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Abstract: The aim of this study was to evaluate the performance of a reverse osmosis (RO) membrane
in surfactant removal using various surfactant model aqueous solutions. The separation tests were
performed with laboratory scale units in a dead-end configuration. Cellulose Acetate (CA) and
Polyamide (PA) RO membranes were used with nonionic, anionic, or cationic surfactants at a wide
range of concentrations. Membrane performance was evaluated using permeate flux and total organic
carbon (TOC) rejection. The effects of surfactant type and concentration on RO membranes were
assessed. Permeate flux of the PA membrane depended on the surfactant type and concentration.
The separation of cationic surfactant aqueous solutions yielded the lowest permeate flux, followed
by nonionic and anionic surfactant aqueous solutions, respectively. Surfactant adsorption on the
membrane surface occurred at very low concentration of cationic and nonionic surfactants due to
electrostatic and hydrophobic interactions, respectively, which affected permeate flux, and micelles
did not affect the permeate flux of PA membrane. However, for CA membrane the permeate flux was
not affected by the feed solution. Both membranes exhibited satisfactory TOC rejection (92-99%). This
study highlights the importance of assessing interactions between membrane material and surfactant
molecules to mitigate membrane fouling and guarantee a better performance of the RO membrane.
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1. Introduction

Surfactants (surface active agents) are amphiphilic molecules containing two opposing
parts: one part is hydrophilic (head) and the other is hydrophobic (tail). Based on the
charge of the polar head, surfactants can be classified as anionic, cationic, nonionic or
zwitterionic when the charge is negative, positive, non-charged or negative and negative,
respectively [1]. When dissolved in water, surfactants exist as monomers or micelle, when
their concentration is below or above the critical micelle concentration (CMC), respec-
tively [2]. In addition to their ability to reduce surface and interfacial tension, surfactants
may have emulsifying, wetting or foaming properties. They are widely applied from
primary production processes, such as recovery of raw materials and their purification in
mining, oil and gas industries, to the formulation of many products such as pharmaceuti-
cals, cosmetics, foods and paints [3]. Surfactant use has been growing since the 1990s from
1.8 million ton in 1987, 9.3 million ton in 1995 [4] to 24.2 million tons in 2022 [5]. Among
the different types, anionic surfactants account for more than 60% of the overall use, whilst
nonionic and cationic surfactants represent 30% and 10%, respectively [6]. Due to their
wide usage range, surfactants are encountered in sewage and industrial wastewater at
different concentrations. Table 1 summarizes some examples of surfactant contaminated
wastewater of different effluents.
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Table 1. Surfactant concentration in wastewater.

Surfactant Concentration Matrix Reference
(mg/L)

3370 Industrial wastewater [7]
Nonionic 0.93-5.68 Textile effluent [8]
0.265-2.72 Sewage [9]
1552-1650 Detergent production [10]
Anionic 14,800 Industrial wastewater [7]
1.8 Municipal wastewater [11]
362 Textile effluent [12]
Cationic 2890-3390 Surfactant plant effluent [13]
780 Industrial wastewater [7]

With the growing of the surfactant market and the wide range of surfactants en-
countered in wastewater, concerns of the impact of surfactants on the environment and
treatment plants have been increasing [14,15]. Surfactants are considered as emerging
contaminants [5]. Numerous research reported the negative impact of surfactants on en-
vironment and humans [16]. It was reported that surfactant can increase the solubility of
organic hydrocarbon compounds in water, and their sorption into soils and sediments,
which could be harmful to crops [16]. It has been reported that exposure to benzalkonium
chlorides can foster resistance of microbes to antibiotic [17]. Due to their properties and
structure, surfactants could solubilize harmful substances, such as heavy metals [13].

Concerns about the environmental impact of surfactants led to more restrict regulations
regarding their biodegradability and maximum allowable concentration for different water
matrices [18-20]. Conventional methods for the removal of surfactants from wastewater are
biological [21,22], chemical by coagulation-flocculation or adsorption [4,23], or combined
chemical and biological treatments using advanced oxidation processes as pre-treatment
methods [24]. Due to the wide range of surfactants discharged in wastewater and their
physico-chemical properties, it is difficult to develop an efficient single treatment method.

