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ABSTRACT

Several treatment approaches such as ozonation, metal coagulation, (ferric chloride and alum), polymer
treatment (Polyethylene polyamine, PP, and Cyanoguanidine Polymer, CP) and their combinations for
decolarization of biologically treated textile wastewater (BTTWW) were applied. Wastewater samples
were taken from effluent stream of an activated sludge treatment system in a synthetic-cotton textile
factory. Absorbance, color, chemical oxygen demand (COD) measurements were done to determine opti-
mum conditions. At coagulation experiments, neither ferric chloridenoralum decreased the color param-
eter below the discharge standard. Ozonation was found to be efficient in removing color from BTTWW
as color degradation reached steady-state after 10 min. However color standard was met at higher ozone
dosages (20 min). Polymer coagulation (200 mg/L) was found to be practical in removing color from
BTTWW. Ozonation prior to polymer coagulation (pre-ozonation) not only improved the color removal
efficiency but also decreased the required polymer dosage by 75%. Operational costs of ozonation, PP
and pre-ozonation-subsequently PP were found to be 0.37 €/m? 0.50 €/m?® and 0.26 €/m?, respectively.
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1. Introduction

The world’s population continues to increase dramat-
ically and it is expected to reach 8.2 billion in 2050 [1]. An
immense pressure is projected on urban and industrial
water demands with a corresponding increase in waste-
water volume. In fact, several countries have already
attained limits of their water supplies [2,3]. Water scarcity
has already affected main provision of drinking water
along with other sectors such as agriculture, industry,
and energy. The equilibrium between water demand and
water availability is under pressure in many countries.
Development of new cost-effective wastewater treatment
and reuse technologies is vital to cope with increasing
water demands and to ensure water supply for sustain-
able industrial activities. Thus numerous new reuse sys-
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tems have been tested at pilot scale to attain zero waste
approach in water intensive industries.

The textile industry is not only water intensive but also
uses a great amount of hazardous chemicals such as dyes,
detergents, solvents, surfactants, biocides, chlorine, etc.
[4-7]. Types of dyes and additives used in a given produc-
tion line may change on a daily basis. Thus, chemically or
biologically treated textile wastewater is a changing mixture
of dyes and additives used in wet processes. In the cotton
and synthetic textile sectors, 50-75% of total dye consump-
tion comes from reactive dyes. As a consequence, textile
wastewater contains high levels of toxic organic pollutants,
which translates into high chemical oxygen demand (COD)
values and low biodegradability [8,9]. The complex char-
acter of textile industry wastewater needs to be handled
carefully for both effluent toxicity and aesthetic problems.
Many textile industries have facilitated biological treatment
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to remove organic matter from their wastewater. Effluents
of these treatment plants still contain residual azo dyes
which give color to effluent discharges, have mutagenic/
carcinogenic effects on organisms and are toxic to aquatic
life. Colored textile wastewater may be toxic even after con-
ventional chemical or biological treatment. Also commercial
membrane reuse systems are still not in practice at textile
sector due to the fouling effects of non-biodegradable dyes.
Thus development of treatment methods that can remove
the remaining refractory dyes in BITWW are required.

Advanced oxidation processes (AOPs) are powerful
in degradation of non-biodegradable or toxic pollutants.
Ozonation, UV/H,O,, TiO,/UV, Fenton’s reagent, pho-
to-Fenton, nano particles, photo electro catalytic and elec-
tro-chemical oxidation are able to remove toxicity and
color from textile wastewaters [6,7,10-16]. In order to reuse
BTTWW, ozonation, coagulation with ferric chloride, alum,
anionic polymers and their dual implementations are the
commonly favored methods prior to membrane filtration
[13,17,18]. However, while ozonation is efficient for solu-
ble dyes, coagulation is feasible for disperse dyes. Success
of both ozonation and coagulation process depends on the
types of dyes and salts, concentration of radical scavengers
and thus nature of textile fabric.

