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Abstract

Amphiphilic di-block copolymer consisting of polyethylene glycol (PEG) and poly(1,2-
dichloroethylene) (PDCE) blocks was synthesized following the atom transfer radical
polymerization (ATRP) procedure. The chemical structure of the obtained di-block copolymer
PEG-b-PDCE was confirmed by different characterization techniques. Polyvinyl chloride (PVC)
blend PEG-b-PDCE ultrafiltration (UF) membranes (PVC/PEG-b-PDCE) were prepared using the
non-solvent induced phase separation (NIPs) technique and their characteristics were investigated
as a function of the PEG-b-PDCE blending ratio in the casting solution. Water contact angle,
permeate flux, and oil-water emulsion separation tests were performed to evaluate the hydrophilic
character, permeability and anti-fouling membrane performance. It was found that the presence of
PEG-b-PDCE copolymer affected the morphological structure of the membrane showing its good
pore-forming capability. The oil rejection ability and anti-fouling properties of the blend
membranes were improved by increasing the PEG-b-PDCE content up to 0.075wt.%. Compared
to PVC membrane, the blend membrane prepared with 0.075wt.% PEG-b-PDCE exhibited about
four times higher permeability with an excellent oil rejection factor, 98.78%, indicating that the

PVC/PEG-b-PDCE blend membranes have high potential in oily wastewater treatment.

Keywords: Ultrafiltration; PVC; PEG-b-PDCE copolymer; Membrane; Oily wastewater.
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1. Introduction

High-efficiency and energy-saving technologies have drawn significant consideration in
wastewater treatment due to the increased environmental and energy concerns [1,2]. One of the
worrisome wastewaters discharged by various petrochemical industries is oily wastewater (OWW)
[3]. This contains different hydrocarbons, fats, and petroleum components such as gasoline, diesel,
oil, and kerosene [4,5]. Most of oily compounds are found as an oil-in-water emulsion with oil
droplet sizes less than 20 um [6,7]. To move toward the long-waited circular economy and protect
the environment, OWW treatment and reuse together with oil recovery are necessary. Traditional
separation techniques, including mechanical separation, gravity settling, coagulation, air flotation,
and chemical de-emulsification are frequently utilized to treat oil-water emulsions [8-11].
However, these methods have some drawbacks such as high energy consumption, low efficiency,
large space requirement, and operational difficulties [11,12]. Instead, membrane-based separation
technologies have not only overcome these disadvantages, but are environment-friendly [13-16].

Recently, polyvinyl chloride (PVC) ultrafiltration (UF) membranes have been proposed
for the treatment of OWW [17-20]. This was motivated by the low-cost of PVC, its excellent
physico-chemical stability, superior mechanical strength, and suitability for membrane formation
[21-24]. For instance, PVC is soluble in various solvents like N-methylpyrrolidone (NMP), N,N-
dimethylacetamide (DMAC), tetrahydrofuran (THF), dimethylformamide (DMF). In addition, it
exhibits high stability in harsh alkaline and acidic environments [25,26]. However, the relatively
natural hydrophobic character of PVC membranes induces a high fouling tendency, particularly
for OWW feed solutions reducing considerably the membrane permeability and its lifespan while
increasing operational costs [27-29].

One of the most popular solutions to membrane fouling issue is to render the membranes more
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hydrophilic. In fact, hydrophilic membrane surface often exhibits a higher propensity to generate
a hydration layer, which keeps specific foulants away from it [30,31]. In this sense, membrane
modification can be carried out by grafting or coating hydrophilic polymers on the membrane
surface, incorporating organic/inorganic nano-materials, or by physical blending among others
[32-35]. For example, Ahmad et al. [36] prepared novel PVC composite UF membranes by
blending bentonite and varying the amount of different inorganic salts in the casting solution. An
enhanced pure water flux, permeate flux, oil rejection, and fouling resistance ability were obtained
for all membranes containing salt and bentonite additives in the casting solution. In another work,
Ahmad et al. [37] prepared PVC membrane blended with acrylamide grafted bentonite for oily
water treatment. The hydrophilic feature (water contact angle 49.1°), pure water flux
(293.14 L.m2.hY), permeate flux (123.96 L.m2.h'), and oil rejection >93.2%, were enhanced for
the modified PVC membrane with bentonite. Although the surface properties are improved by
surface coating or surface grafting, and the inner pores are hardly altered, these surface
modification methods are post-treatment approaches that increase membrane fabrication steps and
costs as consequence [14]. The incorporation of organic/inorganic nano-materials into polymeric
membranes must overcome the possible aggregation problem of these nano-additives [20]. The
advantages of the blending technique over surface modification and the incorporation of nano-
materials are its ability to simultaneously alter the membrane's surface and internal pores without
inducing any aggregation issue. [15]. This technique allows the use of a variety of polymeric
additives, such as hydrophilic homopolymers or amphiphilic copolymers, endowing the blended
membranes exceptional hydrophilicity and anti-fouling performance [3,19,38,39]. However, the
weak interactions between hydrophilic homopolymer additives and polymeric membrane matrix

reduce the stability of homopolymers during both membrane preparation and usage [6].
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Recently, amphiphilic copolymers (i.e. with both hydrophilic and hydrophobic chains), had
attracted more attention to improve membrane hydrophilicity as functional blend additives
[14,39,40]. The hydrophilic segments of these copolymers can increase membrane hydrophilicity,
while the hydrophobic segments serve as anchors being important for the stability of the introduced
copolymer in the membrane matrix favoring its compatibility with other membrane polymers as
well. Amphiphilic copolymers, both synthetic and commercial, have improved UF membranes'
performance in OWW treatment [41-46]. For instance, the commercial Pluronic F127 (PF127)
amphiphilic copolymer was considered to improve the oil separation of UF membranes [21,41,42].
PF127 is a tri-block amphiphilic copolymer containing two hydrophilic blocks of polyethylene
oxide (PEO) around a center hydrophobic block of polypropylene oxide (PPO). Liu et al. [43]
prepared hydrophilic and anti-fouling PVC membranes by adding different quantities of F127 into
the casting solution (PVC/Pluronic F127 0-10 wt/wt %). All blended PVVC membranes exhibited
excellent anti-fouling properties even with the lowest F127 content. The results showed that the
PVC blending membrane with 8 wt.% F127 displayed optimized anti-fouling and performance.
Ahmad et al.[47] prepared PVC-based UF membranes using various salt coagulation baths, NMP
solvent, bentonite nanoparticle and PF127 copolymer additives. Among the saturated salt
coagulation baths involving NaCl, KCI, NH4Cl, MgCl> and CaCl,, the use of the salt KCI
coagulation bath resulted in optimally synthesized membranes with a high hydrophilicity
character. The optimum composition of the best performed PVC-based membrane involved 14.0,
5.0, 0.7 and 80.3 g of PVC, PF127, bentonite, and NMP, respectively. The permeate flux (i.e.,
554.0 L.m2.h') as well as the pure water flux (i.e., 1610.0 L.m2.h'%), the percent oil rejection (i.e.,
93.4%) and the antifouling properties (i.e., FRR: 75.8%) improved significantly for oil field