Membrane technology is gaining the interest of researchers as contenders for surfactant
removal. Many studies reported promising results regarding surfactant removal. It has been
reported that ultrafiltration (UF) and microfiltration (MF) are effective for the removal of
surfactant micelles. However, nanofiltration (NF) and reverse osmosis (RO) are suggested
for the recovery of surfactant monomers [25,26].

The separation of model cationic surfactant solution (TEAQ) using UF and MF mem-
branes was studied by Kliomada and Kowalska [13]. Both processes yielded relatively high
rejection values (94-97%) for 1000 mg/L feed concentration. However, it was reported that
the permeate flux decreased by 60% compared to the pure water flux.

Separation of anionic surfactant sodium lauryl-ether-sulfate using NF membranes
with different selective layers was reported [27]. In their study, permeate flux of strong
hydrophilic negatively charged NF membrane depended on physical-chemical properties
of the anionic surfactant and the electrostatic interactions between the membrane and
the surfactant.

Treatment of laundry wastewater effluent with thin-film composite (TFC) polyamide
RO membrane (PA) was investigated, in which 99.8% anionic surfactant rejection and 72%
flux decline were reported for feed concentration of 83 mg/L [28]. In our previous study,
separation by means of PA and CA reverse osmosis membranes of oil-in-water (O/W)
emulsions stabilized by nonionic, anionic, or cationic surfactants was investigated. At
high surfactant concentration (2000-10,000 mg/L), permeate flux of the PA membrane
depended on the surfactant type. Whilst for the CA membrane, surfactant types and oil
concentration in the O/W emulsions did not affect permeate flux. There have been fewer
studies at low surfactant concentrations, therefore, further investigation of interactions
between surfactants and RO membrane surface is needed.
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Because PA membrane is most common commercial RO membranes, and CA mem-
brane is still used widely, and compared as control [29], both PA and CA membranes are
also used in the present study.

The effect of different types of surfactants at a wide range of concentration (below and
above CMC) on the performance of RO membranes with different membrane materials
was investigated. The aim of this work was to characterize the separation of three types
(nonionic, anionic, or cationic) of surfactant in water solutions at different concentrations
using PA and CA RO membranes.

2. Materials and Methods
2.1. Feed Solution:

Polyoxymethylene (20) sorbitan monolaurate (Tw 20, Fujifilm Wako Pure Chem. Ind.,
Osaka, Japan), cetrimonium bromide (CTAB, Fujifilm Wako Pure Chem. Ind., Osaka,
Japan) and sodium oleate (SO, Fujifilm Wako Pure Chem. Ind., Osaka, Japan) were used as
nonionic, cationic, and anionic model surfactants, respectively. The surfactant aqueous solu-
tions were prepared by dissolving different surfactant in pure water (18 M() cm) produced
by an Ultrapure water system (Sartorius, Arium® pro comfort I, Goettingen, Germany).
Surfactant concentration of the feed solution ranged from 10 mg/L to 10,000 mg/L. This
wide range allowed us to study the separation below and above CMC of each surfactant.
All experiments were conducted at 25 °C. The zeta potential of the surfactant aqueous
solution was measured using a zeta potential analyzer (Zetasizer, Nano ZS, Malvern Instru-
ments Ltd., Worcestershire, UK). Conductivity and pH of feed solution were monitored.
Table 2 summarizes the characteristics of different surfactants used in this study.

Table 2. Characteristics of surfactants used in this study.

. CMC

Surfactant Molecular Weight (g/mol) (mg/L)
Nonionic Tw 20 1226 60 [30]
Anionic SO 304 912 [31]
Cationic CTAB 365 346 [32]

2.2. Separation Using RO Membrane:

Two types of flat sheet RO membranes manufactured by Toray Industries, Inc., Japan,
were used in this study. Polyamide (PA) and Cellulose Acetate (CA) RO membranes
were selected in this study as they are the most commonly used in water purification
and industrial processes today. The same types of RO membranes were used in our
previous work for the separation of oil-in-water emulsions stabilized by different types of
surfactant [33].