Coagulation/flocculation of water-soluble dyes is chal-
lenging as high solubility adds to the complexity of coag-
ulation process [19]. Despite drawbacks such as sludge
production and high residual inorganic concentrations,
inorganic Al-based coagulants and ferric salts are com-
monly used for both water and wastewater treatment [20].
In addition, they are sufficient for decolorization of sec-
ondary treated textile wastewaters [21]. Since coagulation/
flocculation is cost effective and efficient in color removal
for a wide range of dyes, it becomes promising for treating
textile wastewater [22]. Sludge production can also be min-
imized by optimizing process parameters and selecting the
suitable coagulant. In recent years, national/international
legislations about color parameter forced textile industry to
apply decolorization processes before discharge. As metal
coagulation was ineffective in meeting the national color
standard, textile industry has started to use synthetic coag-
ulants following biological treatment of wastewater. How-
ever, there is limited literature on single use of polymeric
chemicals as coagulants. Therefore, evaluation of optimum
conditions for single use of polymeric coagulants for dif-
ferent types of dyes in real textile wastewater is necessary.

Ozonation is known as a process without sludge pro-
duction. However, ozonation is suitable for decolorization
rather than mineralization. Ozonation is expensive due
to its high energy consumption so generally it serves as
a pre-treatment step when coupled with other processes
[23]. Pre-ozonation enhances coagulation performance by
destabilizing dye molecules to generate larger flocs due to
stronger bridging adsorption ability. While ozone enhanced
coagulation by metal salts is very well studied in the lit-
erature [19,20,24], there is a limited number of studies on
single and combined PP and CP polymer applications
with or without pre-ozonation. Synthetic polymers enlarge
metal flocs by sweeping floc generation and bridging
adsorption mechanisms. Polyethylene polyamine (PP) and
Cyanoguanidine Polymer (CP) are cost-effective coagulants
for synthetic polymer coagulation of secondary treated tex-

tile wastewater [25]. In this study, we investigated color
removal efficiencies and operational costs for ozonation,
metal and polymeric coagulation, and their combinations
in real biologically treated textile wastewater.

2. Material and methods
2.1. Biologically treated textile wastewater (BTTWW)

BTTWW samples were obtained from the textile plant
located in Torbali area of Izmir, Turkey. Highly colored
effluent of biological treatment plant of a synthetic-cotton
textile factory was used in the experiments. In the factory,
reactive dyeing, washing, rinsing, and finishing wastewa-
ters are the main sources of wastewater. Samples stored at
4°C to keep chemical composition intact.

2.2. Analytical methods

COD, total organic carbon (TOC), alkalinity, total sus-
pended solids (TSS) and volatile suspended solids (VSS)
were analyzed to determine sample characteristics as
described in Stand art Methods [26]. Hach DR5000 UV-Vis
spectrophotometer was used for color and absorbance
measurements. Color values were compared according
to national regulation value (280 Pt/Co) given in Turkish
National Regulation of Water Pollution Control [27]. pH
and conductivity measurements were done with HACH
HQ40D portable multi-meter. TOC measurements were car-
ried out with Shimadzu TOC-CPN TOC analyzer.

2.3. Ozonation and operational cost

The ozone was generated with a Sander Model 300.5 ozone
generator. Pure oxygen with a flow rate of 500 NL/h was fed
to the generator. System worked at 250 mA current. Generated
ozone had a flow rate of 4.5 g ozone/h and a concentration
of 14 g ozone/m®. Generated ozone was fed to a glass reac-
tor of 1 L via a ceramic diffuser for homogeneous distribution.
Ozonation performance was monitored for various operation
periods up to 20 min. Consumed ozone was determined to cal-
culate operational ozone cost as previously reported [13,28].

