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Novel polyethersulfone (PES)/hydrous manganese
dioxide (HMO) mixed matrix membranes with
improved anti-fouling properties for oily
wastewater treatment process

R. Jamshidi Gohari,ab E. Halakoo,a W. J. Lau,a M. A. Kassim,a T. Matsuuraac

and A. F. Ismail*a

In this work, hydrophilic hydrousmanganese dioxide (HMO) nanoparticles were synthesized and used as the

inorganic filler for the preparation of mixed matrix membranes (MMMs). The aim of adding HMO

nanoparticles into the polyethersulfone (PES) membrane matrix is to improve membrane hydrophilicity

and anti-fouling resistance against oil deposition and/or adsorption. The resulting membranes were

characterized by SEM, AFM, FTIR, contact angle measurements and ultrafiltration (UF) of synthetic oily

wastewater. Experimental results showed that the hydrophilicity of the PES/HMO membrane was

significantly improved to a low value of contact angle (16.4�) by HMO loading, which as a consequence

led to a promising pure water permeability (573.2 L m�2 h�1 bar�1). In comparison, the pristine PES

membrane only demonstrated 69.5� and 39 L m�2 h�1 bar�1, respectively. Furthermore, the PES/HMO

membrane exhibited an excellent oil rejection (almost 100%) and a promising water flux recovery (75.4%)

when it was used to treat a synthetic oily solution containing 1000 ppm oil. The promising anti-fouling

properties of the PES/HMO membrane could be attributed to the presence of hydrophilic –OH groups

on the membrane surface resulting from HMO addition, making this membrane less susceptible to

fouling when challenged with oil-in-water emulsions.
1. Introduction

Industrially, oil and gas operations are among the sectors that
produce the largest amounts of wastewater which contains not
only a high amount of oil and grease but also other minor toxic
components.1 Because of this, the wastewater must be properly
treated before discharging into any receiving water body in
order to protect aquatic life. The presence of oil and grease in
wastewater can be seen in different forms such as free,
dispersed or emulsied which predominantly have differences
in size.2,3 In most of the cases, the oil droplets are spread
extremely well in small droplet of less than 10 mm, making the
conventional techniques such as gravity separation, centrifu-
gation and air otation ineffective in separating them from the
wastewater.2,4–8 Typical oily wastewaters may contain between
50 and 1000 ppm total oil and grease (TOG), depending on the
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type of application. The maximum content of TOG in discharge
water however is limited to 5–40 ppm according to regulations,
with a typical requirement of 10–15 ppm.1,2 In view of this, the
use of ultraltration (UF) membrane as treatment technology
has offered a potential alternative solution to tackle the
problem owing to its unique advantages such as excellent
separation efficiency, easy operation, low energy and mainte-
nance costs and no chemical use.9–11 As UF membranes have
sub-micron pore size on their surface, they are in general very
effective in separating small oil droplets even at operating
pressure of less than 1 bar.2,5,6,12–14

Chakrabarty et al.2,15 in their two different published works
have investigated the performance of several kinds of poly-
sulfone (PSF) membranes made of different additives in the
treatment of oily wastewater and found that almost all of the
membranes tested were able to reject more than 90% of oil
molecules when tested with feed solution of 100 mg L�1 oil. Lee
and Frankiewicz16 on the other hand used a hydrophilic UF
membrane in a cross-ow mode to treat oily wastewater. By
incorporating this UF membrane with hydrocyclone as
pretreatment process, a permeate of high quality was able to
produce (with TOC less than 2 mg L�1) even though the feed oil
concentration was varied between 100 and 1000 ppm.Wu et al.17

also reported that a hydrophilic polyvinyl alcohol (PVA) UF
RSC Adv., 2014, 4, 17587–17596 | 17587
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membrane could reject more than 96.5% oil with permeate ux
recorded at 360 L m�2 h�1 when tested with 806.75 mg L�1 oil
solution at operating pressure of 2 bar. Although previous
studies have showed that UF membrane has encountered no
major problem in treating oily wastewater, its susceptibility to
fouling problem still remains a main concern to many. The
membrane fouling problems resulted from oil adsorption and
deposition has negative impacts on water permeability, causing
it to deteriorate as a function of time if proper cleaning process
is not frequently conducted.2,5,7,11,18–22 Although optimizing
ltration conditions could reduce membrane fouling tendency
to certain extent, many researchers believed that improving
membrane hydrophilicity itself is the most sustainable solution
in minimizing fouling propensity.6,9,12,23,24

Several studies have reported the use of membranes made of
either PSF or polyethersulfone (PES) or polyvinylidene diuor-
ide (PVDF) polymer for oily wastewater treatment process, but
the hydrophobic nature of these polymers is the main concern
that is strongly linked to fouling in long run.19,25,26 In order to
improve the hydrophilicity of these membranes, attempts have
been made to incorporate the membrane with different types of
hydrophilic inorganic llers with the aims of not only
improving membrane hydrophilicity but also its water perme-
ability and anti-fouling resistance.6,9,25,27 This kind of membrane
comprising both organic and inorganic material is denoted as a
‘mixed matrix membrane’ (MMM) and is able to demonstrate
the positive features of each material, achieving the synergistic
effect for membrane performance enhancement.