produced water treatment.
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In another research study, Ahmad et al. [48] prepared PVC/polyacrylonitrile
(PAN)/PF127/bentonite blended UF membranes using a KOH-induced KCl-salt coagulation bath
and studied their performance for the purification of oily wastewater. The optimally synthesized
membrane was obtained by maximizing the pure water flux. The best performed membrane using
14.0, 1.94, 4.23, 0.66 and 79.17 g of PVC, PAN, PF127, bentonite, and NMP, respectively,
exhibited a significant enhancement of the permeate flux, 1760.55 + 68.2 L.m2.h’, with oil
rejection factors greater than 97.0%. In addition, amphiphilic synthetic copolymers such as di-
block copolymers containing poly(ethylene glycol) (PEG) and polystyrene [49], polysulfone-
based tri-block copolymers [44], poly(methyl methacrylate)(PMMA)-b-poly(4-vinylpyridine)
[45], and PMMA-b-poly(ethylene glycol) methacrylate (PPEGMA) [46] had been used to prepare
blend membranes with enhanced anti-fouling characteristics. Rajasekhar et al. [50] synthesized an
amphiphilic copolymer containing two polyacrylate-carboxylic acid blocks and one polystyrene
block by the reversible addition-fragmentation chain transfer (RAFT) method. The amphiphilic
copolymer was mixed with polyvinylidene fluoride (PVDF) to prepare blend membranes by phase
inversion technique. The modified membrane displayed 2.5 times greater permeate flux along with
an improved molecular weight cut-off (MWCO) compared to the neat PVDF membrane. Liu et al.
[51] synthesized PMMA-b-PEG-b-PMMA tri-block copolymer by atom transfer radical
polymerization (ATRP) and improved PVDF membrane by blending technique. The results
exhibited that the presence of additives in the non-solvent phase inversion (NIPS) technique caused
surface segregation, thus the fabricated membrane showed greater fouling resistance during the
separation process. Zhao et al. [14] group synthesized combed-shape PEGMA-b-PMMA-b-
PPEGMA (PEME) amphiphilic tri-block copolymer by RAFT technique for the preparation of

PVDF blended membrane by NIPS method. The results showed a resolved trade-off relationship
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between the lower permeate flux and the higher BSA rejection for blend membranes. Roy et al.
[3] used a segmented amphiphilic copolymer (PDMS-PEG) of poly(dimethylsiloxane) and
poly(ethylene glycol) for the preparation of modified membranes. The results demonstrated the
membranes' good anti-fouling properties, a water flux of approximately 280 L.m2.h* with oil
rejection greater than 99%, and a flux recovery ratio (FRR) as high as 99%.

The use of amphiphilic di-block copolymers for the treatment of OWW is receiving less
scientific attention, even though they are more efficient than hydrophilic homopolymers for
improving membrane performance. Furthermore, the synthesis of poly(1,2-dichloroethylene)
PDCE-based amphiphilic block copolymers for membrane blending has received no attention. In
this study, a novel amphiphilic PEG-b-PDCE di-block copolymer was synthesized by means of
ATRP technique. This facilitates the preparation of novel copolymers with accurately controlled
molecular weight, low dispersity indexes (Mw/Mn < 1.1), various functionalities and composition
(graft, block, and alternating gradient copolymers) [52,53]. In fact, ATRP polymerization's
versatility offers a practical method for designing and preparing modified membranes [54].

By using gel permeation chromatography (GPC) and attenuated total reflection infrared
spectroscopy (ATR), the chemical structure of PEG-b-PDCE was examined. Then, by using the
NIPS technique, PEG-b-PDCE copolymer was utilized as a modifier to prepare PVC/PEG-b-
PDCE blend membranes. The selection of PEG-b-PDCE as a blending modifier is based on the
expected surface accumulation affinity of the amphiphilic copolymer owing to the hydrophilic
PEG blocks [55]. In addition, PEG is compatible with various membrane host polymers. In this
case, the PEG-b-PDCE copolymer, the host polymer PVC and the additive PEG400 form a
miscible casting solution. The hydrophobic PDCE and the hydrophilic PEG blocks share structural

similarities with PVC and PEG400 polymers, respectively. The ether and ester functional groups
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of PEG-b-PDCE allow it to function as a hydrophilic additive. In this study, different analytical
methods, including ATR spectra, field emission scanning electron microscopy (FESEM), atomic
force microscopy (AFM), differential scanning calorimetry (DSC) and tensile testing were
employed for membrane characterization. Furthermore, the contact angle and pure water flux
(PWF) of the prepared blend membranes were determined, the solute transport technique was used
to estimate the pore size and its distribution, and the separation of oil-water emulsions was finally

examined.

2. Materials and methods
2.1. Materials

Polyvinyl chloride (PVC, grade E-6834, Mw = 90000) was purchased from Arvand
Petrochemical Co., Iran. N,N-dimethylacetamide (DMAc) and sodium dodecyl sulfate
(C12H25Na04S) were supplied from Merck. Anhydrous dichloromethane (DCM), N,N,N’,N" ,N"'-
pentamethyldiethylenetriamine (PMDTA), triethylamine (TEA), polyethylene glycol (PEG) (Mw
= 400, 4000, 6000, and 10000 Da), and poly(ethylene glycol) monomethyl ether (MPEG) (Mw =
5000 Da) were purchased from Sigma Aldrich. 2-bromoisobutyryl bromide and copper (I)
bromide were supplied from Alfa Aesar. To prepare oil-water emulsion, industrial vegetable oil

was utilized.

2.2. Synthesis of macro-initiator mPEG-Br
The macro-initiator (MPEG-Br) was synthesized in terms of the procedure explained by
Stubbs et al. [56]. mPEG (Mn ~ 5000, 1 mmol) was first dried using an vacuum oven. The mPEG,

TEA (0.56 mL), and anhydrous dichloromethane (20 mL) were combined and cooled to 0 °C in a
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suitable flask under nitrogen atmosphere. Subsequently, 2-bromoisobutyryl bromide (0.49 mL)
was added gradually and the reaction was agitated for one night at 25 °C under nitrogen
atmosphere. The agitated solution precipitated into a sizable amount of diethyl ether after being
concentrated under a reduced pressure. The precipitate was extracted with dichloromethane after
filtration and then dissolved in a saturated sodium bicarbonate solution (20 mL). After being stirred
with magnesium sulfate (10 to 20% by weight of solvent) for an hour, the organic layer was
filtered. Finally, the product was isolated following the concentration step under a reduced
pressure, and then precipitation in diethyl ether. Before usage, the precipitate was dried for 24 h

using da vacuum oven.