- “UTC-73” as PA thin film composite (TFC) membrane.

The PA membrane is composed of a cross-linked aromatic polyamide layer
(Thickness = 200 um), a polysulfone support layer (Thickness = 45 pm) and a polyester non-
woven fabric (Thickness = 100 um). This type of membrane is widely used for desalination
of high salinity brackish water, because of its capability to achieve higher water flux and salt
rejection [6]. At 25 °C, NaCl concentration of 1500 mg/L and applied pressure of 1.5 MPa,
PA membrane performance reported by the manufacturer are: NaCl rejection = 99.8%;
permeate flux =46.3 L m 2 h~!

- “SC-3000” as CA membrane.

The asymmetric CA membrane, composed of a dense barrier layer, a support layer,
and a non-woven fabric. At 25 °C, NaCl concentration of 1500 mg/L and applied pressure
of 3 MPa NaCl rejection = 98.0%; permeate flux = 29.6 L m~2 h~!. Loeb-Sourirajan invented
the CA membrane 60 years ago. This membrane was widely used until 1980. Despite its
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relatively low permeate flux, CA membrane is still used today because of its high chlorine
resistance and good mechanical stability [34].

Following the recommendation of the manufacturer, the RO membranes were kept at
5 °C and washed with Ultrapure water before every experiment to remove any preservative
agents. Surface morphology (SEM) of fresh PA and CA membranes was characterized
using SEM imaging (TM-1000 Miniscope, Hitachi High Technologies, Tokyo, Japan), at
an accelerating voltage of 15 kV. Samples of the fresh flat sheet RO membranes were
manually cross-sectioned using clean scissors and the edges of the cut section were attached
perpendicularly to metal stubs using double-sided adhesive tape.

Separation tests were performed using a flat sheet membrane test cell (Nitto Denko
Co., Kusatsu, Japan) operated in dead-end configuration at room temperature (~25 °C). The
effective membrane surface was 33.3 cm?. Experiments were conducted under operating
pressure of 1.5 MPa delivered by a nitrogen gas cylinder. Membrane test cell was placed
on a magnetic stirring of 500 rpm. The membrane test cell was filled with 300 g of feed
(surfactant aqueous solution). The permeate flux was recorded continuously using an
electronic balance (model UX620H, Shimadzu, Japan) connected to a personal computer.
For each feed solution a new piece of RO membrane was used. The pure water flux was
measured before (Jp) and after (J;) each separation test. Experiments were performed up to
a recovery ratio of 10% (Collected permeate represent 10% of the initial feed solution). After
each test, sample of feed, retentate and permeate was collected for Total Organic Carbon
(TOC) analysis using the Total Organic Carbon Analyzer (SHIMADZU TOC- LCPH/CPN,
Japan). Due to the wide range of surfactant concentration, separation experiments were
performed once. Figure 1 shows the separation setup of this study.

N, gas

5
1.5 MPa Feed solution
— po 300g surfactant
aqueous solution
CE—— é RO membrane
area=33.32cm?2
diameter=6.51 ci
Permeate | T v —r
f P ‘Magnetic stirrer;
\:-'\’-": '__-___._._._._._v...
: : : 500 rpm :
I J. | IR RRRI———
n Balance
rc__

Figure 1. Schematic representation of the RO separation setup.

The performance of both RO membranes used in this study during the separation
of different surfactant aqueous solutions was evaluated using their permeate flux and
TOC rejection.