2.4. Coagulation and operational cost

In this study, aluminum sulfate (AL(SO,),-18H,0) and
ferric chloride (FeCl,) were selected as primary metal coag-
ulants. Polyethylene polyamine (PP) and cyanoguanidine
polymer (CP) were obtained from resellers. Optimum dos-
age experiments of both metal and polymer coagulants
were carried out with a Wise Stir multiple stirrer jar-test
device. Dosages tested for metal and polymer coagulants
were 50, 100, 200, 300, and 500 mg/L. After the addition of
coagulants to 500 mL of wastewater samples, device was
set to rapid mixing at 120 rpm for 5 min and then velocity
of the paddles was brought down to 30 rpm for flocculation
of 25 min. Supernatant samples were collected after 30 min
of settling. Then we carried out color and COD measure-
ments to calculate removal efficiencies. Optimum dosages
of alum, ferric chloride, PP and CP were calculated to deter-
mine operational costs of coagulants.
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3. Results

3.1. Characterization of highly colored synthetic-cotton textile
wastewater

Due to reactive dye residuals and remaining COD
concentration in the highly colored BITWW, some of the
decolorization or membrane treatment methods may not be
feasible for reuse. Thus, degradation of color and COD in
BTTWW is vital before sending wastewater to membrane
processes [29]. Effluent characterization of full scale biolog-
ical treatment plant is given in Table 1. COD concentration
was reduced to 120 mg/L and color was measured as 3500
Pt/Co in the effluent of biological treatment plant. It is not
possible to discharge BTTWW directly without tertiary
treatment.

3.2. Treatment of BTTWW by metal coagulants

Fig. 1 shows optimum alum (300 mg/L) and FeCl,
(500 mg/L) coagulation dosages for color removal. Metal
coagulation experiments were carried out at various coag-
ulant dosages in the range of 50 mg/L to 500 mg/L. Color

Table 1
Characterization of biologically treated textile wastewater
Parameter Result
pH 7.85 + 0.4
Conductivity, mS/cm 13.36 £ 2.0
Color, Pt/Co 3500 + 260
COD, mg/L 120 = 16
TOC, mg/L 35+23
Alkalinity, mg/L 120 £9.0
TSS, mg/L 85+12
Hardness, mg CaCO,/L 950 + 48
(@ 2.0 50 mg'L
L 100 mg/L
1.6 — — —200mgL
- 14 - RIS 300 mg'L
B' L N U 200 lllg-"]-_-
LF)
2
= 1.0 -
<
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=
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0.0 T T \
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Wavelength, nm

(b) 2.0 -

removal efficiency by alum was only 58%, which was not
enough to meet the discharge standards (Fig. 2). The high-
est COD removal efficiency of 58% was achieved with
300 mg/L alum dosage (Table 2).

In the literature, it is reported that although iron chlo-
ride can remove 79-82% of reactive dyes, color removal
efficiency remains at 58-64% [30]. This study shows sim-
ilar results based on color removal with iron chloride.
Coagulation studies with FeCl, did not meet the national
standard for color parameter. Color values after FeCl, coag-
ulation were over 280 Pt/Co even when the highest dosage
was applied (Fig. 2). The highest COD removal, 67%, was
achieved with the highest FeCl, dosage as shown in Table 2.
However, FeCl, dosage over 200 mg/L was not cost effec-
tive due to sludge production.

3.3. Coagulation with commercial polymer coagulants

Various CP and PP dosages (50-500 mg/L) were
applied in jar-test experiments to find out optimum dosage
for decolorization of BITWW (Figs. 3 and 4). Coagulation
with PP have produced slightly better results than with CP.
PP and CP coagulation results differed when COD removal
efficiencies were considered. 47% and 18% COD remov-
als were achieved at CP and PP experiments, respectively
(Table 2).

