
� �

=2 b�2
� �T , with bþ1 , bþ2 and b�1 , b�2 , are the partitions

of the known upper and lower bounds of the input vector b(t). Since N2 must have to be
invertible, then it is chosen as N2 ¼ kIs, where Is is the identity matrix and k > 0 is a real
arbitrary parameter.

If the matrix Wζ tð Þ defined in Eq. (13) is cooperative [15–16, 23], then under hypotheses (H10)–
(H6), the pair of systems Σþ; Σ�ð Þ constitutes a stable robust interval observer generating
trajectories ζþ2 tð Þ and ζ�2 tð Þ, and it guarantees that ζ�2 tð Þ ≤ ζ2 tð Þ ≤ ζþ2 tð Þ and ∀t ≥ 0 as soon as
ξ� 0ð Þ ≤ ξ 0ð Þ ≤ ξþ 0ð Þ [15–16, 21]. The convergence of observer (24) can be proven like in [21].

Since the control objective is to maintain the wastewater degradation S at a desired low-level S*

with a proper aeration, then under the next realistic conditions S�in ≤ Sin ≤ S
þ
in, O

�
in ≤Oin ≤Oþ

in,

μ�
max ≤μmax ≤μ

þ
max, K

�
S ≤KS ≤Kþ

S , r
� ≤ r ≤ rþ, and bX�

≤ bX ≤ bXþ
(where bX is the estimated value of

X, but bX�
and bXþ

are its lower and upper bounds achieved by using the interval observer
(24)), we can define the following robust control strategy.

If S < 1� εð ÞS∗ and O < 1� εð ÞO∗, where 0 < ε ≤ 0:05, represent a dead zone, then***

D ¼ 1
S�in � 1þ rþð ÞS λ1 S∗ � Sð Þ þ fþD

� �
,

FO ¼ � O�
in � 1þ rþð ÞO

Sþin � 1þ r�ð ÞS� � � α Osat �Oð Þ λ1 S∗ � Sð Þ þ fþD
� �þ 1

α Osat �Oð Þ λ2 O∗ �Oð Þ þ f�O
� �
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else if 1� εð Þ and O > 1þ εð ÞO∗, then
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� �
,

FO ¼ � Oþ
in � 1þ r�ð ÞO

S�in � 1þ rþð ÞS� � � α Osat �Oð Þ λ1 S∗ � Sð Þ þ f�D
� �þ 1
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� �

else if S > 1þ εð ÞS∗ and O < 1� εð ÞO∗, then

D ¼ 1
Sþin � 1þ r�ð ÞS λ1 S∗ � Sð Þ þ f�D

� �
, (25)

FO ¼ � O�
in � 1þ rþð ÞO

Sþin � 1þ r�ð ÞS� � � α Osat �Oð Þ λ1 S∗ � Sð Þ þ fþD
� �þ 1

α Osat �Oð Þ λ2 O∗ �Oð Þ þ f�O
� �

else if S > 1þ εð ÞS∗ and O > 1þ εð ÞO∗, then

D ¼ 1
Sþin � 1þ r�ð ÞS λ1 S∗ � Sð Þ þ f�D

� �
,

FO ¼ � Oþ
in � 1þ r�ð ÞO

S�in � 1þ rþð ÞS� � � α Osat �Oð Þ λ1 S∗ � Sð Þ þ f�D
� �þ 1

α Osat �Oð Þ λ2 O∗ �Oð Þ þ fþO
� �

,

where.

f�D ¼ 1=Y ∓ð Þ μ� � μS

� �bX�
, f�O ¼ K0=Y ∓ð Þ μ� � μS

� �bX�
(26)

In Eq. (26) the values of μþ and μ� of μ are calculated as μ� ¼ μ�
maxS= K∓

S þ S
� � �O= KO þOð Þ,

and bX�
and bXþ

correspond to S�in and O�
in and Sþin and Oþ

in, respectively.

Remark 1. Note that in a normal operation of the bioreactor the terms Sþin � 1þ r�ð ÞS,
S�in � 1þ rþð ÞS, and α Osat �Oð Þ from control law (25) are different from zero.◆
As can be observed from the structure of the control scheme (25) (block diagram in Figure 10)
and from the simulation results presented in the next section, this control strategy forces the
controlled variables to be as close as possible to their desired values.

4.3. Simulation results and discussions

The performance of adaptive controller given by Eq. (20) and of robust controller given by Eqs.
(25) and (26) by comparison to the exact linearizing controller (8) (used as benchmark) has
been tested by performing extensive simulation experiments. For a proper comparison, the
simulations were carried out by using the process model (1) under identical conditions. The
values of process and kinetic parameters [8, 12] are adapted for WTP Calafat as in Table 1. Two
simulation scenarios were taken into consideration:
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Case 1. We analyzed the behavior of closed-loop system using the adaptive controller (20), by
comparison to exact linearizing control law (8) under the following conditions:

• Sin and Oin are time-varying (Figures 11 and 12), but they are assumed measurable.

• The specific growth rate μ is unknown and time-varying.

• The kinetic coefficients μ0
max and K0

S are time-varying parameters described as μmax tð Þ ¼ μ0
max

1þ 0:5 sin π t=10ð Þð Þ, KS tð Þ ¼ K0
S 1þ 0:25 sin π t=12þ π=2ð Þð Þ .

• The rate of recycled sludge r is time-varying as r tð Þ ¼ r0 1þ 0:5 sin π t=36ð Þð Þ.
• The influent flow rate Fin is time-varying as Fin tð Þ ¼ F0in 1þ 0:2 sin π t=25ð Þ þ 0:05 sinð

π t=4ð ÞÞ.
• All the other coefficients (Y, KO, μS, β, α) are constant and known.

• The variables S and O are known (measurable).

• The states X and Xr are unmeasurable (X and Xr will be estimated).

Figure 10. Structure of the multivariable robust controlled system.

Parameter Value Parameter Value

μ0
max 0.15 h�1 α 0.018

K0
S

100 g/l β 0.2

KO 2 mg/l r0 0.6

Y 65 g/g F0in 6.75 m3/min

K0 0.5 mg/g V 3800 m3

μS 0. 0002 h�1 S0in 200 mg/l

Osat 10 mg/l O0
in

0.025 h�1

Table 1. Kinetic and process parameters values.
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The behavior of closed-loop system using adaptive controller (20), by comparison to exact
linearizing control law (8), is presented in Figures 13–16. To verify the regulation properties,
for references S* and O*, some piece-wise constant variations were considered.

To be close to reality, we considered that the measurements of controlled variables S and O are
corrupted with additive zero mean white noises (2.5% from their nominal values), as well as
the measurements of the influent variables Sin and Oin are corrupted with an additive zero
mean white noise (2.5% from their nominal values). The gains of control laws (8), respectively,
(20) are λ1 ¼ λ2 ¼ 2, and the tuning parameters of adaptive controller have been set to the
values ω1 ¼ ω2 ¼ 0:5 and γ1 ¼ γ2 ¼ 0:75.

The evolution of the estimate of unknown variable X provided by the observers (9), (10), and
(14)–(18) is presented in Figure 17, and the profile of estimate of unknown specific growth rate
μ provided by the OBE (19) is given in Figure 18. It can be noticed that both state observer and
parameter estimator provide proper results. From graphics in Figures 13 and 14, it can be seen

Figure 11. Evolution of Sin and of its bounds.

Figure 12. Evolution of Oin and of its bounds.
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that the behavior of overall system with adaptive controller (20) is correct, being very close to
the behavior of closed-loop system in the ideal case obtained using the linearizing controller
(8) when the model is known. Note also the regulation properties and ability of the controller

Figure 13. Time evolution of output S (Case 1).

Figure 14. Time evolution of output O (Case 1).

Figure 15. Profile of control input D (Case 1).
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to maintain the controlled output y very close to its desired value, despite the high variation of
Sin and Fin as well as of the unmeasurable influent dissolved concentration Oin and time
variation of some process parameters. Even if the control inputs are more affected by noisy
measurements, the behavior of the controlled system remains satisfactory.

Figure 16. Profile of control input FO (Case 1).

Figure 17. Estimate of unknown X (Case 1).

Figure 18. Estimate of unknown rate μ (Case 1).
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Case 2. In this case the closed-loop system is based on the structure of robust controllers (25)
and (26) under the following assumptions:

• Sin and Oin are not measurable, but some lower and upper bounds, denoted by S�in and O�
in

and Sþin and Oþ
in, respectively, as in Figures 11 and 12, are given.

• μ0
max and K0

S are two uncertain and time-varying parameters, but some lower and upper
bounds of them are known, i.e., μ�

max ≤μmax tð Þ ≤μþ
max and K�

S ≤KS tð Þ ≤Kþ
S .

• Fin is time-varying as in Case 1, and the variables S and O are known (measurable).

• The rate of recycled sludge r and the yield coefficient Y are time-varying, but some lower
and upper bounds of them are known, i.e., r� ≤ r tð Þ ≤ rþ and Y� ≤Y tð Þ ≤Yþ.

• All the other kinetics and process coefficients are constant and known; states X and Xr are
unmeasurable (the lower and upper bounds X�, X�

r and Xþ, Xþ
r will be estimated,

corresponding to S�in and O�
in and Sþin and Oþ

in, respectively).