2.3. Synthesis of mPEG-b-Poly(1, 2-dichloroethylene) di-block copolymer

The mPEG-b-Poly(1, 2-dichloroethylene) di-block copolymer was synthesized using
ATRP method as follows. 0.26 mmol macro-initiator mPEG-Br was dissolved in 2 mL
tetrahydrofuran (THF) in a suitable flask, and 0.65 mmol 1, 2-dichloroethylene was mixed with 3
mL THF in another flask. Both flasks went through five freezing-pumping-thawing cycles, and
0.30 mmol CuBr and 0.6 mmol PMDTA were introduced in the cycle's last freeze. Before adding
the macro-initiator solution into the 1, 2-dichloroethylene solution, two flasks were purged with
nitrogen and thawed. The reaction combination was carried out at room temperature (25 °C) under
stirring for 6-12 hours to attain the needed molecular weight. The termination reactions were
performed by exposure to air, then diluting it with THF. After filtration through neutral alumina,
concentration in vacuo, and precipitation in hexane, the copolymer was isolated. Finally, a vacuum

oven at 75°C was used to dry the white solid copolymer PEG-b-Poly(1, 2-dichloroethylene).
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2.4. Characterization of the copolymer

The ATR spectra of PEG-b-PDCE were obtained using a VERTEX70 FTIR spectrometer
(Bruker, Germany) in the range 400-4000 cm™. The molecular weights (M, and M) and
molecular weight distribution (PDI) of PEG-b-PDCE were identified on a Viscotek 270 non-
aqueous gel permeation chromatography armed with a refractive index detector; 1.0 mL/min THF

were utilized as eluent and polystyrene standards were applied in GPC.

2.5. Membrane preparation

Both neat and blended PVC membranes were prepared following NIPS technique. For the
blended membrane, a certain amount of PEG-b-PDCE was dispersed in DMACc for at least 30 min;
then PEG400 was added into the copolymer solution for pore formation and stirred 10 more
minutes. Subsequently, PVC was dissolved in the polymer solution and mixed for at least a full
day to produce a homogenous solution. This was then degassed to remove air bubbles. The
polymer mixture was cast uniformly on a glass plate at 25 °C. The glass was immediately
immersed in a water coagulation bath at 30 °C for phase separation until the formed polymer layer
was simply separated from the surface of the glass plate. The prepared membrane was kept in
distilled water for a whole day to take out all residual solvents. Finally, the membranes were dried
and kept at 25 °C before testing. Table. 1 displays the used membrane casting solution's chemical

composition.
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Table. 1. Chemical composition of the casting solutions used for membrane preparation.

PVC Copolymer DMACc PEG400
Membranes
(Wt.%) (Wt.%) (Wt.%) (Wt.%)
M-0 15.0 - 79.000 6.0
M-1 15.0 0.025 78.975 6.0
M-2 15.0 0.050 78.950 6.0
M-3 15.0 0.075 78.925 6.0
M-4 15.0 0.100 78.900 6.0

2.6. Membrane characterization

The chemical composition of the prepared membranes was explored by ATR-FTIR
technique using a Tensor 27 FTIR spectrometer (Bruker, Germany) and KBr pellet in the range
400-4000 cm™2. Their thermal properties were studied by a differential scanning calorimetry (DSC
200 F3, Netzsch), following 10 °C/min heating rate under nitrogen atmosphere. The prepared
samples were first equilibrated at 20 °C and then heated from 20 °C to 140 °C at a constant rate of
10 °C/min, and then cooled back from 140 °C to -90 °C. Subsequently, the membrane samples
were heated again from -90 °C to 140 °C.

The morphological structure of the surface and cross-section of all membranes was
considered with a Field Emission Scanning Microscope (FESEM; MIRA3 FEG-SEM, Tescan Co.,
Czech). First, the membrane samples were broken in liquid nitrogen and then sputtered with a fine
gold coating. The elemental mapping of PVC/PEG-b-PDCE blend membrane was verified by EDX
(Tescan MIRAS3, Japan Czech) to examine the uniform distribution of PEG-b-PDCE throughout
the membrane matrix. The top surface roughness of the prepared membranes was determined by

AFM (Nanosurf Mobile S, Nanosurf Co., Switzerland). In this case, small membrane samples (1

11
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mm wide and 5 mm long) were prepared, and the AFM analysis was carried out over scanned
images of 8 um x 8 um area. The hydrophilic character of the membranes was studied by means
of the apparent water contact angle measurement [57]. Contact angle of membrane top surface was
measured by a contact angle meter (ZAM104-B, Zolalan Co., Iran). Underwater oil contact angle
on the membrane surface was measured under water to study the membrane oleophobicity. 3 pL
vegetable oil droplet was considered in this case. At least three measurements were taken at
different positions on each sample.

The mechanical strength of the prepared membranes was analyzed by a tensile testing
device (STM-5, WICK-ROELL, Iran). Their porosity (¢) was measured by the dry-wet technique.
The membrane sample was immersed first in water for 24 h. Then, it was removed from water and
cleaned gently with a filter paper removing any remaining water droplets. The weights of both the
cleaned (i.e. wet) and dried membranes at 60°C were measured. The porosity of each membrane

was finally determined using the following equation [58]:

€ ((y) _ (Wwet_Wdry)/Dwater
0 (Wwet_Wdry)/ +(Wdry
Dwater Dpolymer

x 100 1)
)

where ¢ is the bulk porosity of the membrane (%), wwet and wary are the wet and dry weights of the
membrane (g), Dwater (0.998) and Dpoiymer (1.4) in (g/cmq) are the density of water and PVC,
respectively.

Equilibrium water content (EWC), which is associated with the porosity, is described as
the moisture level where the membrane neither loses nor gains moisture. This was calculated as

follows [59]:
EWC (%) = (W) X 100 @)
ry

where Wary and Wwet are the weight (g) of the dry and wet membrane samples.

12
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More details of the characterization tests can be found elsewhere [18,25].

Molecular weight cut-off (MWCQ) of membranes is considered as the lowest molecular
weight (in Da) at which the membrane retains more than 90% of a solute with a specific molecular
weight. The MWCO determination is a reliable method for membrane characterization, which is
used in membrane processes to describe the pore size estimation and rejection capabilities of
membranes. In this study, a water-soluble polymer, polyethylene glycol (0.6, 4, 6, and 10 kDa),
was used to prepare aqueous PEG solutions with a concentration of 500 ppm to estimate the
MWCO of PVC-based membranes. The PEG rejection tests were conducted using PEG solutions
at room temperature and 200 kPa operating pressure. First, filtration tests were done by the lab-
scale cross-flow system mentioned in section 2.8 and pure water as feed to evaluate pure water
fluxes prior PEG rejection experiments. Then, each PEG solution was considered as feed to carry
out the solute transport method detailed elsewhere [60,61]. The polymer concentration in the feed
(Ct,pec) and permeate (Cp, pec) Were measured by the refractometer (WAY-2S, Bante, China), and

the PEG rejection factor was determined according to the following equation:

c -c
Rpeg = ((LEEC B PEG Pga p._PEG) (3)
f, PEG

The MWCO, mean pore size, and the corresponding geometric standard deviation were specified
as reported in [60,61]. The PEG rejection factors and the corresponding Einstein-Stokes diameters
(Eqg. 4) were plotted on a log-normal probability paper. From the obtained straight lines, the
MWCO and the mean pore size were calculated according to the Einstein-Stokes diameters that
correspond to 90% and 50% PEG rejection factors, respectively, while the geometric standard
deviation was estimated from the ratio between the Einstein-Stokes diameter corresponding to