3.4. Ozone application for the decolorization of BTTWW

Ozone has been applied successfully for removal of
color from textile wastewater streams as well as in other
industrial wastewater processes. There are numerous stud-
ies on combined applications of ozone and other treatment
alternatives, such as coagulation and other advanced oxi-
dation processes [28,31,32]. Fig. 5 shows the effect of ozona-
tion on color degradation for different ozonation periods.
Initial color level of 3500 Pt/Co decreased sharply during
the first 5 min into ozonation and then a second decrease

50mgL

L8 Bih mmeeeee 100 mgL

1.6 - — — —200mgL
< 14 R 300 mg/L
(=] i
5' 12 _‘,1 ............. 500 lll_g-"L-
210
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0.4 -
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0.0 . . .
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Wavelength, nm

Fig. 1. Absorbance values after coagulation of BTTW after each single treatment. a) Alum b) Ferric Chloride.
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Table 2
Effect of coagulation and ozonation on COD removal
efficiencies (%) from BTTWW

Coagulant Alum FeCl, CP PP Ozonation (%)

dose %) %) (%) (%) 5 10 ”
(mg/L) min  min min
0 - - - - 27 26 33
50 31 24 2 -
100 50 47 35 18
200 53 62 47 18
300 58 64 32 -
500 47 73 8 -
() 4000 l
3500 7 === IMational Regulation Criteria
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Fig. 2. Effect of coagulation on color removal from BTTW after
each single treatment. a) Alum b) Ferric Chloride.
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Fig. 3. Absorbance values after coagulation of BITW after each
single treatment. a) CP b) PP.

was observed from 10 min to 20 min. (Fig. 5). However,
color level was still higher than the discharge standard (280
Pt/Co) until 15" min. COD removal rates fluctuated around
26-33% during ozonation (Table 2). Since ozonation was
done as a pretreatment, complete removal of color was not
required. Therefore 5 min and 10 min ozonation times were
selected to be tested at coagulation studies.

3.5. The Effect of Pre-Ozone application on coagulation

Membrane processes consisting of UF, NF, RO and their
soluble combinations have been applied to treat the textile
wastewater. However, disadvantages such as brine gen-
eration, organic and biological foulings and thus low flux
efficiency on membrane hampers the direct use of mem-
brane-based wastewater treatment systems. Pre-ozonation
is known as one of the membrane pre-treatment processes.
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Fig. 4. Effect of polymer coagulation on color removal from BTTW after each single treatment. a) CP b) PP.
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Fig. 5. Effect of ozonation on color removal.

Ozone destructs soluble dye molecules resulting in decol-
orization of textile wastewaters. Efficiencies of sole-ozona-
tion, pre-ozonation, and post-ozonation depend on the type
of wastewater and its physico-chemical properties. In this
study, the effect of pre-ozonation on the metal and polymer
coagulations was investigated comparatively.

3.5.1. Effect of pre-ozonation on the metal and polymer
coagulation

Metal coagulation alone was not effective for color
removal from BITTWW. Furthermore, CP and PP polymer
coagulations resulted in high sludge production and low
COD removal. Results showed that polymer coagulation
might be a feasible method for decolorization but it might

not be a feasible one for COD removal. Therefore, CP and
PP coagulations could not be viable pre-treatment options
for membrane reuse system due to high COD concentra-
tion that might cause fouling on membrane surface. Lee
and colleagues [33] reported that application of pre-ozona-
tion enlarged small particles in the wastewater as a result of
increased performance for both UF and RO membrane by
pre-ozonation. Ozone might also destruct dye molecules and
form smaller soluble molecules which increased COD values
during decolorization of textile wastewaters [13]. Besides,
ozone may cause a decrease in particle stability and thus, it
may increase the efficiency of coagulation process [34]. The
effect of pre-ozonation on the performance of coagulation
process depends on not only type of coagulant but the nature
of textile wastewater as well. Therefore, in order to evaluate
dual treatment process for synthetic-cotton textile industry, 5
and 10 min of pre-ozonation periods were applied to enhance
metal and polymer coagulation efficiencies (Figs. 6-11).

Metal and polymer coagulation experiments were con-
ducted under the same conditions that were done for single
coagulation. Results of color removal were given in Figs.
6-11. As can be followed from Fig. 6 and Table 3, pre-ozona-
tion did not enhance color and COD removal in alum and
ferric chloride coagulation processes and as a result color
level did not meet color standard. The inhibitory effect of
pre-ozonation was observed on the COD removal. After
pre-ozonation COD removal decreased slightly (around
8%) in both metal coagulation treatments. Results reflected
that ozone had no positive effect on metal coagulation to
remove COD from highly colored BTTWW. Addition-
ally, pre-ozonation might have inhibitory effect on COD
removal thus pre-ozonation following coagulation might-
not bea pre-treatment method of membrane wastewater
reuse systems.