In our analysis we assume that the time variations of μmax and KS are those from Case 1, that is

μmax ∈ μ�
max; μþ

max

� � ¼ 0:5μ0
max; 1:5μ0

max

� �
, and KS ∈ K�

S ; Kþ
S

� � ¼ 0:75K0
S; 1:25K0

S

� �
.

We assume also that the time variation of r is like in Case 1, that is, r∈ r�; rþ½ � ¼ 0:5r0; 1:5r0
� �

.
As we mentioned above, in the control laws (25) and (26), the values of μþ and μ� are
calculated as μ� ¼ μ�

maxS= K∓
S þ S

� � �O= KO þOð Þ.
The behavior of closed-loop system using robust controllers (25) and (26) by comparison to the
linearizing law (8) is presented in Figures 19–22. The gains of control laws (25) are the same as
in the first case, i.e., λ1 ¼ λ2 ¼ 2. The estimates of lower and upper bounds of variable X are

presented in Figure 23. The estimated values bXþ
and bX�

are obtained by using the interval
observers (24) and (14)–(18), where the input vectors vþ and v� contain the known bounds S�in
and O�

in and Sþin and Oþ
in, respectively. The state initial conditions are unknown, but some

Figure 19. Time evolution of output S—Case 2.
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guaranteed lower and upper bounds are assumed as 245 ¼ X� 0ð Þ ≤X 0ð Þ ≤Xþ 0ð Þ ¼ 255 (g/l).
The time evolution of the uncertain but bounded time-varying parameter μ as well as of its
bounds is shown in Figure 24.

Figure 20. Time evolution of output O—Case 2.

Figure 21. Profile of control input D—Case 2.

Figure 22. Profile of control input FO—Case 2.
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Note that the reference profiles of S* and O* are the same as in the first case. As in the adaptive
case, the measurements of controlled variable S and O are corrupted with additive zero mean
white noises (2.5% from their nominal values). From Figures 19–22, it can be seen that the
behavior of overall system with robust controllers (25) and (26), even if this controller uses
much less a priori information and is affected by measurement noises, is correct, being close to
the behavior of closed-loop system with adaptive controller (20) as well as to the behavior of
closed-loop system in the ideal case (process completely known).

5. Conclusions

In this chapter, a distributed and hierarchized control system implemented at WTP Calafat was
presented and analyzed. Also, advanced control solutions for the activated sludge bioprocess
taking place in the WTP were proposed.

Figure 23. Estimates of bounds of X—Case 2.

Figure 24. Profiles of μ and its bounds—Case 2.
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The implemented DCS-SCADA architecture of the WTP was organized as a distributed and
hierarchized control system, developed on four levels. The first three levels were approached
in this chapter: the field level, the direct control level, and the plant supervisory level. The
structure and the functionality of these levels were described. The primary control loops were
dedicated to the control of main technological variables such as levels, dissolved oxygen
concentrations, recirculation flows, activated sludge flows, etc.

The analysis of the WTP behavior showed that the performance improvement of the control
system is possible by developing advanced control solutions for the activated sludge
bioprocess that takes place in the WTP. Therefore, multivariable adaptive and robust control
algorithms were proposed and will be implemented at level 2 of the DCS.

The main control objective for the activated sludge process is to maintain the pollution level at a
desired low value in spite of load and concentration variations of the pollutant. The controlled
variables were the concentrations of pollutant and dissolved oxygen. Two nonlinear control
strategies were proposed: an adaptive control scheme and a robust control structure. The adap-
tive control law was developed under the assumption that the growth rates were unknown but
the influent flow rate was measurable. The robust control structure was designed under more
realistic suppositions that the growth rates are uncertain and the influent concentrations are
completely unknown, but lower and upper bounds of growth rates and of influent organic load
(possibly time-varying) are known. Also, the uncertain process parameters were replaced by
their lower and upper bounds assumed known.

The proposed control strategies were tested in realistic simulation scenarios, by using noisy
measurements of the available states. Taking into account all the uncertainties, disturbances,
and noisy data acting on the bioprocess, the conclusion is that the adaptive and especially the
robust controllers can constitute a good choice for the control of such class of wastewater
treatment bioprocesses. As future research, the implementation of the proposed control algo-
rithms for the activated sludge process at WTP Calafat will be ensured within the project
TISIPRO. The proposed control architecture and solutions envisaged the WTP Calafat but can
be adapted and implemented for other similar WTPs from the WCO.
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Abstract

A single-channel pump, which is commonly used for wastewater treatment, with a single-
channel impeller can effectively prevent performance reduction or damage caused by
foreign substances. However, the design methods for this special type of pump are
different and more difficult to realize than those for general pumps. In this chapter, a
state-of-the-art design technique for a single-channel pump is introduced for realizing
high efficiency and low-fluid-induced vibration. In other words, advanced multidis-
ciplinary design optimization techniques combined with unsteady flow analysis are intro-
duced and discussed in detail to simultaneously improve hydraulic efficiency and reduce
flow-induced vibration, considering the impeller-volute interaction of a single-channel
pump.

Keywords: single-channel pump, wastewater treatment, hydraulic efficiency,
flow-induced vibration, radial force, optimization

1. Introduction

The most common fault in a submerged pump is due to waste clogging. This phenomenon
causes not only motor overload but also serious damage to a pump system. Hence, this type of
pump requires unique design features for preventing losses in performance due to factors such
as waste clogging, damage, and failure, unlike general submerged pumps.

Representative types of submerged pumps for wastewater treatment consist of the crushing
type and flow-path-securing type. A crushing-type pump mostly crushes and transfers foreign
substances with a disintegrator installed in front of the impeller. However, as such types of
pumps require the installation of an additional crusher, large-sized solid particles cannot be
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driven perfectly along the flow path. Moreover, it has a complex structure, high cost, low
capacity, and frequent replacement cycle. On the other hand, as a single-channel pump is a
representative case of a flow-path-securing type, it has different mechanism features compared
with general pumps pressurized by multiblades. A single-channel impeller has one free annu-
lus passage and does not have multiple blades. Further, it is driven by the centrifugal force
generated from the rotating annulus passage [1]. Therefore, a single-channel pump is very
robust, especially against failure and damage due to waste clogging.

Because of these advantages, the demand for single-channel pumps has increased rapidly in
recent times in the field of wastewater treatment. Nevertheless, only a few studies have been
published on the design of a single-channel pump [1–4]. To the best of the author’s knowledge,
the lack of studies can be attributed to the difficulties in establishing a theoretical design
methodology, manufacturing, and especially, solving the balancing problem related to the
fluid-induced vibration between the impeller and volute of a single-channel pump. In fact,
because the mass distribution of a single-channel impeller is not rotationally symmetric, it is
difficult to stabilize the fluid-induced vibration between the impeller and volute. Furthermore,
unsteady radial forces, which rotate at a frequency generally determined by the rotating speed,
are generated in the single-channel impeller [5]. These unsteady sources are generated by the
interaction between the rotating impeller and volute, and these adversely affect the overall
performance of a single-channel pump, especially its life expectancy and durability.

Over the past several years, there has been growing interest on the effects of unsteady dynamic
radial forces due to impeller-volute interaction in centrifugal pumps [6–8]. However, no sys-
tematic studies on single-channel pumps have yet been attempted, except for several concepts
and patents. To this end, this work presents a state-of-the-art design technique for a single-
channel pump for wastewater treatment based on a theoretical approach and three-
dimensional steady and unsteady numerical analyses. Moreover, advanced multidisciplinary
numerical design optimization techniques are introduced and discussed in detail to simulta-
neously improve hydraulic efficiency and reduce the flow-induced vibration due to the
impeller-volute interaction in a single-channel pump. The objective of this chapter is to provide
practical guidelines for optimizing the design of a single-channel pump with the proposed
design approach.

2. Basic design approach of single-channel pump

The single-channel pump with an impeller and a volute for wastewater treatment is initially
designed according to the Stepanoff theory [9]. The pump can then be modeled as a three-
dimensional shape, as shown in Figure 1 [10]. The three-dimensional model can be developed
using commercial modeling software such as SOLIDWORKS and CATIA. Because the
Stepanoff theory generally minimizes the flow loss due to flow speed differences by increasing
the cross-sectional area of internal flow at a fixed rate according to the theta angle position, it is
especially useful for designing a stationary volute. Nonetheless, the impeller of a single-
channel pump can be designed based on this concept because it has a free annulus passage
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and does not contain multiple blades. Further, the impeller is driven by the centrifugal force
generated from the rotating annulus passage. Thus, the internal flow distribution in the cross-
sectional area of the impeller and volute is changed proportionally with the theta angle
position in order to maintain a constant flow velocity. Figures 2 and 3 show the distribution
of internal flows in the cross-sectional area of the impeller and volute generated from the
Stepanoff theory. In the authors’ previous work, for example, the reference volume flow rate
and total head at the design point were 1.42 m3/min and 10 m, respectively, with a rotational
speed of 1760 rpm [11].