84.13% PEG rejection factor and that of 50%.
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The Einstein-Stokes diameter of PEG (dpec in cm) was determined from its molecular weight (M

in Da) using the following equation:
dPEG = 33.46 X 10_10M0'557 (4)

From the mean pore size and the geometric standard deviation values, the pore size distribution

can be obtained by the probability density function [60,61]:

df (dp) _ 1 o (_ (lndp—lnup)z) (5)
d(dp)  dplnop(2m)/2 2(Ingp)?

where d,,, u,, and o,, are the pore size, the mean pore size, and its geometric standard deviation,

respectively.

2.7. Preparation of feed oil-water emulsion

The oil in water emulsion was prepared by combining 5 mg/L sodium dodecyl sulfate
(C12H25Na04S) as a surfactant and 1000 mg/L liquid vegetable oil at 2000 rpm for at least 24 h.
According to our previous work [20], oil-water emulsion's oil droplet size distribution after 2, 24,
and 48 h changed from 0.001 to 48.1 um, 0.001 to 47.6 um, and 0.001 to 46.9 pum, respectively;
and the average radius of oil droplets was 2.20, 2.11, and 2 pm, respectively. The stability of oil
droplets was enhanced with time by introducing SDS in solution [20,62]. Additionally, the
maximum oil droplet's size was reported below 20 um every time, and the oily feed could be
considered oil in water emulsion [20,63].
2.8. Filtration experiments

The filtration experiments of the prepared membranes were performed using the lab-scale
crossflow system having an active circular membrane area of 28.26 cm?. A schema of this system
is shown in Fig. 1 while the operating conditions are summarized in Table. 2.

14
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306 Fig. 1. Schematic diagram of the laboratory-scale crossflow system.

307  The membrane sample was firstly compacted for 30 min at 2.5 bar and then the pure water flux
308  (J,) was specified using Eq. (6) [64,65]:

4

309 Jp = 1AL

(6)
310 where V is the volume of pure water (L) registered during the permeation time (At in h), and A is

311 the effective membrane area (m?). The water permeate flux was then divided by the transmembrane

312 hydrostatic pressure to get the pure water permeance of the prepared membranes.

313 Table. 2. Operational conditions.
Parameter Value
Pressure (bar) 2.00
Liquid oil concentration (ppm) 1000
Concentration of sodium dodecyl sulfate (ppm) 5.00
Input feed flow rate (L/min) 4.39
pH 6.00
Affective membrane area (cm?) 28.26

15
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After PWF test, the membrane module was connected to feed oily water emulsion tank
(1000 mg/L) and the permeate flux was measured for 2.5 h under a transmembrane hydrostatic
pressure of 2 bar, applied as driving force through the membrane. To quantify the PWF after
fouling (J1), the membrane module was connected again to the feed water tank for membrane
cleaning and PWF measurement (J2). The total fouling ratio (TFR), reversible fouling ratio (RFR),
irreversible fouling ratio (IFR), and flux recovery (FRR) were computed by means of Egs. (7)—
(10) [66-69] to investigate the fouling behavior of both the neat PVC membrane and the

PVC/PEG-b-PDCE blend membranes.

TFR = (%) x 100 @)
RFR = (@) x 100 (8)
IFR = (%) x 100 9)
FRR = (’—j) x 100 (10)

where Jo, J1 and J2 was the pure water flux, water flux after fouling, and water flux after
washing, respectively. According to the above relationships, it is clear that:
TFR=RFR+IFR (11)

To study the membrane’s ability to remove pollutants from the OWW, the rejection
analysis was performed by measuring the turbidity and chemical oxygen demand (COD) in both
the feed and treated water. The turbidity of the oily feed and permeate flow were evaluated by
turbidity meter (2020We, Lamotte Co., USA). The organic content was measured as total COD in
the samples of oily feed and treated water using permanganometric titration. The pollutant

rejection was determined using the following equation [70-72]:

R; (%) = (Cfc;c”) X 100 (12)
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where R; is the rejection efficiency regarding a specific pollutant, and Cs and Cpi are the

concentrations of oil in the oily feed and permeate solution, respectively.

3. Results and discussion
3.1. Amphiphilic PEG-b-PDCE di-block copolymer characteristics

The PEG-b-PDCE di-block copolymer, consisting of a hydrophobic PDCE chain segment
and a hydrophilic PEG segment was synthesized following the ATRP polymerization procedure.
The chemical structure of the used components together with the synthesized amphiphilic

copolymer are shown in scheme 1.

(o]
g h 8 o cl N
o)
Br Br >_<— / |
H [ Cc Br

/{/ 0\/\}\ —_— 3 0 0 H (o} |
Ok SE—— . |

TEA.DCM CuBr, PMDTA, THF 0 n

m

Scheme 1. Preparation of the PEG-b-PDCE di-block copolymer via ATRP polymerization.

The GPC analysis was utilized to assess the molecular weight averages of PEG-b-PDCE s. The
obtained molecular weight distribution is depicted in Fig. 2-a. The GPC traces of PEG-b-PDCE
exhibited a symmetrical single peak with narrow polydispersity index (PDI). The My, My and PDI
of the PEG-b-PDCE di-block copolymer were found to be 14252.10 g/mol, 14401.09 g/mol, and
1.01, respectively. As can be seen the PDI is quite small and both M, and My values are near each

other because the distribution curve is symmetric.

17



354
355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

M .
5 "‘:,l[ ) C —()‘
25 @) A (b) 1103
2.0 4
C-H
= z
e Z
-~ &
= = c-cL
- 96""
1.0 7 CCL
843
i C-Br
0.5 \
530
NN
0.0 T T T T d T T T T T T T
0 5000 10000 15000 20000 25000 4000 3500 3000 2500 2000 1500 1000 500
Molar mass (gr/mol) Wavenumber (cm™)

Fig. 2. (a) Molecular weight distribution and (b) ATR spectra of PEG-b-PDCE.

The chemical functional groups of the amphiphilic di-block copolymer PEG-b-PDCE were
first analyzed by ATR as shown in Fig. 2-b. In the obtained ATR spectra, the most intense peak at
about 1100 cm™ ! is related to the C—O—C stretching vibration characteristic absorption peak. The
observed peak at 1730 cm ™t is attributed to the stretching vibration of C=0 of PEG-b-PDCE. The
appeared typical peaks at 843 cm™ and 962 cm™ are related to the stretching vibration of C—Cl
bonds in PEG-b-PDCE most likely due to two different conformations. The results of ATR and
GPC indicated that the synthesized PEG-b-PDCE di-block copolymer have been successfully

synthesized by ATRP polymerization procedure.