The permeate flux (J) (L m~—2h~1) was calculated using Equation (1), as follows [35]:

J=mflp-t-A) 1)

where m (kg) is the permeate mass, p (kg/L) is the density of the feed, ¢ (h) is the test time,
and A (m?) is the effective membrane surface area.
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The relative flux (RF) of membrane was determined using Equation (2), as follows [13]:
RF = (J/]o) x 100 2)

where Jo (L m~2 h™!) is the pure water flux of fresh membrane before operation. After
surfactant aqueous solution experiments, the membrane was washed gently with MQ-
water and the pure water flux (Ja) (L m~2 h™1) was measured again. The relative pure
water flux (RPWF) of the membrane was calculated using Equation (3), as follows:

RPWF = (J./Jo) x 100 @)

Membrane rejection was assessed using total organic carbon (TOC) rejection, calculated
using Equation (4), as follows [7]:

R=(1-1In(1-YCy/Cp/In (1~ Y)) x 100 )

where R is TOC rejection (%); C, and Cr (mg/L) are permeate and feed concentrations,
respectively and Y is permeate recovery (Y = permeate volume (V)/feed volume (Vy).

3. Results and Discussion
3.1. Surfactant Aqueous Solution Separation

The zeta potentials of surfactants aqueous solutions are shown in Table 3. The zeta
potential depended on the charge of the hydrophilic groups of different surfactants. The
negative zeta potential for Tw 20 is due to the association of hydroxide ions with the
hydrophilic head of the surfactant [36]. Zeta potential slightly changed with the surfactant
concentration. The zeta potential of the SO + CTAB mixture was —16.7 = 1.8 mV. The
mixture of anionic and cationic surfactants results the formation of aggregates. The negative
zeta potential of this mixture indicated that the formed aggregates are negatively charged.

Table 3. Zeta potential of different feed solutions.

Zeta Potential (mV) at Surfactant Concentrations of:

Feed 50 mg/L 100 mg/L 1000 mg/L

Tw 20 _23+15 _133+23 114+3

SO _627+15 _596+15 791 +43
CTAB 1465 +23 385 + 9.8 79.1 + 14.4
SO + Tw 20 58,6+ 2.0 - -

SO + CTAB ~167+18 - -

3.1.1. Membranes Fluxes as Function of Test Time

For a recovery ratio of 10%, the changes in permeate fluxes over time for different feed
concentrations of PA and CA RO membranes are shown in Figures 2 and 3, respectively.
The required time depended on the membrane material (CA or PA), surfactant types and
concentrations. As shown in Figure 2a—h, more separation time was needed to collect 10%
permeate during separation of cationic surfactant. The permeate flux of PA membrane
dropped instantaneously at the beginning of separation, except for the SO surfactant case.
After the initial sharp decrease in the permeate flux, it continued to decrease gradually
over time depending on the feed composition. For all surfactant concentration, the lowest
permeate flux was obtained with cationic surfactant. Permeate flux behavior of PA mem-
brane was decided by the interaction between surfactant and the membrane surface which
is in accordance with previous study [33].
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Figure 2. Permeate flux (J) of PA membrane versus time at different surfactant concentrations:
(a) 10 mg/L; (b) 25 mg/L; (c) 50 mg/L; (d) 100 mg/L; (e) 250 mg/L; (f) 500 mg/L; (g) 1000 mg/L;

and (h) 10,000 mg/L; (10% recovery ratio, operating pressure = 1.5 MPa, temperature = 25 °C).
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Figure 3. Permeate flux (J) of CA membrane versus time at different surfactant concentrations:
(a) 100 mg/L; (b) 500 mg/L; (c) 1000 mg/L; and (d) 10,000 mg/L; (10% recovery ratio, operating
pressure = 1.5 MPa, temperature = 25 °C).

For the case of CA membrane, permeate fluxes were almost constant for all feed
compositions (surfactant type and concentration) as summarized in Figure 3a—d. The
permeate flux of CA membrane did not change with time confirming that the steady
state was reached from the beginning of the separation test. For concentration range
100-10,000 mg/L, different surfactants did not affect the permeate flux of CA membrane
contrarily to the case of PA membrane. We assume that interactions between surfactant
and CA membrane surface did not take place.

Further discussions of interaction between RO membranes and different surfactants
will be discussed in the following part.