When the distribution of internal flows in the cross-sectional area is determined according to
the theta angle, the shape of the area should be defined. This shape is very important for
deciding the hydraulic performance and size of solid matter in a single channel. In the previ-
ous work, the authors proposed a novel design method for defining the cross section of the

Figure 1. Three-dimensional shape of a single-channel pump [10].

Figure 2. Cross-sectional area distribution and definition of the impeller [10].
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impeller and volute of a single-channel pump with high performance, as shown in Figures 2
and 3, respectively. The cross-sectional area is determined as follows:

The given total area (At) in the impeller part,

H1 ¼ 0:835�D1 (1)

where the impeller height (H1) is fixed along theta angle and D1 represents the inlet diameter
of the impeller.

At @0
� � 70

�� � ¼ 0:013�D1
2 (2)

L1 ¼ At=H1 (3)

At @360
�� � ¼ 0:38�D1

2 (4)

At ¼ 2A1 þA2 þA3 (5)

R1 ¼ theta
�� �
–70 value of fixed area angleð Þ� �� C1 here; 70

�
< theta

�� �
≤ 360

�� �
(6)

where C1 = 0.1 � H1/83.5 is the expansion coefficient.

A1 ¼ πR1
2=4 (7)

A2 ¼ R1 � L2 (8)

A3 ¼ At–A2–2A1 (9)

L3 ¼ A3=H1 here;L3 > 0ð Þ (10)

The given total area (At) in the volute part,

H2 ¼ 0:01�At @360
�� �

(11)

where the volute height (H2) in fixed along theta angle.

Figure 3. Cross-sectional area distribution and definition of the volute [10].
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At ¼ 2A4 þA5 þA6 (12)

R2 ¼ theta
�� �� C2 (13)

where C2 = 0.1 � H2/89.5 is the expansion coefficient.

A4 ¼ πR2
2=4 (14)

A5 ¼ R2 � L5 (15)

A6 ¼ At–2A4–A5 (16)

L7 ¼ A6=H2 here;L7 > 0ð Þ (17)

The cross sections of the impeller and volute are defined as mentioned above. The three-
dimensional shape can then be modeled as shown in Figure 1. The more detailed explanation
can be found in the previous works of the authors [12, 13].

3. Steady and unsteady numerical analyses

In the computation domain generated from the basic design approach, the internal flow field is
analyzed by solving three-dimensional steady and unsteady incompressible Reynolds-
averaged Navier–Stokes (RANS) equations with a k-ω-based shear stress transport (SST)
turbulence model by using a finite volume solver. In this work, the commercial computational
fluid dynamics (CFD) code ANSYS CFX 14.5 is used, and ICEM CFD is applied to generate
computational meshes for the impeller and volute. The numerical analysis is carried out with
boundary conditions, solved, and post-processed using ANSYS CFX-Pre, CFX-Solver, and
CFX-Post, respectively.

For the turbulence closure model, the k-ω-based SST model [14] is employed to accurately
predict flow separation under an adverse pressure gradient. In this model, the k-ω and k-ε
models are applied in the near-wall region and bulk domain, respectively, and a blending
function ensures smooth transitions between these two models. The accuracy of the numerical
analyses of turbulent flows significantly depends on treating the wall shear stress. In this
chapter, the near-wall grid resolution is adjusted to maintain y + ≤ 2 to accurately capture the
wall shear stress and to implement a low-Reynolds-number SST model.

A tetrahedral grid system is constructed in the computational domain with a prism mesh near
the surfaces, as shown in Figure 4 [15]. The rotating single-channel impeller and the volute
domains are each constructed using approximately 1,300,000 and 1,200,000 grid points. Hence,
the optimum grid system selected using the grid independency test has approximately
2,500,000 grid points, as previously reported [15, 16].

For the boundary condition, water is considered as the working fluid, and the total pressure and
designed mass flow rate are set to the inlet and outlet of the computational domain, respectively.
The solid surfaces in the computational domain are considered to be hydraulically smooth under
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adiabatic and no-slip conditions. The stage average and transient-rotor-stator methods are
respectively applied to connect the interface between the rotating impeller and volute domains
in the steady and unsteady analyses.

The convergence criteria in a steady computation consist of the root-mean-square (RMS)
values of the residuals of the governing equations, which are set to less than 10�5 for all
equations. The physical time scale was set to 1/ω, where ω is the angular velocity of the
impeller. The computations are carried out using an Intel Xeon CPU with a clock speed of
2.70 GHz, and the converged solutions are obtained after 1000 iterations with a computational
time of approximately 4 h.

The results of the steady RANS analysis are used in the unsteady RANS analysis to obtain the
characteristics of the radial force sources in the region of the exit surface of the impeller
according to the impeller-volute interaction in the single-channel pump. In an unsteady simu-
lation, the time step and coefficient loop for the time scale control are set to 0.000947 s and
three times, respectively. The solutions are obtained after 180 iterations with an unsteady total
time duration of 0.170478 s (five revolutions), and the computational time for the unsteady
calculation was approximately 8 h.

4. Optimization techniques

In this chapter, the geometric parameters related to the internal flow through the cross-
sectional area of the impeller and volute are selected as design variables to simultaneously
optimize the hydraulic efficiency and radial force sources, considering the interaction between
the rotating impeller and volute of the single-channel pump. The distribution of internal flow
in the cross-sectional area of the impeller and volute can be changed smoothly by adjusting the
control points represented by third-order and fourth-order Bezier-curves, respectively, as
shown in Figure 5. Therefore, the variations in the y-axes for five control points (CP1, CP2,

Figure 4. Computational domain and grids.
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CP3, CP4, and CP5) of both the impeller and volute are selected as design variables to obtain
the most sensitive results for the variation in curve among the control points [17].

The aim of the current optimization problem is to simultaneously improve the hydraulic
efficiency (η) and reduce the radial force sources considering the impeller-volute interaction
in the single-channel pump. Here, one of the three objective functions, that is, the hydraulic
efficiency, is defined as follows.

η ¼ rgHQ
τω

(18)

where r, g, H, Q, τ, and ω denote the density, acceleration of gravity, total head, volume flow
arte, torque, and angular velocity, respectively.

Figure 5. Definition of the design variables. (a) Impeller part (b) Volute part.

Figure 6. Definition of objective functions related to the radial force sources [10].
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adiabatic and no-slip conditions. The stage average and transient-rotor-stator methods are
respectively applied to connect the interface between the rotating impeller and volute domains
in the steady and unsteady analyses.
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in the cross-sectional area of the impeller and volute can be changed smoothly by adjusting the
control points represented by third-order and fourth-order Bezier-curves, respectively, as
shown in Figure 5. Therefore, the variations in the y-axes for five control points (CP1, CP2,

Figure 4. Computational domain and grids.
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CP3, CP4, and CP5) of both the impeller and volute are selected as design variables to obtain
the most sensitive results for the variation in curve among the control points [17].

The aim of the current optimization problem is to simultaneously improve the hydraulic
efficiency (η) and reduce the radial force sources considering the impeller-volute interaction
in the single-channel pump. Here, one of the three objective functions, that is, the hydraulic
efficiency, is defined as follows.

η ¼ rgHQ
τω

(18)

where r, g, H, Q, τ, and ω denote the density, acceleration of gravity, total head, volume flow
arte, torque, and angular velocity, respectively.

Figure 5. Definition of the design variables. (a) Impeller part (b) Volute part.

Figure 6. Definition of objective functions related to the radial force sources [10].
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The other objective functions related to the radial force sources are defined as the sweep area
(As) of the radial force during one revolution of impeller and the distance (Ds) of the mass center
of the sweep area from the origin, as shown in Figure 6. These functions are defined as follows:

As ¼ 1
2

Xn�1

i¼0

xiyiþ1 � xiþ1yi
� �

(19)

where As is the signed area of the polygon as the sweep area of the radial force during one
revolution of impeller. The centroid of a non-self-intersecting closed polygon, defined by n
vertices (x0, y0), (x1, y1), …, (xn-1, yn-1), is defined as the point (Cx, Cy) as follows:

Cx ¼ 1
6As

Xn�1

i¼0

xi þ xiþ1ð Þ xiyiþ1 � xiþ1yi
� �

(20)

Cy ¼ 1
6As

Xn�1

i¼0

yi þ yiþ1

� �
xiyiþ1 � xiþ1yi
� �

(21)

In these formulas, the vertices are assumed to be numbered in the order of their occurrence
along the perimeter of the polygon. Therefore, the distance of the mass center of the sweep area
from the origin is finally defined as follows:

Ds ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cx

2 þ Cy
2

q
(22)

The Latin hypercube sampling (LHS) is employed to generate 54 design points that are used as
the initial base data for constructing the response surface from five design variables. LHS, as
an effective sampling method for designing and analyzing computer experiments (DACE)
[18], is a matrix of order i � j, where i is the number of levels to be examined and j is the
number of design variables. Each of the j columns of the matrix containing levels 1, 2, …, i is
randomly paired. LHS generates random sample points, ensuring that all portions of the
design space are represented. Finally, the objective function values at these design points are
evaluated by steady and unsteady numerical analyses.