3.2. Effect of the PEG-b-PDCE di-block copolymer on the membrane characteristics

The chemical composition of the membrane surface has an important impact on the
hydrophilicity, permeability, and fouling characteristics of the membrane. As depicted in Fig. 3,
the ATR spectra of the neat PVC membrane (M-0) and PEG-b-PDCE blended PVC membranes
(M-1, M-2, M-3, and M-4) showed absorption bands at about 1400 cm™, 1250 cm™, and 900 cm™?
due to the CH> wagging, skeletal vibration of C—C, and stretching vibration of C—CI bonds in the
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371 PVC, respectively. The described peaks were intensified by increasing the PEG-b-PDCE blending
372  ratio in the membrane matrix. In contrast to the neat PVC membrane, the ATR spectra of the
373 blended membranes displayed novel peaks at 1732 cm™ associated with the stretching vibration of
374  the ester's carbonyl (C=0) group of the PEG-b-PDCE di-block copolymer. It is important to note
375 that during the NIPS process, PDCE blocks in PEG-b-PDCE operate as anchors because of the
376 interactions between PDCE and PVC matrix, whereas the hydrophilic PEG blocks tend to
377  accumulate on the membrane surface, improving water wettability, permeability, and anti-fouling

378  performance as will be discussed later.

M-4
M-3
z
I DV
=
) m
M-0 \__J\/\A\/\Aw
1 " 1 v I v I v 1 " 1 v I v I
4000 3500 3000 2500 2000 1500 1000 500
379 Wavenumber (em™)
380 Fig. 3. ATR spectra of the neat PVC and PEG-b-PDCE blended PVVC membranes.
381
382 To analyze whether the PEG-b-PDCE copolymer was evenly distributed on the surface of

383  the membrane or not, the typical EDX mappings of the C, Cl, and O elements was performed on

384  membrane top surface. The results of the membrane M-3 are presented as an example in Fig. 4. It
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was found that C, CI, and O elements were uniformly distributed on the top surface of the mixed
membranes indicating that the hydrophilic PEG chains were dispersed uniformly on the membrane

surface.

Clka | C,0,Cl

Fig. 4. EDX mappings of the M-3 membrane's top surface for C, O, and Cl elements.

In this study, thermal analysis (DSC) was also carried out to specify the glass transition
temperature (Tg) and study the compatibility between PVC and PEG-b-PDCE. The compatibility
and interaction between them would clearly influence the structural properties and characteristic
of the formed blend membranes [23,73]. It is known that Ty can directly indicate whether two

polymers are miscible or not [19,74]. In this case, the DSC analysis was carried out for the
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membranes M-0 and M-4 prepared with the highest PEG-b-PDCE copolymer blending content.
The DSC curves of the two membranes are plotted in Fig. 5. As it is clear, a single T was identified
for the M-4 membrane confirming that the PEG-b-PDCE/PVC blend is a mono-phase system

resulting in compatible and miscible membranes [29,75].

M-0
M-4

Heat Flow (mW/mg),Exo—

T T T T T T T T T T T T T T v
50 60 70 80 90 100 110 120 130

Temperature (°C)

Fig. 5. DSC curves of the membranes M-0 and M-4.

The addition of PEG-b-PDCE di-block copolymer caused only a small change of Ty of the neat
PVC membrane (i.e. up on the addition of PEG-b-PDCE, the Ty of the M-0 membrane was
decreased from 81.3 °C to 80.6 °C for the membrane M-4). It seems that the PEG-b-PDCE
copolymer acted as a diluent because it is lower than that of the P\VC polymer (i.e. 14401.09 g/mol
for PEG-b-PDCE and 90000 g/mol for PVC). Nevertheless, this small reduction of Tq proves the

PEG-b-PDCE copolymer is part of the blend membrane matrix.

The effect of the PEG-b-PDCE di-block copolymer on both the cross-section and top
surface morphology of the prepared membranes was studied by FESEM as shown in Figs. 6 (aand

b). For all prepared membranes, the obtained cross-section images exhibit a common asymmetric

21



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

feature consisting of a selective top thin active layer, a finger-like structure layer beneath the skin
layer and a macro-voids bottom layer. As it can be seen in Fig. 6-a, compared to the membrane
M-0, the PEG-b-PDCE blended PVC membranes exhibited a higher density of finger-like voids
with an improved interconnection between them through thicker sponge-like structure. This
variation was mostly related to the amphiphilic PEG-b-PDCE copolymer. The relatively
hydrophobic PDCE block of the PEG-b-PDCE copolymer would confirm robust anchoring in the
PVC matrix owing to their high compatibility, while the hydrophilic PEG block would segregate
to water-polymer interface during blend membrane formation by NIPS technique. Zhao et al. group
used polyacryloylmorpholine-b-poly (methyl methacrylate)-b-polyacryloylmorpholine triblock
amphiphilic copolymers as pore forming additives and improved the hydrophilicity of PVDF
membranes [15]. As the casting solution's copolymer content increased from 0.025wt.% (M-1
membrane) to 0.1wt.% (M-4 membrane), longer and interconnected finger-like structure was

observed throughout the membrane thickness (Fig. 6(a), M-1 to M-4).

The morphological structure of the top membrane surface is presented in Fig. 6 (b).
Changes can be detected between the M-0 membrane and the other PEG-b-PDCE blend
membranes. The top surface of the M-0 membrane is relatively denser than that of the blend
membranes. This may be attributed to the delayed demixing due to the highly hydrophobic nature
of the constituent polymer for the neat PVC membrane compared to the PEG-b-PDCE blend
membranes [50]. Rajasekhar et al. reported similar results for neat PVDF and PVDF/amphiphilic

tri-block copolymer membranes [50].
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433 Fig. 6. Cross-section and top surface FESEM and AFM images of the neat P\VC membrane and
434 PEG-b-PDCE blended PVC membranes.
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The obtained three-dimensional AFM images are also presented in Fig. 6 (c). These also
support the FESEM results. In addition, it was observed that the surface mean roughness parameter
(Ra) is higher for the PEG-b-PDCE blended PVC membranes. Within the scan area of 8 um x 8
pum, the mean roughness of the M-1, M-2, M-3, and M-4 blend membranes are 3.46+0.28 nm,
4.47+0.35 nm, 5.00£0.66, and 5.38+0.54 nm, respectively. These values are greater than that of
the M-0 membrane (Ra= 2.512+0.350 nm) confirming that the incorporation of the copolymer not
only affected the bulk membrane matrix but also its surface. In fact, the change of the membrane
surface roughness may be attributed to the change of nodules and pore sizes as well as the porosity
as discussed later on. There are evidences displaying that the addition of amphiphilic copolymers
to polymeric membranes renders them rougher [3,14]. According to Zhao et al., the PVDF
membrane's roughness increased from 32.1 nm to 147 nm for blend membrane with the addition
of 0.9 g polyacryloylmorpholine-b-poly (methyl methacrylate)-b-polyacryloylmorpholine

copolymer [15].