The color degradation was at steady state in ozonation
process. Application of 5 and 10 min pre-ozonation decreased
optimum polymer dosages for both coagulants from approx-
imately 200 mg/L to 165 and 50 mg/L, respectively (Table 4).
The CP dosage of 50 mg/L was found to be sufficient to meet
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Fig. 6. Effect of pre-ozonation on color removal by coagulation from BTTW after each single treatment. a) Alum b) Ferric Chloride.
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Fig. 8. Absorbance values of BITWW after each individual and combined treatment (Ozonation — FeCl,).
(a). Ozonation time (OT.) -5 min. followed by coagulation (b). OT. 10 min. followed by coagulation.
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Table 3

COD removal efficiencies (%) from BTTWW after 5 and 10
min pre-ozonation time with various metallic and polymeric
coagulant

Coagulant  Alum (%) FeCl, (%) CP (%) PP (%)
Dose 5 1 5 10 5 10 5 10
(mg/L) min min min min min min min min
50 31 44 43 26 13 25 3 -
100 58 50 55 3 38 35 24 14
200 52 61 61 - 28 28 16 3
300 53 58 60 - 30 23 11 -
500 49 41 60 - - - - -
Table 4

Optimum dosages and operational costs of applied treatments

Method Optimum Unit

dosage operational

(mg/L) cost (€/m?®)
Ozonation (20 min*) 384 0.37
PP 190 0.50
PP with Pre-Ozonation T:5min 165 0.36
PP with Pre-Ozonation T:10 min 50 0.27
Ccp 180 0.45
CP with Pre-Ozonation T:5min 165 0.34
CP with Pre-Ozonation T:10 min 50 0.26

*Ozonation time to provide color standards.

desired color limit. However, polymer coagulation follow-
ing pre-ozonation showed detrimental effects on removal of
COD. COD removal efficiencies decreased around 40% and
80% for pre-ozonated CP and PP coagulation, respectively
(Tables 2, 3). Results showed that dual system of ozona-
tion and polymer coagulation might be practical for decol-
orization of BITWW. However, it could not be advised as
a pre-treatment method for wastewater reuse systems with
membranes due to fouling problem.

3.6. Cost of treatment

In this study, chemical consumption and ozone produc-
tion costs were taken into account for cost analysis of applied
treatment methods. Operating costs were calculated accord-
ing to the optimum coagulant and ozone dosages that met
the color standard. Cost of electricity consumption for ozo-
nation was calculated according to the electricity distribu-
tion fees in Turkey. The cost analysis of applied single and
dual treatment methods are summarized in Table 4. Unit
operational cost for ozonation process was 0.37 €/m?®. In the
literature cost predictions of a wide range, 0.20-1.38 €/m?,
were reported for polishing of BTTWW [32,35]. The range
reflects that cost of ozonation may change depending on
nature and color level of wastewater. Operating costs of
coagulation process without ozonation were calculated as
0.5 €/m?® and 0.45€/m® for PP and CP, respectively. Due

to pre-ozonation, color removal efficiency was enhanced
by 46% and operational treatment costs of polymer coag-
ulations were reduced by 42% (Table 4). Operational costs
were not calculated for metal coagulation since the effect of
pre-ozonation was in significant.

4. Conclusions

Dyes, especially acidic and reactive dyes, cannot be
removed with conventional treatment methods due to their
microbial, chemical and photolytic degradation resistant
structures [36,37]. Pre-treatment of the flow before mem-
brane treatment shall be done to prevent membrane fouling
[38,39]. Methods such as oxidation, pre-filtering, adsorp-
tion, and coagulation/flocculation have been studied as
preliminary treatment methods for membrane filtration in
the literature.