The response surface approximation (RSA) model is applied as a surrogate model to predict
the objective function values based on the 54 design points generated in the design space by
using LHS. The RSA model, as a methodology of fitting a polynomial function to discrete
responses obtained from numerical calculations, represents the association between the design
variables and response functions [19]. The construction function for a second-order polynomial
RSA can be expressed as follows:

f xð Þ ¼ β0 þ
XN

j¼1

βjxj þ
XN

j¼1

βjjx
2
j þ

XXN

i 6¼j

βijxixj (23)

where β, N, and x represent the regression analysis coefficients, number of design variables,
and a set of design variables, respectively, and the number of regression analysis coefficients
(β0, βi, etc.) is [(N + 1) � (N + 2)]/2.
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The RSA models are employed to construct the response surfaces based on the objective
function values at the 54 design points generated in the design space using LHS. A hybrid
multiobjective genetic algorithm (MOGA) is used to obtain the global Pareto-optimal solutions
(POSs). The approximate POSs are obtained using a controlled elitist genetic algorithm (a
variant of NSGA-II [20] as the MOGA function for three objective functions. The optimization
algorithm and functions in the MATLAB OPTIMIZATION TOOLBOX [21] are used to finally
generate the global POSs. Figure 7 shows an example of the multiobjective optimization
procedure [22]. The detailed optimization procedure can be referred to in the previous litera-
tures [23, 24].

5. Results of multiobjective optimization

A hybrid MOGA based on the response surface constructed from the RSA model is employed
to obtain the global POSs by using a controlled elitist genetic algorithm (a variant of NSGA-II)
for three objective functions. Figure 8 shows the three-dimensional POSs based on the three
objective functions obtained using a hybrid MOGA combined with the RSA model. Here, the
values of all the objective function are normalized according to the corresponding values in the
reference design. Three-dimensional POSs are obviously the trade-off among the conflicting
objective functions. As a result, a trade-off analysis shows an obvious correlation between the
hydraulic efficiency and radial force sources. The arbitrary optimum design (AOD) is ran-
domly extracted near the end of the POSs, which exhibits the best performance in terms of all
objective functions, as shown in Figure 8. The AOD has objective function values that are
remarkably improved relative to those in the reference design. Consequently, the value of each
objective function in the AOD shows improvements of approximately 49%, 80%, and 4% in the
sweep area (As) of the radial force during one revolution, the distance (Ds) of the mass center
of the sweep, and the hydraulic efficiency (η), respectively, in comparison with the reference
design. On the other hand, a relatively large error among the three objective functions is
observed, especially for the distance of the mass center of the sweep. Nevertheless, the values
obtained by the numerical analysis are better compared with the reference design.

To understand the optimization results, the trade-off of the POSs in each two-dimensional
functional space is shown in Figure 9. As shown in Figure 9(a) and (b), the decrement in the
distance of the mass center of the sweep clearly leads to deterioration in the other objective

Figure 7. Multiobjective optimization procedure [22].
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functions. Specifically, the reduced distance of the mass center of the sweep is obtained at a
lower efficiency and higher sweep area of the radial force during one revolution. However, the
efficiency and sweep area of the radial force during one revolution shows a positive relation, as
shown in Figure 9(c). The trade-off analysis of the POSs therefore allows an engineering
designer to choose any economic solution according to the required design conditions.

Figure 10 shows the isosurfaces having a low velocity of 2 m/s. As shown in Figure 10(a), an
extremely low-velocity region is formed along the internal wall in the impeller flow path in the
reference design, whereas a similar low velocity isosurface is reduced considerably in the
arbitrary optimum model (Figure 10(b)). These results illustrate the enhancement of hydraulic
efficiency in the arbitrary optimum model as a result of optimization.

Figure 11 shows the distributions of unsteady radial force sources, averaged at the boundary
surface near the impeller outlet, during one revolution of the impeller for both the reference
and AODs. Here, both values are normalized by the value of the maximum radial force in the
reference design. The sweep area constructed from the unsteady radial force sources in the
reference design leans slightly toward the four quadrant directions from the origin, whereas it
is formed near the origin in the AOD. Furthermore, the sweep area in the AOD is remarkably
decreased compared with that in the reference design. Consequentially, as discussed already,
the sweep area and the distance of the mass center of the sweep in the AOD are decreased by
49% and 80%, respectively, compared with those in the reference design.

Figure 12 shows the unsteady fluctuations of the net radial forces for the reference and AODs
during one revolution. Both values are also normalized by the maximum value in the reference

Figure 8. Three-dimensional POSs based on three objective functions. (a) ds-as (b) ds-eff. (c) as-eff.
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design. As shown in Figure 12, the amplitude values of the fluctuation of the net radial forces
in the AOD decrease considerably for most theta angle positions, especially in the region
where the value of theta is 100�. In addition, its level is also less than the normalized value of
0.5 and mostly flat compared with the reference design. These phenomena clearly highlight the
considerable decrease in the radial force sources as a result of optimization.

Figure 10. Isosurfaces having a low velocity of 2 m/s. (a) Reference design (b) Arbitrary optimum design.

Figure 9. POSs on two-dimensional functional space.
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Figure 13 shows the time history of instantaneous unsteady pressure contours at the boundary
surface near the impeller outlet for both the reference and AODs. Here, both values are
normalized by the maximum pressure value in the pressure contours. Both the instantaneous
unsteady pressure contours are compared for one rotation τ of the single-channel pump
impeller. This rotation is divided into six steps to clarify changes in flow structure with time
during one revolution of the impeller, as shown in Figure 13. In the reference design, high-
pressure zones occur widely on the boundary surface near the impeller outlet, as shown in

Figure 11. Unsteady radial force distributions during one revolution of the impeller.

Figure 12. Unsteady net radial force fluctuations during one revolution of the impeller.
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Figure 13. Unsteady pressure contours during one revolution of the impeller. (a) T = 1/6τ. (b) T = 2/6τ. (c) T = 3/6τ. (d)
T = 4/6τ. (e) T = 5/6τ. (f) T = 6/6τ.
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Figure 13(b), and a high-pressure zone caused by impeller-volute interactions becomes grad-
ually larger. Consequently, this results in the unbalancing phenomena, along with the fluid-
induced vibrations caused by unsteady radial forces, throughout the annulus passage area of
the pump. Thus, the sweep area constructed from the unsteady radial force sources leans
slightly toward the four quadrant directions from the origin, as shown in Figure 11. In the
AOD, the pressure distribution is generally uniform; especially, at the same instantaneous
time, the large high-pressure zone caused by impeller-volute interactions is obviously

Figure 14. Spectra of the magnitude values at observation points on the casing wall. (a) Location of the observation points
(b) Point A. (c) Point B. (d) Point C. (e) Point D. (f) Point E.
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suppressed, as shown in Figure 13(b). The AOD results in mostly stable flows throughout the
annulus passage area of the pump. This explains the considerable decrease in the fluid-
induced vibration caused by impeller-volute interaction owing to optimization.

Figure 14 shows the spectra of the magnitude values at observation points on the casing wall
for the reference and AODs. Here, the spectra are calculated based on the wall pressure
fluctuation time history by using a fast Fourier transformation algorithm. Both magnitude
values are normalized by the first blade passing frequency (BPF) in the reference design, and
these values are also related to the vibration of pump. As shown in Figure 14, the BPF is
approximately 30 Hz (BPF = Blade number � rpm/60). The peak magnitude values are clearly
seen at every harmonic BPF in steps of 30 Hz, which are due to the periodic motion of pump
impeller rotation. In the AOD, a considerable decrease in the magnitude values at the first BPF
is observed specifically, as well as at all observation points, especially for points B and C. It
clearly shows that the large high-pressure zone caused by impeller-volute interactions is
obviously suppressed, as shown in Figure 13(b). Consequently, the considerable decreases in
these magnitude values reduce the vibration caused by impeller-volute interaction.

6. Conclusions

A state-of-the-art design technique was introduced for a single-channel pump for realizing
both high efficiency and low-fluid-induced vibration. The technique is based on a theoretical
approach and three-dimensional steady and unsteady numerical analyses. Furthermore,
advanced multidisciplinary numerical design optimization techniques were discussed in detail
to simultaneously improve hydraulic efficiency and reduce the flow-induced vibration caused
by impeller-volute interaction in the single-channel pump. The CFD studies conducted in the
last decades, along with an increase in computing power systems, have significantly contrib-
uted to the development of various turbomachines with a deep understanding of flow physics
and mechanism. Of course, it was possible to suggest a state-of-the-art design technique for a
single-channel pump because of the rapid increase in the computing power system and
development of computational methods. The authors expect that the practical design tech-
nique introduced in this chapter will be useful for engineers designing various single-channel
pumps in the near future.
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Abstract

The presence of pollutants in water promotes negative impacts on aquatic organisms.
Among the methods of wastewater treatment, the use of sorbent materials is one
of the most outstanding due to its efficiencies and easy implementation. Orange peels
had become value-added products for these purposes. Activated carbon as a sorbent
material was prepared using orange peel as a precursor. The resulting material was
physicochemically characterized by scanning electron microscope (SEM) and Fourier
transform infrared radiation (FTIR); structural changes were identified and related to
sorption capacity using a model pollutant. Results of sorption indicated natural dried
orange peel which presented a sorption capacity of 149.26 mg/g, while sorbent-
activated carbon presented a sorption capacity of 2342.91 mg/g. The recovery of
orange peel to obtain potential interest materials provided benefits for wastewater
treatment.