3.1.2. Membranes Fluxes as Function of Surfactant Concentration

Figure 4 presents relative flux (J/Jp) versus initial surfactant concentration in the feed
solution for both RO membranes at 10% recovery ratio. It was observed that the relative flux
of PA membrane (Figure 4a) was affected by surfactant type and their concentration. For
the entire range of surfactant concentration, the relative flux was higher during separation
of SO, followed by Tw 20 and CTAB solutions, respectively. At surfactant concentration in
the range 10-100 mg/L, relative fluxes were in the range 87-99%, 54-88%, and 42-65% for
SO, Tw 20, and CTAB, respectively. While increasing the surfactant concentration, a slight
decline in relative flux was observed. At high surfactant concentration 250-10,000 mg/L,
relative fluxes varied from 91 to 99%, 57 to 60%, and 34 to 47% for SO, Tw 20, and CTAB,
respectively. From the point of the ratio of feed concentration to CMC, relative fluxes were
91%, 88%, and 45% for SO, Tw 20, and CTAB, respectively, at surfactant concentration
equivalent to around 0.1 CMC, where surfactants are in monomer form. At surfactant
concentrations of SO (5.5 CMC), Tw 20 (=4 CMC), and CTAB (~3 CMC), relative fluxes
were 91%, 56%, and 38%, respectively. For all the surfactants, PA membrane permeate
flux was not affected by their CMC, which suggests that micelle did not affect membrane
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performance, but free surfactant molecules affected PA membrane performance. Previous
researchers studied the effect of foulant containing textile effluent on RO flux [37]. Con-
trarily to our study, it was reported that at surfactant concentration below CMC, severe
deterioration of RO membrane permeate flux was observed, and at concentration above
CMC an increase of membrane productivity was noticed. These results may be because
surfactant adsorption on the PA membrane surface may reach almost equilibrium at lower
concentrations than CMC, and stable flux was observed in a wide range of surfactant
concentrations.

40 4

20 =

0 Tw 20 —4=S0 -&-CTAB (a)
_\3\&_.___._ s . .
) I - =)
\x{_ = 84 = . al
i — T e - - e . - k-
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Figure 4. Relative flux (RF) of RO membrane as function of surfactant concentration of PA (a) and
CA (b) membranes (10% recovery ratio, TMP = 1.5 MPa, T = 25 °C).

Relative flux of CA membrane versus surfactant concentration is plotted in Figure 4b.
For different surfactants and at concentration range 100-10,000 mg/L, relative fluxes varied
from 78 to 110% compared to the initial pure water flux. CA membrane exhibited less
permeate flux decline compared to PA membrane during the removal of the three types
of surfactants, separately. We assume that there is less apparent interaction between the
surfactant and the membrane surface. Similar behavior of permeate flux decline of CA and
PA RO membranes was reported elsewhere [38]. In this study, the higher fouling rate of PA
compared to CA membranes was attributed to its inherent surface roughness which could
increase the surfactant adsorption onto the membrane surface in our study.

The relative fluxes (RF) and relative pure water fluxes (RPWF) at different surfactant
concentrations for both RO membranes are shown in Figure 5. The RF of the PA membrane
obtained with SO surfactant was higher than those obtained by Tw 20 and CTAB surfactants.
For this membrane, the treatment of SO (Figure 5b) at various concentrations brought the
RPWEF into the range 90-117%. However, RPWF after the separation of Tw 20 (Figure 4a)
and CTAB (Figure 5c) were almost the same as relative flux of the surfactant and were
not recovered to the pure water flux of the fresh membrane. The highest deterioration
was exhibited by the CTAB surfactant followed by Tw 20 and less for SO. Results were
different with the CA membrane as shown in Figure 5d—f. The relative pure water flux
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after separation was higher than the relative flux and it was fully recovered to the initial
pure water flux for different surfactants used in this study. Flux decline at 1000 mg/L
CTAB surfactant for PA membrane was 60% which is similar to results reported in previous
studies [13]. Whilst a small flux decline was observed for CA membrane.