The hydrophilic character of the membrane surface is a significant parameter affecting both
the permeability and fouling of the membrane during filtration process [57,76,77]. Many
substances like oil droplets and biological compounds can quickly accumulate on both the
membrane surface and inside its pores during OWW treatment process. An improvement of the
membrane surface hydrophilicity can reduce the adsorption of foulants, proteins, or oil droplets on
the membrane's surface [28,41]. The measured static water contact angle and underwater oil

contact angle of the prepared membranes are displayed in Fig. 7.
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Fig. 7. Static water contact angle and underwater oil contact angle of the neat PVC membrane
and PEG-b-PDCE blended PVVC membranes.

There is a reduction of the water contact angle upon the rise of the PEG-b-PDCE blending
ratio in the PVC membrane. These are 80.31°, 71.09°, 60.79°, 55.17° and 54.67° for the membranes
M-0, M-1, M-2, M-3, and M-4, respectively. The pretty high water contact angle for the neat P\VC
membrane is attributed to the intrinsic relatively hydrophobic nature of the PVC polymer [18,20].
In the literature, contact angles of 80° [78], 88.60° [74,79], 91.80° [80] have been reported for PVC
membranes. The gradual increase of the hydrophilic character of the PEG-b-PDCE blended PVC
membranes is attributed to the increase of the PEG-b-PDCE blending rate in the PVC casting
solution. In other words, this is due to the hydrophilic segment of the PEG-b-PDCE copolymer
that segregates at the membrane surface altering therefore the membrane surface properties. The
PEG-b-PDCE chains contain reactive functional groups (e.g. ether and ester groups) that boost the

interaction with water molecules resulting in an increase of the blend membrane hydrophilicity.
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Zhao et al. reported the combination of comb-shaped amphiphilic tri-block copolymer
(poly[poly(ethylene glycol) methacrylate]-b-poly (methyl methacrylate)-b-poly[poly(ethylene
glycol) methacrylate]) considerably enhanced the hydrophilicity of PVDF membranes [14].
Previous studies reported similar effects of a variety of amphiphilic copolymers [3,50,81]. Based
on the obtained underwater oil contact angles, the modified membranes exhibited greater
oleophobicity than the neat P\VC membrane. Hence, the higher the hydrophilicity in air, the higher

the underwater oleophobicity [82].

It must be pointed out that not only the chemical property of the membrane surface is the
parameter affecting the measured water contact but also the surface roughness. Based on Wenzel
model [41,68], the increase of the surface roughness also improves the wettability brought on by
the surface's chemistry. For instance, applying surface roughness effect will make a chemically
hydrophobic surface (i.e. with a contact angle greater than 90°) even more hydrophobic, but
applying surface roughness effect will increase the hydrophilicity of a hydrophilic material due to
the capillary effect [41]. In this case, for PVC membrane surfaces with contact angles less than
909, surface roughness will reduce the contact angle. As shown earlier, there is an enhancement of
the membrane roughness with the increase of the PEG-b-PDCE blending ratio. Therefore, the
observed reduction of the water contact with addition of the PEG-b-PDCE copolymer may be
related to both the change of the membrane surface chemistry and mean roughness. In addition, it
is possible that residual PEG400, used as a pore former, is also contributing to membrane
hydrophilicity. Because the interactions between the hydrophilic homopolymer molecules
(PEG400) and the hydrophilic blocks of the amphiphilic copolymer (PEG) do not allow them to
extract out into water bath in membrane formation. To investigate this possibility, the water contact

angle of the prepared membranes was measured after immersion in deionized water for several
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days. The obtained values are 72.5°, 62°, 56 °and 55°for the M-1, M-2, M-3, and M-4 membranes,
respectively. The fact that the water contact angles of the blended membranes were not
significantly different indicated that the additive polymers (PEG & PEG-b-PDCE) were stable in
the membrane matrix and/or its surface. In addition to the surface chemical heterogeneity, the
surface micro/nanostructure is another parameter affecting the underwater oleophobicity. In fact,
water molecules can be trapped in rough surfaces and the new composite interface results in an oil

repelling property or underwater oleophobicity [82].

The measured tensile strength, porosity and EWC of the prepared membranes are
summarized in Table. 3. The porosity was enhanced from 70.03% to 82.90% as the concentration
of the PEG-b-PDCE blending ratio was increased from Owt.% to 0.075wt.%. A further increase of
the PEG-b-PDCE blending ratio to 0.1wt.% (M-4 membrane) resulted in a decline of the porosity
by 5.8% compared to that of the M-3 membrane. As discussed previously, this may be related
partly to the change of the coagulation speed of blend PVC membrane and to the effect of the

amphiphilic PEG-b-PDCE interactions whit PVC and pore former agent.

The EWC is attributed to the porosity and wettability of the membrane surface. Similar to
the porosity, the highest EWC (i.e. 79.67%) was obtained for the M-3 membrane. The increase of
the EWC with the increase of the PEG-b-PDCE blending ratio is due to the rise of water uptake by

the PEG-b-PDCE di-block copolymer and the porosity enhancement.
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Table. 3. EWC, porosity, and tensile strength of the neat PVC membrane and PEG-b-PDCE
blended PVC membranes.

EWC Porosity tensile strength
Membrane

(%) (%) o (MPa)
M-0 70.83 £2.25 70.03 £ 2.66 2.03+0.08
M-1 73.34 £1.52 72.13+341 1.9+0.05
M-2 75.00 = 1.00 76.10 £ 2.00 1.84+0.04
M-3 79.67 £1.52 82.90 + 3.08 1.61 +0.07
M-4 77.78 £1.68 78.33£3.93 1.72 +0.09

Table 3 also shows that the tensile strength of the membranes steadily declined with the
increase of the PEG-b-PDCE blending ratio in the casting solution up to 0.075wt.%, and then
enhanced for a further increase of the PEG-b-PDCE content. This may be due to the reduction of
the porosity (i.e. void volume fraction) of the blend M-4 membrane compared to that of the M-3
membrane. These results agree with those reported by Zhao et al. claimed that the mechanical
properties of the blended membranes declined as the membrane porosity and pore size were

increased [15].