Keywords: orange peel, sorbent material, activated carbon, valorization, wastewater
treatment

1. Introduction

The industry of agricultural products processing, or agribusiness, is defined as the economic
activity that combines the agricultural productive process with the industrial processing to
obtain food or semi-processed raw materials. Among the industrialized products are fruits,
vegetables, seeds, tubers and pods; some are marketed fresh and others are transformed into
nectars, juices, jams, flours, oils, and wines, among others.
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After the processing of these products, agroindustrial waste is obtained. Agroindustrial
waste is solid or liquid materials generated from the direct consumption of primary products
or its industrialization. Those residues are no longer useful for the process that generated
them, but they are susceptible to transformation to obtain another product with economic
value, of commercial and social interest [1].

Figure 1. Alternatives for organic residue waste management.
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The food industry is characterized by a considerable generation of waste and byproducts.
Despite the environmental repercussions that this represents, the amount of agroindustrial
waste has increased continuously. Orange peels represent a clear example of agroindustrial
waste, which is the result of fruit processing for the production of juices. Due to the large
volume of generation and the environmental risk they represent, some investigations have
focused on the valorization of this waste through extraction of value-added products or even
transformation to other materials.

Valorization of waste is an attractive approach that offers potentially useful alternatives
to treat waste, instead of disposal or landfill deposition. In general, agroindustrial waste
possesses varied characteristics, which depend on the raw material and the process that
generated those residues; however, they share a similar characteristic, that is the organic
matter content, constituted by different percentages of cellulose, lignin, hemicellulose,
and pectin. The valorization of food waste components could give numerous possibilities
for obtaining value-added products [2]. Figure 1 represents different alternatives for
organic residue waste management, on the one hand, the common use of waste that
implies it’s wasted, and even its contribution to the environment and, on the other hand,
some possibilities to use them as materials for environment protection from the use of
sorbent materials.

2. Orange fruit

In the orange Mexican harvest, the volume of production has averaged 4.3 million tons in the
last 6 years. The national market is the main trade of Mexican orange; an average of 67.53% of
the supply of fresh oranges is destined for national production; most of them are designated to
homes, restaurants, street vendors, and hotel chains, among others [3, 4].

Since orange has a high production in the country, as well as in the world, and serves as the
main raw material for agroindustrial processing, the amount of fruit marketed to the juicing
industry has increased [3].

The orange processing industry accommodates a small percentage of 32% in the last years [4].
Since 2004, the percentage of fruit destined to the juice agroindustry increased significantly
due to government programs which allowed the recovery of the freight and collection costs of
the fruit marketed to the Mexican agroindustry of oranges (Table 1). Simple juice and concen-
trated juice are the main products in the processing of citrus fruits [3].

Production 2011 2012 2013 2014 2015 2016

Mexico 83 151 126 159 165 170

EUA 681 607 476 438 383 355

Brazil 1263 980 1230 1006 848 1222

Table 1. Main producing countries of orange juice, considering 1000 metric tons at 65� BRIX.

Sustainable Sorbent Materials Obtained from Orange Peel as an Alternative for Water Treatment
http://dx.doi.org/10.5772/intechopen.76137

203



After the processing of these products, agroindustrial waste is obtained. Agroindustrial
waste is solid or liquid materials generated from the direct consumption of primary products
or its industrialization. Those residues are no longer useful for the process that generated
them, but they are susceptible to transformation to obtain another product with economic
value, of commercial and social interest [1].

Figure 1. Alternatives for organic residue waste management.

Wastewater and Water Quality202

The food industry is characterized by a considerable generation of waste and byproducts.
Despite the environmental repercussions that this represents, the amount of agroindustrial
waste has increased continuously. Orange peels represent a clear example of agroindustrial
waste, which is the result of fruit processing for the production of juices. Due to the large
volume of generation and the environmental risk they represent, some investigations have
focused on the valorization of this waste through extraction of value-added products or even
transformation to other materials.

Valorization of waste is an attractive approach that offers potentially useful alternatives
to treat waste, instead of disposal or landfill deposition. In general, agroindustrial waste
possesses varied characteristics, which depend on the raw material and the process that
generated those residues; however, they share a similar characteristic, that is the organic
matter content, constituted by different percentages of cellulose, lignin, hemicellulose,
and pectin. The valorization of food waste components could give numerous possibilities
for obtaining value-added products [2]. Figure 1 represents different alternatives for
organic residue waste management, on the one hand, the common use of waste that
implies it’s wasted, and even its contribution to the environment and, on the other hand,
some possibilities to use them as materials for environment protection from the use of
sorbent materials.

2. Orange fruit

In the orange Mexican harvest, the volume of production has averaged 4.3 million tons in the
last 6 years. The national market is the main trade of Mexican orange; an average of 67.53% of
the supply of fresh oranges is destined for national production; most of them are designated to
homes, restaurants, street vendors, and hotel chains, among others [3, 4].

Since orange has a high production in the country, as well as in the world, and serves as the
main raw material for agroindustrial processing, the amount of fruit marketed to the juicing
industry has increased [3].

The orange processing industry accommodates a small percentage of 32% in the last years [4].
Since 2004, the percentage of fruit destined to the juice agroindustry increased significantly
due to government programs which allowed the recovery of the freight and collection costs of
the fruit marketed to the Mexican agroindustry of oranges (Table 1). Simple juice and concen-
trated juice are the main products in the processing of citrus fruits [3].

Production 2011 2012 2013 2014 2015 2016

Mexico 83 151 126 159 165 170

EUA 681 607 476 438 383 355

Brazil 1263 980 1230 1006 848 1222

Table 1. Main producing countries of orange juice, considering 1000 metric tons at 65� BRIX.

Sustainable Sorbent Materials Obtained from Orange Peel as an Alternative for Water Treatment
http://dx.doi.org/10.5772/intechopen.76137

203



The oranges processed in the industry are destined in its majority to the juice export market
(Table 2). Studies show that Mexico, in comparison with large producing countries, has been
increasing the amount of juice produced over the years. Mexico has had a great inclusion in the
international market, satisfying the demand of countries such as the United States, Canada,
and Japan, among others [3, 4].

3. Orange peels

Orange peels are waste generated mainly by the juicing industry that can cause environmental
problems due to its large volume of generation and physicochemical characteristics, such as
soil and water pollution. For this reason, the recovery and transformation of orange peels has
become a topic of interest for recent investigations; one important alternative is the preparation
of sorbent materials.

The waste material of the orange industry is constituted mainly by peels, shells, seeds, and
capillary membranes. When leaving the industry, the orange peels have a high level of organic
matter and low pH; such indicators demonstrate the potential polluting. Since the composition
of orange peels can be transformed to use as raw material for the production of national
interest products, in this way, value-added products can be obtained due to the valorization
process, and, at the same time, it is possible to reduce the environmental impact [5, 6].

3.1. Physicochemical composition of orange peel

The chemical composition of orange peels, shown in Table 3, makes them an attractive source
of industrial products. Soluble sugars present in orange peels are composed mostly of sucrose,
glucose, and fructose, while organic acids are composed of citric, oxalic, and succinic acid. The
fiber is the portion of the shell where the pectin is contained. The pectins contained in the
orange fiber are soluble and insoluble in the form of protopectin [5].

However, resent investigations of citrus waste focus on the recovery of a single component,
such as d-limonene, pectin, or bioethanol [8].

Recent investigations have shown that orange peel is a potentially valuable resource that can
be transformed into value-added products; the most common alternatives have reported the
use of this material as livestock feed, source of heat generation, biomethanization, and com-
post [9, 10].

Production 2011 2012 2013 2014 2015 2016

Mexico 2011 2012 2013 2014 2015 2016

EUA 79 143 121 153 158 163

Brazil 110 114 113 81 66 65

Table 2. Export data of orange juice, considering 1000 metric tons at 65� BRIX.
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4. Sorbent materials obtained from orange peels

The elaboration of high-quality sorbent materials from agroindustrial waste opens an effective
path for the conversion of these residues into high value added products [11].

Activated carbons are commonly used as sorbent materials due to their sorption capacity;
those activated carbons are produced from a wide variety of carbon-based materials. Those
materials used for the production of activated carbon are carbon-based organic materials, such
as coal, lignite, and wood. Although natural coal is the most used precursor, agroindustrial
waste is considered as a good alternative; in this way, the activated carbon produced from
waste would reduce the demand of forests since wood is also used for this purpose [12].

According to International Union of Pure and Applied Chemistry (IUPAC), an activated carbon
is a porous carbonaceous material that has been subjected to gas reaction, sometimes with
chemical agents, during or after carbonization process in order to increase its sorption properties.

The use of carbon-based materials goes so far back in history, since charred wood and mineral
coal or simply partially volatilized coal materials were already used for similar purposes.

From 1901, several patented methods of activated carbon production were registered. In this
way, R. Von Ostrejko patented two methods to produce activated carbon: one based on the
carbonization of lignocellulosic materials with metal chlorides (the basis of chemical activa-
tion) and the second method based on a gentle gasification of coals with water vapor or carbon
dioxide (basis of physical activation) [13].