(a) “ RF mRPWF (b) “RF mRPWF (c) “RF wRPWF

120 120

100 100

80 80

x
® g |
é' 60 _g 60
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2023/02/15 20:02 L

Figure 5. Relative flux (RF) and Relative pure flux (RPWF) of RO membrane; PA membrane: (a) Tw 20;
(b) SO; and (c) CTAB and CA membrane: (d) Tw 20; (e) SO; and (f) CTAB (10% recovery ratio,
TMP = 1.5MPa, T = 25 °C).

These results suggests that relative flux decline was due to surfactant adsorption to
the PA membrane surface. Both RO membranes used in this study were hydrophilic as
their contact angles 6 < 90° (PA = 15°; CA = 43°) [33]. PA membrane is more hydrophilic
than CA membrane which explain its higher flux reported by the membrane manufacturer
Zeta potential and surface morphology of TFC polyamide and asymmetric cellulose RO
membranes are reported elsewhere [38]. The pH of different surfactant aqueous solution
was in the range 5-9. At this pH, both PA membranes are negatively charged, whilst the
CA is weakly charged. TFC polyamide membrane surface exhibits protuberance structure
implying a rough surface of this membrane contrarily to the relatively smooth membrane
of the CA membrane as shown in the cross section SEM images of the RO membranes
reported in Figure 6 [34,38—40].

x1.2k

50 um 2023/02/15 20:28 L

x600

100 um

Figure 6. SEM images of cross section of PA (a) and CA (b) membranes.
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Surfactant

Tw 20

SO

CTAB

Permeate flux of PA membrane during separation of different surfactant aqueous
solutions decreased mainly due to surfactant adsorption on membrane surface. Surfactant
adsorption onto membrane surface was governed by electrostatic and hydrophobic interac-
tions between the surfactant molecule and the membrane surface. Adsorption did not occur
during the separation of anionic surfactant. SO surfactant was repelled from the negatively
charged PA membrane. Whilst severe flux decline during separation of CTAB was caused
by the adsorption of positively charged head of surfactant monomers and micelles on the
negative charged PA membrane. Our results agree well with previous reports [39,41]. In the
case of Tw 20, a decrease in membrane permeate flux could be attributed to hydrophobic
interactions between the surfactant and the membrane surface [42]. It is important to
report that the permeate flux of PA during separation of cationic or anionic surfactants
decreased at very low concentrations (below CMC). CTAB and Tw 20 molecules quickly
adsorbed onto the PA membrane surface and adsorption saturation was reached at a very
low concentration at the beginning of the separation test.

The slight decline in relative flux during the separation of different surfactants could
be a result of accumulation of surfactant near the CA membrane surface without interaction.
A gentle cleaning of the membrane with pure water allowed a recuperation of the pure
water flux. This implies that surfactant adsorption at the membrane surface did not occur
due to the absence of interaction between the surfactant and the membrane surface. The CA
membrane used in this research is hydrophilic, weakly charged with a relatively smooth
surface which prevented the membrane fouling by adsorption. A schematic representation
of interaction between the RO membrane surfaces and the surfactants is presented in
Figure 7.

PA membrane CA membrane
Surfactant adsorption due to hydrophobic Absence of Tw 20 adsorption
interactions between Tw 20 and hydrophilic on CA membrane(weak
PA membrane hydrophobic interactions)

S~

AR 3"5.‘&.#;_2 AR

7 .‘..‘ “ 4 ;.;;1*.&"_'* ‘3}'_-";"‘ ‘.'—‘l.
Absence of adsorption due to electrostatic Absence of SO adsorption
repulsion of SO from negatively charged PA on CA membrane
membrane % ;
.r 1)2 *n) ;--A-" 3 " i - S, ,--‘-“
R ‘_\ ;_. e < ; A
s 3 15 -Lz' P &
Strong adsorptlon due to electrostatlc Absence of CTAB adsorptlon on CA
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PA membrane interactions)
T e s i ) z*"é FA AR
37'-:\._:,7, i e - & -l - 5’” ,4;’!- é—l 2, ;,_
A RN ORI M T "" S el