As stated earlier, the MWCO, mean pore size, and its geometric standard deviation of the
prepared membranes were investigated by means of PEG solute transport method. Fig. 8 shows
the PEG solute rejection factor as a function of the corresponding PEG Einstein-Stokes diameter
on a log-normal probability paper. The experimental data fitted straight lines with relatively high
correlation coefficients (r>> 0.90). The different slopes of the obtained lines show the different

pore size of the prepared PVC membranes. The results of PEG separation, the MWCO, mean pore
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size, and the corresponding geometric standard deviation are presented in Table 4. The PEG
rejection factor decreased with the increase of the PEG-b-PDCE di-block copolymer content in the
casting solution indicating the gradual increase of both the membrane pore size and the MWCO.
The cumulative pore size distributions and the probability density function curves determined from
the mean pore sizes and their geometric standard deviations were plotted in Fig. 9. It can be seen
a right-ward shift of the pore size distribution with the increase of the copolymer concentration in
the PVC casting solution. However, the observed change was not wide enough since it was only
up to 38.4 nm (i.e. maximum pore size of the membrane M-4). Therefore, its effect on the percent
oil rejection was negligible. In addition, the increment of the percent oil rejection can be mainly
ascribed to the surface heterogeneity and the improved surface hydrophilicity. The detected
changes of the MWCO and pore size of the PVC membrane are attributed to the addition of the
copolymer to the PVC casting solution and to the modification of the phase inversion process as

discussed in pervious sections.

95

PEG solute rejection (%)

| 10
Solute diameter (nm)

Fig. 8. PEG solute separation curves of the neat PVC membrane and PEG-b-PDCE blended PVC
membranes plotted on a log-normal probability paper.
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546 Table. 4. PEG solute transport results of the neat P\VC membrane and PEG-b-PDCE blended

547 PVC membranes: MWCO, mean pore size (1), and geometric standard deviation (op).
PEG separation: Rpeg (%)
Membranes Mw (kDa) '\?IY\[I)C;;) Lp Op
0.6 4 6 10 (nm)

M-0 65 80 85 92 3.15 1.54 1.76
M-1 52 65 73 78 19.31 3.35 2.14
M-2 45 56 64 73 50.04 5.50 2.20
M-3 32 45 59 62 89.74 8.60 1.98
M-4 19 40 46 56 98.89 10.66 1.73
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Fig. 9. Cumulative pore size distributions (a) and probability density function (b) curves of the
neat P\VC membrane and PEG-b-PDCE blended PVC membranes generated from the PEG solute
transport experiments.
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3.3. Membrane permeation and separation performance

The membrane morphology and hydrophilicity mostly affect the PWF and separation
performance. The PWF and oil rejection of the neat and PEG-b-PDCE blend membranes were
investigated as mentioned in section 2.8. The effect of the PEG-b-PDCE blending ratio on the
PWF of the prepared PVC membranes are displayed in Fig. 10. It can be observed that the PWF
raised from 184.03 L-m2-h"* for the M-0 membrane to a maximum value of 749.11 L-m2-h"* for
the M-3 membrane and then decreased to 629.71 L-m2-h"* for the M-4 membrane. The observed
PWF enhancement of the PEG-b-PDCE blend membranes compared to the M-0 membrane is due
to the improved hydrophilic character of the blend membranes and the growth of the porosity and
pore size with increasing the PEG-b-PDCE blending ratio. Although the M-4 membrane is more
hydrophilic than the M-3 membrane, its PWF is lower. This is mainly due to the lower porosity of
the membrane M-4. Roy et al. [3] also found that the addition of the poly (dimethylsiloxane) and
poly(ethylene glycol) amphiphilic co-polymer enhanced the PWF of the PVDF/PVP membranes.
The permeance of the prepared membranes was also calculated by dividing the PWF data by the
applied transmembrane hydrostatic pressure (TMP). The obtained for the membranes M-0 to M-4
were 92.01, 195.02, 265.39, 374.56, and 314. L.m-2.h-1.bar-1, respectively. Pakbaz et al. [83]
investigated the performance of PVC/PAN blended UF membrane for the treatment of wastewater
and showed that the pure water permeance was limited to only 54.6 L.m?.h" .bar. Pakbaz et al.
[83] also prepared PVC/PAN/SIO2 and PVC/PAN composite membranes by phase inversion
technique using water coagulation bath and a subsequent hydrolysis using aqueous NaOH solution
to improve the UF membrane performance. The achieved pure water permeance was 75.6 + 7.2
L.m2.hL.bar? using hydrolyzed PVC/PAN membrane. Ahmad et al. [25] reported that the water

permeance for PVC-bentonite blended UF membranes using DMACc as solvent and saturated
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aqueous KCI solution as non-solvent was in the range 168.5-183.8 L.m?2.h":.bar. Ahmad et al.
[36] also reported an enhanced pure water flux (i.e., 415.55 L.m2.h™Y) for the best performed
PVC/bentonite composite membrane. In another study, Ahmad et al.[37] obtained an enhanced
pure water flux (293.14 L.m2.h?) for the PVC membrane using acrylamide grafted bentonite.
These mentioned results reveal that the PWF of the prepared PEG-b-PDCE blend membranes in

this study are higher than the other PVC based membranes.
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Fig. 10. PWF under 2 bar hydrostatic pressure of the neat PVC membrane and PEG-b-PDCE
blended PVC membranes.

It is well known that membrane fouling is unavoidable in membrane separation processes
resulting in sever decrease of the membrane performance shortening its lifespan [84,85]. The
fouling tendency of all prepared membranes was studied using oily wastewater model feed solution

as stated in section 2.8. The measured permeate flux is plotted in Fig. 11 against the filtration time.
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Fig. 11. Permeate flux of the neat PVC membrane and PEG-b-PDCE blended PVC membranes
vs. filtration time of oily feed wastewater.

All prepared membranes showed a permeate flux decline during the oily feed wastewater
treatment. This is due to the deposition of the oily droplets inside the pores and/or on the membrane
surface. As observed for distilled water used as feed for filtration (Fig. 10), compared to the PEG-
b-PDCE blended PVC membranes, the membrane M-0 had the lowest permeate flux, and after 150
min, its permeate flux decreased 82.3%, from 169 L-m2-h"* to about 30 L-m2-h"*. However, the
permeate flux decline of the neat PVC membrane was higher than that of the PEG-b-PDCE blend
PVC membranes, 73%, 75%, 58%, and 64% for the membranes M-1, M-2, M-3, and M-4,
respectively. This indicated that the blend membranes exhibited stronger fouling resistance than
the M-0 membrane. This is related to the more hydrophilic character of the blend PVVC membrane
surface as discussed previously in relation with the PEG chains of the di-block copolymer that are

hydrophilic. Another factor related that may have contributed to this result is the pore structure
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and size may also exert some effects. It was found that membranes with bigger surface pores are
more likely to be blocked or fouled by oily drops than those with smaller pores [74,86]. However,
in the present study, although the surface pore size of the PVC membranes increased up on the
addition of the PEG-b-PDCE copolymer and its concentration in the PVC casting solution, the
hydrophilic PEG chains enriched on the blend membrane surface seemed to play a significant role
since these chains interact easily with water molecules to create a hydration layer avoiding the

interaction of oily foulants with membrane surface.