Parameter Value

Soluble solids (�Brix) 7.10 � 1.2

pH 3.93 � 0.003

Acidity1 0.29 � 0.003

Formaldehyde 34.00 � 2.4

Moisture (%) 60.5

Ash (%)2 3.29 � 0.19

Fat content (%)2 0.2

Protein (%)2 1.5

Carbohydrates (%)2 89.00 � 1.1

Pectin (%)2 170.00 � 5

Lignin 3.20 � 0.4

Essential oils (mL/kg) 1.45 � 0.16

1g of citric acid/100 mL.
2db = dry basis.

Table 3. Physicochemical composition of the orange peel [7].
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Nowadays the activated carbons are prepared from a carbon precursor such as lignite, wood,
or synthetic precursors, mainly of polymeric type such as resins.

A typical carbonization process produces around 20–30% carbonization yield, where the
activating agent is a dehydrating compound, which would increase the amount of active sites,
favored by the thermal degradation of the precursor, modifying in this way the porosity of the
obtained material. Precursors such as lignocellulosic materials reflect the botanical texture of
the precursor [14].

Many of the laboratory uses and industrial applications of activated carbons are based on the
high sorption capacity of the material. This capacity depends on the physical properties of the
coal, as well as its chemical structure [15].

4.1. Chemical structure of activated carbons

The structure of the activated carbon is considered as a continuous descent in the degree of
ordering of the planes in the graphite. However, activated carbon also has a three-dimensional
structure of carbon atoms in flat sheets of hexagonal rings. However, unlike graphite, there is no
crystallographic order in the third dimension, and the cross-linking of the plates can occur [13].

The spaces between the graphite planes of crystals create the microporous structure, with a
high internal surface area [16]. According to IUPAC, pores of activated carbons can be classi-
fied into micropores (pore diameter <2 nm), mesoporous (pore diameter between 2 and
50 nm), and macropores (pore diameter >50 nm) [13].

In addition to the porous structure, activated carbons have a chemical structure, since they
contain small amounts of heteroatoms. The presence of heteroatoms (O, N, H, S, etc.) attached
to the edges of the graphene layers gives rise to a variety of surface functional groups [16],
which allow polar substances to be weakly retained on the surface of activated carbon. This is
because the carbon atoms located at the edges of the planes have a high available activity, since
they are not saturated with carbon atoms and have free electrons [13].

Oxygenated functionalities are the most important due to their surface properties and can also
be developed spontaneously through the exposure of the material to the inert atmosphere.
Chemisorbed oxygen can only be removed from the surface as CO or CO2 at temperatures
above 120�C. The unsaturated carbon atoms at the edges of the basal crystal planes are
associated with high concentrations of mismatched electrons, which play a very important
role in the chemisorption process [16].

Oxygenated functional groups are not formed exclusively by the reaction with oxygen; these
groups can also be the results of the reaction with other oxidizing gases (O3, N2O, CO2) and
oxidizing solutions (HNO3, H2O2). In addition, the electron density π of the basal carbon
planes is considered as chemically active [16]. The surface chemistry of activated carbon has
an amphoteric nature due to the coexistence of acidic and basic surface groups. An activated
carbon is globally acidic or basic depending on the surface concentration of these groups and
also on the strength of acidic or basic compounds [13]. Therefore, the oxygenated surface
groups are classified into the categories mentioned in the following sections.
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4.1.1. Basic surface groups

These groups are formed when the oxidized surface is reduced by an inert or hydrogen atmo-
sphere, at high temperatures. The decomposition of acidic groups creates active sites at the edges
of graphene plates, which can attract oxygen during the cooling stage in an inert atmosphere, and
after a process of reexposure to air, forming basic functional groups such as chromene and pirona.

4.1.2. Acidic surface groups

These groups are formed when the carbon surface is exposed to oxygen through reactions with
oxidizing agents in solutions or the gas phase; this process can be carried out at room temper-
ature or even at high temperatures, these parameters are responsible for the amphoteric
characteristic of the activated carbons, which depend on the pH of the aqueous phase.

4.1.3. Hydrogenated groups

Hydrogen atoms are usually present in the surface of activated carbons such as chemisorbed
water, as part of other surface groups such as carboxylic acids, phenols, amines, or even
directly attached to carbon atoms as part of aromatic or aliphatic structures.

4.1.4. Phosphorus groups

Phosphorus atoms contained in activated carbons generally come from the phosphoric acid
used as an activating agent in the preparation stage. Once phosphorus is located in the carbon
matrix, it can be stable between 500 and 1000�C; this atom can be found as red phosphorus or
chemically bonded as dCdPd or dCdOdPd. Phosphorus-containing species can be
formed during carbonization at low temperature ranges [16].

4.1.5. Activated carbon preparation

The physicochemical properties of each activated carbon depend mainly on the source of the
starting material, since it essentially determines the structural characteristics of the resulting
material [14].

Through the carbonization process, it is possible to obtain a low surface area, as elements such
as oxygen and hydrogen are eliminated by decomposition of the starting material in an inert
atmosphere, usually nitrogen. The resulting material is formed by unions of elementary gra-
phitic microcrystals, usually plugged by tars and carbonization residues, which notably
decrease the sorption capacity. In order to increase the sorption capacity of this coal, it will be
necessary to resort to some method that allows eliminating tars, by means of some oxidizing
agent as the activating agent [14]. There are two activation processes, called physical activation
and chemical activation, described below [13].

4.1.6. Physical activation

This method consists of an oxidation step that is usually carried out in the presence of water
vapor, carbon dioxide, or air; the activation treatment is carried out at high temperatures
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Nowadays the activated carbons are prepared from a carbon precursor such as lignite, wood,
or synthetic precursors, mainly of polymeric type such as resins.

A typical carbonization process produces around 20–30% carbonization yield, where the
activating agent is a dehydrating compound, which would increase the amount of active sites,
favored by the thermal degradation of the precursor, modifying in this way the porosity of the
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Chemisorbed oxygen can only be removed from the surface as CO or CO2 at temperatures
above 120�C. The unsaturated carbon atoms at the edges of the basal crystal planes are
associated with high concentrations of mismatched electrons, which play a very important
role in the chemisorption process [16].

Oxygenated functional groups are not formed exclusively by the reaction with oxygen; these
groups can also be the results of the reaction with other oxidizing gases (O3, N2O, CO2) and
oxidizing solutions (HNO3, H2O2). In addition, the electron density π of the basal carbon
planes is considered as chemically active [16]. The surface chemistry of activated carbon has
an amphoteric nature due to the coexistence of acidic and basic surface groups. An activated
carbon is globally acidic or basic depending on the surface concentration of these groups and
also on the strength of acidic or basic compounds [13]. Therefore, the oxygenated surface
groups are classified into the categories mentioned in the following sections.
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matrix, it can be stable between 500 and 1000�C; this atom can be found as red phosphorus or
chemically bonded as dCdPd or dCdOdPd. Phosphorus-containing species can be
formed during carbonization at low temperature ranges [16].
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The physicochemical properties of each activated carbon depend mainly on the source of the
starting material, since it essentially determines the structural characteristics of the resulting
material [14].

Through the carbonization process, it is possible to obtain a low surface area, as elements such
as oxygen and hydrogen are eliminated by decomposition of the starting material in an inert
atmosphere, usually nitrogen. The resulting material is formed by unions of elementary gra-
phitic microcrystals, usually plugged by tars and carbonization residues, which notably
decrease the sorption capacity. In order to increase the sorption capacity of this coal, it will be
necessary to resort to some method that allows eliminating tars, by means of some oxidizing
agent as the activating agent [14]. There are two activation processes, called physical activation
and chemical activation, described below [13].

4.1.6. Physical activation

This method consists of an oxidation step that is usually carried out in the presence of water
vapor, carbon dioxide, or air; the activation treatment is carried out at high temperatures
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(>700�C) [15]. These agents are capable of extracting carbon atoms from the porous carbon
structure according to the following stoichiometry equations; these equations describe the endo-
thermic reactions. This method of activation is known as physical or thermal activation [14].

Cþ CO2 ! 2CO (1)

CþH2O ! COþH2 (2)

In this process, two differentiated stages can be considered: a first one, in which all the
disorganized materials are burned, and a second one, in which the pores that were initially
closed or blocked are opened. As a result of that, a new material with a high surface is
produced, due to the presence of large porosity [17].

4.1.7. Chemical activation

Chemical activation involves the carbonization of the precursor in the presence of an alkali,
hydroxides (KOH, NaOH), or inorganic acids (H3PO4, HNO3, H2SO4) [16].

The yield of activated carbon prepared by chemical activation method is usually higher than
those activated carbons prepared under physical activations. In order to compare physical and
chemical methods, it is possible to emphasize that, while in the physical activation method, the
development of pores is mainly promoted by the removal of carbon atoms by a gasification
process; in the chemical activation method, the activation agents promote dehydrogenation
reactions in the precursor that promote bonds’ formation between carbon atoms and also the
creation of pores on the surface.

Unlike physical activation, the preparation of activated carbons by chemical activations is
carried out in a single stage; the carbonization and activation process are carried out simulta-
neously. Chemical activation requires lower carbonization temperatures than physical activa-
tion. In addition, chemical activation leads to a better formation of the porous structure.