Figure 7. Schematic representation of interaction between RO membranes and surfactants.
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Membrane surface morphology can also affect membrane performance during surfac-
tant removal. The rough surface of the PA membrane may encourage the adsorption of
surfactant resulting in a flux decline which was not observed for the CA membrane with
relatively smooth surface [34,38,43]. The adsorption of surfactant to the RO membrane
was enhanced by its surface charge, hydrophilicity, and roughness. To mitigate surfactant
adsorption, it is recommended to develop hydrophilic, neutrally charged with a smooth
surface membrane. This will promote further widespread applications of RO membranes
in treating all types of surfactant which is in accordance with other studies [44].

3.1.3. Separation of Surfactant Mixture

The separation of a mixture of SO + Tw 20 or SO + CTAB at 50 mg/L with PA
membrane was also investigated. Figure 8 shows the relative flux and pure water relative
flux of the two mixtures.

Relative flux , %

Q0
o

B @
o o

[~
o

100

RF wmRPWF
SO, 50 mg/L Tw 20, 50 mg/L SO +Tw 20, 50 mg/L CTAB, 50 mg/L SO+CTAB, 50 mg/L
Surfactant concentration, mg/L

Figure 8. Relative flux (RF) and Relative pure water flux (RPWF) of PA membrane for 50 mg/L
surfactant mixture (10% recovery ratio, TMP = 1.5 MPa, T = 25 °C).

For the SO and Tw 20 mixture, an improvement by 20% and 40% for RF and RPWF,
respectively compared to permeate flux with Tw 20 only was obtained. Additionally, the
relative pure water flux was recovered to the initial pure water flux. The addition of
SO may prevent Tw 20 from adsorption at the membrane surface. The deterioration of
the permeate flux during this mixture separation might be due to the accumulation of
surfactant aggregate near the membrane surface. The recovery of relative pure water flux
implies that adsorption did not occur.

For the SO + CTAB mixture, a slight improvement by 10% of the relative flux of the
mixture and the pure water after the separation compared to CTAB only was observed. The
addition of SO allows to reduce the zeta potential of the CTAB aqueous solution as shown in
Table 3. The pure water flux after mixture separation was not recovered which confirms that
decrease of membrane permeate flux by CTAB is mainly caused by surfactant adsorption
on the membrane surface. In this case, electrostatic attractions between hydrophilic groups
of SO and CTAB occurred, and surfactant aggregate was formed. Our findings agree well
with previous study [41].

3.2. Membrane Rejection

The performance of RO membranes used in the separation of different surfactants was
evaluated by TOC rejection. Results are presented in Figure 9. At surfactant concentrations
of 10-10,000 mg/L, TOC rejection varied from 96 to 99% and 92 to 99% for PA and CA
membranes, respectively. TOC rejection of two surfactant mixtures at 50 mg/L each was
also assessed. TOC rejections were 98.0% and 97.4% for SO + Tw 20 and SO + CTAB,
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respectively. Both RO membranes have high rejection rates at single surfactant solution or
two surfactant mixture and could produce a very high quality of permeate.

TOC Rejection R, %
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Figure 9. TOC rejection (R) of PA (a) and CA (b) membrane at different surfactant concentrations.
(10% recovery ratio, TMP = 1.5 MPa, T = 25 °C).

3.3. Process Implementation and Scalability

At present, the RO membrane process for the removal of surfactants from wastewater
are in the basic study stage and the economics of the RO membrane process has not
been studied well. Most common conventional methods for the removal of surfactants
from wastewater are biological and chemical by coagulation-flocculation or adsorption,
or combined chemical and biological treatments using advanced oxidation processes as
pre-treatment methods. Compared to the conventional methods, membrane processes,
especially RO membrane processes, provide high-quality treated water with low surfactant
concentrations as presented in this study; RO membrane processes are simple and require
less treatment energy, so the process is expected to be economically viable.