Coagulation was preferred in textile industry due to
its low capital cost in treatment of produced wastewaters.
However, sludge formation and low color removal are the
two main issues regarding coagulation. Sludge treatment is
an expensive process and sludge disposal poses a problem
with increasing costs in landfill sites. Deficiency in color
removal results in failing to meet the regulatory standards.
Therefore, these disadvantages drive operators to couple
coagulation with other treatment processes.

Coagulation helps the separation process of dyes in
membrane treatment, prolonging service time of mem-
brane. However, in efficient coagulation may accelerate
membrane fouling. For this reason, pre-treatment methods
shall be well evaluated and optimized before membrane
treatment as cleaning of dye-fouled membranes is very
difficult [40].

We evaluated treatment efficiencies of ozonation and
metal/polymer coagulation along with their combinations
at activated sludge effluents. The findings were discussed
as follows;

e Degradation of color during ozonation was initially fast
however decolored BITWW did not meet color stan-
dard. Color standard was achieved by ozone doses over
15 min. As expected, COD removal efficiency fluctuat-
ed around 25-35% during ozonation [41].

¢ Pre-ozonation of BTTWW impeded COD removal effi-
ciencies of both metal and polymer coagulations. COD
removal rates decreased approximately 8% for metals,
40% for CP and 83% for PP after 10 min of ozonation.

e Ferric chloride and alum did not decrease color param-
eter below the standard at any experiment even with
high dosages. In contrast to the previous studies [42],
Ferric chloride was found to be better than alum as
62% and 53% COD removals were achieved, respec-
tively. Similar color and COD removal efficiencies were
also reported in the literature[18,43,44]. As reported by
Arafat [21], metal salts failed to meet discharge stan-
dard for cotton-synthetic textile industry. Coagulation
results achieved by PP and CP coagulants showed that
polymer coagulation was feasible for decolorization of
BTTWW. But it was not efficient in reducing COD con-
centrations. Cost analysis showed that it might not be a
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cost effective way to remove color when compared to
the ozone-polymer coagulation dual treatment applica-
tions. On the other hand, residual toxicity of synthetic
polymer was an issue due to its unreacted monomers,
chemicals and their by-products. There is limited
reported work on the fate and transport phenomena of
polymers in the real wastewater treatment systems.

e 5 min of pre-ozonation helped to decrease optimum
polymeric coagulant dosages and thus the cost of decol-
orization of BITWW by polymer coagulants. Cost was
reduced from 0.50 to 0.36 €/m? for PP and from 0.45 to
0.34 €/m? for CP. Also, 10 min of pre-ozonation reduced
polymeric coagulant dosage (from almost 200 mg/L to
50 mg/L) and cost (PP: from 0.50 to 0.27 €/m?® and CP:
from 0.45 to 0.26 €/m?).

After coagulation net charge of flocs is normally zero.
Depending on the treatment conditions, effluent of poly-
meric coagulation may be slightly negative or positive.
Generally, color removal decreases with increase of dye sol-
ubility and dye concentration. 70% of total dye consumption
in the cotton textile industry is reactive and reactive dyes
are in the anionic form. Furthermore, high water solubility
makes removing dyes from the water body more compli-
cated. Also, membranes fouled with reactive dyes are very
difficult to clean because interactions between reactive dye
and membrane are strong [40]. Below the isoelectric point
polyamide membranes have positive charge and can react
with anionic dyes [45]. Besides, industrial reactive dyestuffs
are not pure compounds but they contain many different
additives and impurities. Dye structure and reactivity
cause the optimum dosage of coagulant to differ. Therefore,
it is important to use real biologically treated wastewater
instead of synthetic ones for realistic optimization of treat-
ment process. The result reflects the fact that single poly-
meric coagulation is not only an efficient method to meet
color standards but also it may be used as pre-treatment
prior to membrane processes. Thus, future studies will be
conducted on the effect of polymer coagulation on the fol-
lowing membrane processes.
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