The determined fouling factors (TFR, RFR, IFR, and FR) defined in section 2.8 are shown in Fig.
12. Both reversible and irreversible fouling take place during membrane separation [87], due to
either poor or strong interactions between foulant(s) and membrane surface, respectively. In
irreversible fouling, the tougher bonding of foulants to membrane surface necessitates chemical
treatment, which could harm the membrane and reduce its lifespan. As can be observed in Fig. 12,
the M-0 membrane exhibited the maximum TFR and IFR factors indicating that it was fouled
simply by oil droplets. This happens due to the strong affinity between the oil drops and the M-0
membrane matrix. As it is clear in Fig. 12, the TFR factor of the membranes declined from 92.58%
for the M-0 membrane to 70.97% for the M-3 membrane but it increased again for the M-4
membrane. However, the level of TFR and IFR factors for all blend membranes was lower than
that of the membrane M-0. A lower value of TFR shows an improved anti-fouling properties.
Accordingly, the TFR results showed that the PEG-b-PDCE blend PVC membranes were less
likely to foul than the neat PVC membrane, and the M-3 membrane exhibited the lowest fouling
tendency in oily wastewater separation. As seen in Fig. 12, by increasing the PEG-b-PDCE
blending ratio, RFR, FR, and the reversible fouling ratio (RFR/TFR) increased to a maximum value

for the membrane M-3 and then decreased for the membrane M-4. Additionally, compared to the
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M-0 membrane, all blend PVC membranes displayed higher reversible fouling tendency and
permeate flux recovery. In fact, the PEG-b-PDCE blend membranes had better anti-fouling
property owing to their improved hydrophilicity. As a result, the M-3 membrane possessed an
excellent anti-fouling behavior due to its surface hydrophilicity and suitable pore structure.
Therefore, it can be stated that the addition of the PEG-b-PDCE copolymer into the polymer matrix
could reduce the fouling tendency of PVC membranes by reducing the adsorption of oily
compounds by the blend membrane surface because the PEG chains of the PEG-b-PDCE

copolymer created a strong hydration coating on the membrane surface.
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Fig. 12. Fouling ratio (TFR, RFR, IFR, and FR) of the neat P\VC membrane and PEG-b-PDCE
blended PVC membranes.

The rejection efficiency of the PEG-b-PDCE blend PVC membranes was studied by
measuring the turbidity and COD parameters of both the feed and permeate during oil-water

separation. It is well known that the nature of the amphiphilic polymer ingredients dictates the
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687

affinity between the membrane material and the contaminant elements. As a consequence, the
difference in affinity and size exclusion play vital roles in determining the separation efficiency.
In this case, the turbidity removal and COD efficiency can reflect these important roles. The
measured turbidity and COD parameters of both permeate and feed oily wastewater are
summarized in Table 5. The rejection factor with regards to oil pollutant and organic dissolved

compounds evaluated by Eq. (12), are presented Fig.13 for all prepared membranes in this study.

Table. 5. Measured turbidity and COD at the end of the ultrafiltration for the permeate and feed
oily wastewater of the neat PVC membrane and PEG-b-PDCE blended PVC membranes.

Feed and permeate Turbidity (NTU) COD (mg/L)
Feed 35.00 362.63
Permeate (M-0) 3.34 127.95
Permeate (M-1) 2.50 105.75
Permeate (M-2) 1.85 74.00
Permeate (M-3) 1.78 51.38
Permeate (M-4) 2.10 67.69

The turbidity and COD values of the permeate were much lower that of the feed oily
wastewater indicating pretty high rejection efficiency of micro-sized oily particles (i.e. the
rejection factor based on turbidity were greater than 97.5 % for all blend membranes while that
based on COD were higher than 70.8%). The rejection factors of the M-0 membrane (90.5% based
on turbidity and 64.7% based on COD, respectively) were lower than those of the PEG-b-PDCE

blended PVC membranes. For all membranes, the observed higher rejection factor based on
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turbidity than that based on COD may be due to the substances to be separated by the membranes.
Pollutants that require chemical oxidation can be soluble and/or insoluble in water, while the
turbidity of the synthetic wastewater is caused by undissolved oil droplets. Therefore, the
membranes were able to reject well oily droplets but perform less in rejecting organic compounds.
These observations agree with the separation mechanism and potential of ultrafiltration (UF)

membranes, particularly the sieving mechanism [14].
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Fig.13. Rejection factors based on turbidity and COD of the neat PVC membrane and the PEG-
b-PDCE blend PVC membranes.

According to the given data in Table 5 and Fig. 13, the rejection factors improved with the
increase of the PEG-b-PDCE blending ratio in the casting solution up to 0.075wt.% and then
dropped for 0.1wt.% (i.e. membrane M-4). The M-3 membrane exhibited the highest rejection
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factors because of its hydrophilic surface and suitable pore structure. The enrichment of the
hydrophilic PEG chains of the PEG-b-PDCE di-block copolymer on the membrane surface renders
it prone to mix with water molecules and form a hydrated layer avoiding therefore oil molecules
to be in contact with the membrane surface and resulting in a good oil rejection factor as

consequence.

4. Conclusions

PEG-b-PDCE amphiphilic di-block copolymer was synthesized by ATRP procedure and proposed
as additive for PVC blend membrane preparation by NIPS technique. The prepared membranes
were proposed for oil-water emulsion separation. The appearance of C=0 bonding in ATR spectra
of the PEG-b-PDCE blend PVC membranes confirmed the successful introduction of the
copolymer in PVC matrix. A single Tg was observed in DSC curve for all blend membranes
indicating the good compatibility of PVC and PEG-b-PDCE di-block copolymer. The chemical
and morphological characteristics of the PVC membrane were changed with the PEG-b-PDCE
blending ratio in the casting solution. The PEG-b-PDCE blend membranes exhibited rougher
surfaces and higher density of finger-like voids with an improved interconnection. The increase of
the PEG-b-PDCE blending ratio in the casting solution from Owt.% to 0.075wt.% increased the
porosity, EWC, and surface roughness up to a maximum and then decreased for 0.1wt.%. As a
result, both the permeation and rejection factors of the PEG-b-PDCE blend PVVC membranes were
greater than those of the neat PVC membrane because of their improved characteristic such as
higher contact angle, interconnected finger-like pores, greater pore size and higher porosity. The
PEG-b-PDCE di-block copolymer enhanced the anti-fouling resistance of the PVC membrane.

Among all prepared membranes, the M-3 membrane containing only 0.075wt.% PEG-b-PDCE
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blending ratio was found to be the best one exhibiting 749.11 L.m.h! permeate flux, 99.71% oil

rejection factor, 85.71% rejection factor based on COD, and 70.97% total fouling ratio due to its

higher surface hydrophilicity and higher porosity. In general, the PEG-b-PDCE di-block blend

copolymer proved to be a good candidate for PVC membrane engineering and can be tested for

other host polymers and other separation applications.
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