As a result of the carbonization and activation processes, activated carbons with porous
characteristics are obtained which are determined by various factors such as starting material
(precursor), size of the precursor particles, activating agent, activation temperature, heating
rate, temperature and carbonization time, etc. [12, 16].

4.2. Sorption on solid surfaces

The forces that hold a solid bonded to the surface of activated carbons produce a field force
around each ion, atom, or molecule. At the surface of the solid, these forces cannot suddenly
disappear, and due to these unsaturated and unbalanced forces, the solid has the tendency to
attract and retain on its surface molecules and ions of other substances with which it is in
contact. Thus, when the surface of the solid is in contact with a gas or a liquid, the concentra-
tion of the gas or liquid is always greater in the surface of the solid than in the interior of the
gas or liquid phase. The substance adhered to the surface is called sorbate, and the material in
which it is sorbed is called sorbent. Depending on the nature of the forces involved, the
sorption process is classified into two main types [18]:
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4.2.1. Physical sorption

The sorbate is bounded to the surface of the activated carbon by relatively weak Van der Waals
forces, identical to the molecular forces of cohesion that are involved in the condensation of
vapor on liquids.

4.2.2. Chemical sorption or chemisorption

This process involves electron exchange between the sorbate molecules and the surface of the
sorbent, resulting in a chemical reaction. The bond formed between the sorbate and the sorbent
is essentially a chemical bond and is stronger than in a physical sorption.

The nature of the forces involved in each of the sorption processes is significantly different. In
the physisorption process, no activation energy is required; therefore, the sorption rate is
higher even at low temperatures. While chemisorption requires activation energy, the sorption
rate is low and depends on the sorption temperature [18].

In the study of new sorbents, it is essential to establish the most appropriate sorption equilib-
rium correlation, which is indispensable for the reliable prediction of sorption parameters and
the quantitative comparison of the sorbent behavior for different sorbent systems, for varied
experimental conditions [19].

The most common way to study the behavior of activated carbon is through kinetic and
sorption equilibrium models. The first model is related to the study of the kinetics, while the
second type is related to the studies of isotherm processes [16].

As a result of activation and carbonization processes, activated carbons with porous character-
istics are obtained, which are determined by factors such as starting material, temperatures
and carbonization and activation times, heating rate, particle size of the starting material, and
so on [12].

In the preparation of an activated carbon, it is necessary to look for the appropriate ratio, as
can be deduced from the information earlier, between the transport pores and the sorption
pores, that is, it is necessary to achieve a rapid transport of the sorbate to the internal surface
and, at the same time, obtain an internal surface sufficiently developed to ensure a high
sorbent capacity. In each case, the properties of activated carbon will depend on the raw
material, its previous treatment, and activation conditions [17].

Nowadays, a strong demand for activated carbons can be expected in two very important
fields in developed countries: atmospheric pollution and wastewater, they are also used for
other applications such as elimination of organic matter and toxic substances from industrial
gases and drinking water, elimination of chlorine from water, etc. This promising future of
activated carbons requires the development of alternative materials that may face the require-
ment of sorbent materials in the depollution area, especially as regards the search for new raw
materials and obtaining very selective activated carbons. Actually, activated carbons with
properties like molecular sieve are being prepared in recent years; the object of these materials
is the selective sorption of molecules of specific size, a process in which the activated carbons
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(>700�C) [15]. These agents are capable of extracting carbon atoms from the porous carbon
structure according to the following stoichiometry equations; these equations describe the endo-
thermic reactions. This method of activation is known as physical or thermal activation [14].

Cþ CO2 ! 2CO (1)

CþH2O ! COþH2 (2)

In this process, two differentiated stages can be considered: a first one, in which all the
disorganized materials are burned, and a second one, in which the pores that were initially
closed or blocked are opened. As a result of that, a new material with a high surface is
produced, due to the presence of large porosity [17].

4.1.7. Chemical activation

Chemical activation involves the carbonization of the precursor in the presence of an alkali,
hydroxides (KOH, NaOH), or inorganic acids (H3PO4, HNO3, H2SO4) [16].

The yield of activated carbon prepared by chemical activation method is usually higher than
those activated carbons prepared under physical activations. In order to compare physical and
chemical methods, it is possible to emphasize that, while in the physical activation method, the
development of pores is mainly promoted by the removal of carbon atoms by a gasification
process; in the chemical activation method, the activation agents promote dehydrogenation
reactions in the precursor that promote bonds’ formation between carbon atoms and also the
creation of pores on the surface.

Unlike physical activation, the preparation of activated carbons by chemical activations is
carried out in a single stage; the carbonization and activation process are carried out simulta-
neously. Chemical activation requires lower carbonization temperatures than physical activa-
tion. In addition, chemical activation leads to a better formation of the porous structure.

As a result of the carbonization and activation processes, activated carbons with porous
characteristics are obtained which are determined by various factors such as starting material
(precursor), size of the precursor particles, activating agent, activation temperature, heating
rate, temperature and carbonization time, etc. [12, 16].

4.2. Sorption on solid surfaces

The forces that hold a solid bonded to the surface of activated carbons produce a field force
around each ion, atom, or molecule. At the surface of the solid, these forces cannot suddenly
disappear, and due to these unsaturated and unbalanced forces, the solid has the tendency to
attract and retain on its surface molecules and ions of other substances with which it is in
contact. Thus, when the surface of the solid is in contact with a gas or a liquid, the concentra-
tion of the gas or liquid is always greater in the surface of the solid than in the interior of the
gas or liquid phase. The substance adhered to the surface is called sorbate, and the material in
which it is sorbed is called sorbent. Depending on the nature of the forces involved, the
sorption process is classified into two main types [18]:
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forces, identical to the molecular forces of cohesion that are involved in the condensation of
vapor on liquids.

4.2.2. Chemical sorption or chemisorption

This process involves electron exchange between the sorbate molecules and the surface of the
sorbent, resulting in a chemical reaction. The bond formed between the sorbate and the sorbent
is essentially a chemical bond and is stronger than in a physical sorption.

The nature of the forces involved in each of the sorption processes is significantly different. In
the physisorption process, no activation energy is required; therefore, the sorption rate is
higher even at low temperatures. While chemisorption requires activation energy, the sorption
rate is low and depends on the sorption temperature [18].

In the study of new sorbents, it is essential to establish the most appropriate sorption equilib-
rium correlation, which is indispensable for the reliable prediction of sorption parameters and
the quantitative comparison of the sorbent behavior for different sorbent systems, for varied
experimental conditions [19].

The most common way to study the behavior of activated carbon is through kinetic and
sorption equilibrium models. The first model is related to the study of the kinetics, while the
second type is related to the studies of isotherm processes [16].

As a result of activation and carbonization processes, activated carbons with porous character-
istics are obtained, which are determined by factors such as starting material, temperatures
and carbonization and activation times, heating rate, particle size of the starting material, and
so on [12].

In the preparation of an activated carbon, it is necessary to look for the appropriate ratio, as
can be deduced from the information earlier, between the transport pores and the sorption
pores, that is, it is necessary to achieve a rapid transport of the sorbate to the internal surface
and, at the same time, obtain an internal surface sufficiently developed to ensure a high
sorbent capacity. In each case, the properties of activated carbon will depend on the raw
material, its previous treatment, and activation conditions [17].

Nowadays, a strong demand for activated carbons can be expected in two very important
fields in developed countries: atmospheric pollution and wastewater, they are also used for
other applications such as elimination of organic matter and toxic substances from industrial
gases and drinking water, elimination of chlorine from water, etc. This promising future of
activated carbons requires the development of alternative materials that may face the require-
ment of sorbent materials in the depollution area, especially as regards the search for new raw
materials and obtaining very selective activated carbons. Actually, activated carbons with
properties like molecular sieve are being prepared in recent years; the object of these materials
is the selective sorption of molecules of specific size, a process in which the activated carbons
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are displacing the zeolites, used frequently for this purpose. Another important application,
which takes advantage of the properties of a molecular sieve of activated carbons, is the
retention of nitrogen oxides (NOx) from different sources and sulfur that coals and oils contain
and that when heated is transformed into toxic products, such as sulfur dioxide (SO2), hydro-
gen sulfide (SH2), carbon sulfide (S2C), and so on [17].

Recently, fruit husks as agroindustrial waste have been implemented in the production of
activated carbons; investigation of sorption about selective specific size molecules has been
done regarding these materials. The use of agroindustrial residues is a new alternative that
provides a proposal of integral valorization, taking advantage of the waste abundance and the
low cost of the material [17].

Table 4 shows the results of some reports from which activated carbons have been elaborated;
elaborating parameters as well as surface areas are shown. It is possible to see surface area
values from 200 to 1800 m2/g; these values are comparable to those reported in literature for
lignite of 1300 m2/g [23], as well as 1853 m2/g [24]. These values are also comparable to
commercial materials: PET activated carbons have 1170 m2/g [25], Darco KB-B of 1608 m2/g
[26], Fluka 05120 of 1110 m2/g [26], activated carbon MT40 of 528 m2/g [27], activated carbon
BWof 300 m2/g [27], and Fluka 03866 of 179 m2/g [26].