With the scarcity of water resources in arid and semi-arid regions and competition
between water usages (drinking, agriculture, industry, tourism,), it is necessary to find
alternative water sources. Reuse of the treated wastewater could be a promising alternative.
This process is much cheaper than seawater desalination as sewage and industrial wastewa-
ter contain lower concentrations of salt which requires a lower operating pressure. Bai et al.
economically evaluated the full-scale MF and RO process for wastewater treatment at the
Changi NEWater Project in Singapore with a production capacity of 228,000 m3/d [45].
They reported treatment cost between 0.08 and 0.15 $/m3. On the other hand, seawater
desalination cost of the Shuqaiq 3 desalination plant in Saudi Arabia was around $ 0.51/m?
at a capacity of 380,000 m?/d [46].

With a proper choice of membrane material, membrane fouling could be mitigated
leading to better control of energy consumption and extending the life of membrane. To
cover membrane and energy cost, due to its good quality, treated wastewater can be reused
in many industrial processes with high added value such superconductors and chemical
industries [47].

Regarding the scalability of RO process in the removal of surfactant from wastewater,
due to promising surfactant removal results we assume that the RO process for surfactant
treatment is scalable. However, further investigation in laboratory scale crossflow con-
figuration should be performed. Moreover, membrane cleaning tests should be studied
beforehand. As reported in our study, the characterization of surfactant contaminated
wastewater, interactions with the RO membrane material are with high importance to
guarantee good performance of the process and treatment cost.
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4. Conclusions

Effects of nonionic, anionic, and cationic surfactants at wide concentrations on the
performance of PA and CA RO membranes in dead-end separation configuration were in-
vestigated. Less effect on CA membrane performance was observed. Whilst PA membrane
permeate flux depended on surfactant type and concentration.

Permeate flux decreased with cationic and nonionic surfactants at very low concentra-
tion at the beginning of the test due to surfactant adsorption on the PA membrane surface.
CTAB and Tw 20 molecules adsorb quickly to the polyamide surface, in which adsorption
may reach saturation at lower concentrations than their CMC. Adsorption on the membrane
surface occurs mainly due to electrostatic and hydrophobic interactions between surfactant
monomers and the membrane surface. Less flux decline was observed for the anionic sur-
factant which was repelled from the negatively charged PA membrane. Important findings
were that permeate flux of PA membrane was determined by free surfactants molecules
adsorption in their low concentration, not by their micelles. The addition of anionic surfac-
tant to nonionic surfactant aqueous solution improved the productivity of PA membrane.
However, a slight improvement was observed when it was added to cationic surfactant
aqueous solution. CA membrane showed stable permeate flux during the separation of
different surfactants at different concentration. We assume that no apparent interactions
between surfactant and membrane surface took place. Membrane surface morphology can
also influence surfactant adsorption. Adsorption was more important at the rough surface
of the PA membrane compared to the relatively smooth surface of the CA membrane.

Through this research, better understanding of interactions between surfactant
monomers and membrane surface was provided. Despite the attractive water perme-
ability of fresh PA membrane, permeate flux was deteriorated during the separation of
nonionic and cationic surfactants aqueous solutions. Satisfying results of permeate flux
was observed with anionic surfactant. CA membrane, despite their relatively low flux,
could be a better choice of membrane material during the treatment of different types of
surfactant contaminated wastewaters. The high surfactant rejections gave RO membranes
used in this research a promising potential in the treatment of surfactants contaminated
wastewater compared to conventional methods of surfactant removal from wastewater.
However, permeate flux decline due to surfactant adsorption can be a major drawback for
scaling up this process. Thus, a proper choice of membrane material, depending on the type
of surfactant discharged in the wastewater, is recommended in order to mitigate membrane
fouling by surfactant adsorption. PA membrane is more effective in treating wastewater
containing anionic surfactant. This type of membrane should be avoided while treating
wastewater with cationic surfactant. CA membrane is efficient in treating wastewater
containing different types of surfactants. Hydrophilic, weak-charged with smooth surface
RO membrane is suitable for treating surfactant-contaminated wastewater.
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