4.3. Activated carbons obtained from orange peels

Some studies have been done for the preparation of activated carbon from orange peel,
Table 5 shows some reports and it is possible to appreciate the different activating agents
used, temperature, and time of carbonization, as well as the surface area reported for those
materials.

Some studies for the elaboration of activated carbons from orange peel are described below;
these materials have been used for the removal of metals, dyes, among others. These reports
indicate sorption capacities from 7.9 to 982 mg/g.

Quijano and Mejía [31] elaborated activated carbons from the residue obtained after pectin
extraction from orange peels; they analyzed the effect of time and carbonization temperature
on the carbonization percentage, using a 22 factorial design. They determined that temperature
has significant influence on the carbonization yield; the optimum condition was obtained at
400�C and 0.5 h for a 34.8% yield and a sorption capacity of methylene blue of 149.4 mg/g.

Annadurai et al. [32] prepared low-cost sorbents from orange peels for the sorption of several
dyes in aqueous solution. The concentrations of dye and pHwere varied and after the study they
determined that sorption capacities decrease as follows: methyl orange > methylene blue >
rhodamine B > red congo > methyl violet > black amino 10B, from 20.5 to 7.9 mg/g.

Khaled et al. [33, 34], in different studies, evaluated different conditions to obtain activated
carbon; they used H2SO4 as an activating agent; a solution of this acid was in contact with the
material for 96 h at 105�C; after that, the sample was carbonized at 120�C and 180�C. Obtained
activated carbons were evaluated using direct blue dye-106 and direct yellow-12, for which
sorption capacities were 107.5 and 75.8 mg/g, respectively.
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are displacing the zeolites, used frequently for this purpose. Another important application,
which takes advantage of the properties of a molecular sieve of activated carbons, is the
retention of nitrogen oxides (NOx) from different sources and sulfur that coals and oils contain
and that when heated is transformed into toxic products, such as sulfur dioxide (SO2), hydro-
gen sulfide (SH2), carbon sulfide (S2C), and so on [17].

Recently, fruit husks as agroindustrial waste have been implemented in the production of
activated carbons; investigation of sorption about selective specific size molecules has been
done regarding these materials. The use of agroindustrial residues is a new alternative that
provides a proposal of integral valorization, taking advantage of the waste abundance and the
low cost of the material [17].

Table 4 shows the results of some reports from which activated carbons have been elaborated;
elaborating parameters as well as surface areas are shown. It is possible to see surface area
values from 200 to 1800 m2/g; these values are comparable to those reported in literature for
lignite of 1300 m2/g [23], as well as 1853 m2/g [24]. These values are also comparable to
commercial materials: PET activated carbons have 1170 m2/g [25], Darco KB-B of 1608 m2/g
[26], Fluka 05120 of 1110 m2/g [26], activated carbon MT40 of 528 m2/g [27], activated carbon
BWof 300 m2/g [27], and Fluka 03866 of 179 m2/g [26].

4.3. Activated carbons obtained from orange peels

Some studies have been done for the preparation of activated carbon from orange peel,
Table 5 shows some reports and it is possible to appreciate the different activating agents
used, temperature, and time of carbonization, as well as the surface area reported for those
materials.

Some studies for the elaboration of activated carbons from orange peel are described below;
these materials have been used for the removal of metals, dyes, among others. These reports
indicate sorption capacities from 7.9 to 982 mg/g.

Quijano and Mejía [31] elaborated activated carbons from the residue obtained after pectin
extraction from orange peels; they analyzed the effect of time and carbonization temperature
on the carbonization percentage, using a 22 factorial design. They determined that temperature
has significant influence on the carbonization yield; the optimum condition was obtained at
400�C and 0.5 h for a 34.8% yield and a sorption capacity of methylene blue of 149.4 mg/g.

Annadurai et al. [32] prepared low-cost sorbents from orange peels for the sorption of several
dyes in aqueous solution. The concentrations of dye and pHwere varied and after the study they
determined that sorption capacities decrease as follows: methyl orange > methylene blue >
rhodamine B > red congo > methyl violet > black amino 10B, from 20.5 to 7.9 mg/g.

Khaled et al. [33, 34], in different studies, evaluated different conditions to obtain activated
carbon; they used H2SO4 as an activating agent; a solution of this acid was in contact with the
material for 96 h at 105�C; after that, the sample was carbonized at 120�C and 180�C. Obtained
activated carbons were evaluated using direct blue dye-106 and direct yellow-12, for which
sorption capacities were 107.5 and 75.8 mg/g, respectively.
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Fernandez et al. [35] studied the effect of H3PO4 as an activating agent to prepare activated
carbon; the carbonization procedure was carried out at 475�C in 0.5 h. Authors report surface
areas of 1090 m2/g for the obtained materials. Methylene blue and rhodamine B were used
to characterize sorption capacities and the values obtained were 320 and 522 mg/g, respectively.

Li et al. [20], studied the effect ofKOHas an activating agent and the process of carbonization in an
inert atmosphere, at 800�C; the activated carbon obtained had a surface area greater than 1800m2/
g, and a sorption capacity of 680 m/g was obtained using methyl orange as a model pollutant.

Ashtaputrey and Ashtaputrey [36] prepared activated carbon from orange peels by chemical
activation using HCl; they also varied the carbonization temperature from 300 to 500�C for 1 h.
They analyzed the sorption capacity of iodine, and finally, they concluded that a carbonization
temperature of 300�C promotes a sorption capacity of up to 983 mg/g.

5. Preparation and characterization of orange peel-activated carbon

Our results of the preparation of activated carbon from orange peel let us characterize the
material. This material was prepared under the following conditions: activation agent, H3PO4,
carbonization temperature of 400�C, and carbonization time of 1 h. Methyl orange was used as

Activation
type

Agent Atmosphere Temperature
(�C)

Carbonization
time (h)

Time of mixing
material-agent

Surface
area (m2/g)

Reference

Physical CO2 Nitrogen 700 1 h — 248 [21]

Chemical H3PO4 Autogenerated 850 1 h — 1090 [28]

Chemical H3PO4 Nitrogen 450 2 h 2 h 1203 [29]

Chemical ZnCl Nitrogen 550 1 h 36 h 1477 [30]

Table 5. Preparation of activated carbon using orange peels.

Figure 2. SEM micrography of orange peel at 1000�.
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the model pollutant in order to analyze sorption capacity of 2342.91 mg/g. This result was
compared to dried orange peel that showed a sorption capacity of 149.26 mg/g.

Figures 2 and 3 show a comparison of the surface morphology of orange peel and activated
carbon obtained from orange peel. It can be seen that after the carbonization treatment the
surface was modified, given by the thermal process and by the activation agent. The carboni-
zation process promotes the formation of new surface sites.

On the other hand, Fourier Transform Infrared Spectroscopy (FTIR) was used to identify the
surface groups of activated carbon obtained from orange peel. Figure 4 shows the comparison
of orange peel and activated carbon. It is possible to appreciate that the intensity of some
signals decreases after carbonization process. Table 6 identifies functional groups associated
with the FTIR spectra of Figure 4.

Figure 3. SEM micrography of activated carbon obtained from orange peel at 1000�.

Figure 4. Comparison of the FTIR spectrum of orange peel and orange peel-activated carbon.
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Activated carbon prepared from orange peel has higher sorption capacity compared to the
precursor (dried orange peel), which means that the transformation of a residence is a great
advantage. The resulting material possesses the ability to be used for the treatment of water
contaminated with colorants as an alternative principal.

However, it is necessary to continue the study of this material for the removal of heavy metals,
organochloride compounds, and so on in order to provide greater alternatives for better care
for the environment.

6. Sustainable materials

The concept of sustainability arises in 1987, when the World Commission on Environment and
Development from the United Nations published a report titled “Our common future” [37],
that is focused on the idea of sustainability or sustainable development.

Sustainability is a process that aims to find a balance between the environment and the use of
natural resources. Humanity has degraded natural resources in such a way that currently it is
necessary to conscientiously procure and plan its consumption to guarantee the existence to
future generations.

That is why the use of innovative alternatives for the development of materials allows us to offer
better conditions for the care of the environment. Therefore, if a strategy is generated to collect,
characterize, and even take advantage of waste materials that currently contribute to the con-
tamination of the environment, in the future, people tend to think of integral use of consumption
products. It represents a change in how our society thinks about the use of natural resources and
environmental protection.

Wave number (1/cm) Functional group

3422.8 dOH

2925.62 CdH

1741.27 C]O

1626.83 C]C

1435.53 dCH2

dCH3

OdCH3

1379.24 CdO

1070 PdO

1020.77 CdOdH
CdOdR

596.19 CdH

Table 6. Functional groups of FTIR spectrum.
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This is the case of agroindustrial waste, since they have a physicochemical composition that
can be used for different purposes, both for the recovery of different raw materials and for
their transformation into sustainable materials useful to reduce water pollution.

7. Conclusion

Orange peels are good alternatives as raw materials for the production of activated carbons.
Activated carbons obtained from this precursor have high surface areas and high sorption
capacities, compared to commercial materials used for water treatment.

Orange peel-activated carbon is a sustainable alternative to replace activated carbons obtained
from lignite materials that come from non-renewable sources.
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