Zhang et al.9 reported that inorganic metal oxide particles are
able to increase the membrane capability and performance
during oily wastewater treatment process. Their ndings
showed that both hydrophilicity and anti-fouling property
of membrane could be enhanced upon addition of sulfated
Y-doped nonstoichiometric zirconia to PSF membrane matrix.
The addition of inorganic nano-sized alumina particles (Al2O3)
to PVDF membrane was also evaluated by Li et al.6 They expe-
rienced that the modied PVDFmembrane was able to enhance
water ux of unmodied membrane by two orders without
compromising its good separation efficiency. The improved
membrane performance might be attributed to the hydrophilic
effect of Al2O3 which could improve not only membrane
permeability but also its antifouling performance. In the study
by Yuliwati et al.,10 they embedded hydrophilic titanium dioxide
(TiO2) nanoparticles in PVDF membrane and used the
membrane to treat oily wastewater under submerged condi-
tions. As reported, the membrane surface was altered and was
able to demonstrate balance performance of permeability and
selectivity when the membrane was subject to a synthetic oily
wastewater. Ahmad et al.28 also carried out research work on
modication of PSF UF membrane using inorganic silica (SiO2)
nanoparticles. The improved properties of the PSF–SiO2

membrane with respect to hydrophilicity and antifouling
resistance have been evidenced during ltration process of oil-
in-water emulsion.

Considering the advantages of inorganic particles for
membrane performance enhancement, the aim of this study
was to synthesize highly hydrophilic MMMs with improved
17588 | RSC Adv., 2014, 4, 17587–17596
performance and fouling resistance by incorporating PES
membrane with self-synthesized nanoparticles, i.e. hydrous
manganese dioxide (HMO). The performances of the resulting
MMMs were characterized with respect to water permeability,
oil rejection and water ux recovery in addition to the instru-
mental characterizations using contact angle goniometer, FTIR,
SEM and AFM.

2. Experimental
2.1 Materials

PES (Radel® A300, MW: �15 000 g mol�1) was purchased from
Amoco Chemicals. Manganese(II) sulfate monohydrate
(MnSO4$H2O), potassium permanganate (KMnO4) and sodium
hydroxide (NaOH) supplied by Merck were used to synthesize
inorganic hydrophilic HMO nanoparticles. Polyvinylpyrrolidone
(PVP) (MW: 24 000 g mol�1) and N-methyl-2-pyrrolidinone
(NMP) obtained from Merck were used as pore forming agent
and solvent, respectively. DI water was used in all procedures.

2.2 Preparation of HMO nanoparticles

Inorganic HMO nanoparticles were synthesized via oxidation of
manganous ions by permanganate in accordance to the Parida's
method.29 A solution was rst prepared by dissolving 40 g of
KMnO4 in 500 mL DI water (with pH of the solution adjusted to
12.5 using 1MNaOH solution). Then, the resulting solution was
added dropwise to an equal volume of aqueous solution con-
taining 60 g of MnSO4$H2O under vigorous stirring until the
brownish precipitates appeared. Aerwards, the resulting
product, HMO powder, was ltered and washed several times
with DI water. Finally, the synthesized HMO nanoparticles were
heated in vacuum oven at 60 �C for 24 h, followed by grinding
before storing in a desiccator until use.

2.3 UF membrane preparation

In this study, the PES and PES/HMO UF MMMs were fabricated
by immersion precipitation (i.e. phase inversion) method, and
the process was as follows:

(1) Preparation of dope solution: A predetermined amount of
PVP was rst dissolved in NMP solvent. HMO inorganic parti-
cles were then added into the solution and dispersed suffi-
ciently well with stirring, followed by sonication at 50 �C for
several hours. Dried PES polymer pellets were then added into
the mixture and stirred at 500 rpm for 24 h until a homogenous
suspension was obtained. The dope solution for the pristine
PES membrane was prepared in the same way without adding
HMO particles. The viscosity of dope solutions were measured
by a basic viscometer (Model: 98965-40, Cole-Parmer).

(2) Preparation of at sheet MMM: The uniform suspension
above prepared was poured onto a smooth glass plate and cast
by a casting blade at a speed of 5 cm s�1 to form a lm of 250 mm
thickness. The cast lm together with the glass plate was then
immersed into a DI water bath for a few minutes for phase
inversion to take place. Once the membrane was peeled off
naturally from the glass plate, it was transferred to another
water bath where it was kept for another 3 days to completely
This journal is © The Royal Society of Chemistry 2014
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Table 2 The average oil droplet size (diameter) and droplet size range
in different pH environment

pH Average (nm) Droplet size range (nm)
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remove residual solvent and PVP. The membrane was then
dried at room temperature (with humidity between 60 and 70%)
prior to use. Table 1 shows the composition of the dope solution
used for fabricating different types of membranes.
3 277.7 60–7000
7 386.8 85–8200
9 467.2 100–8500
2.4 Filtration experiments

2.4.1 Preparation of oily wastewater. The synthetic oily
wastewater was prepared using crude oil obtained from Ter-
engganu Crude Oil Terminal (Location: RE110) which is
located offshore of the east of peninsular Malaysia. The crude
oil-in-water emulsion was prepared by mixing crude oil of
different concentrations, i.e. 100, 200, 500 and 1000 ppm,
with DI water under vigorous stirring at 350 rpm for about 30
min at room temperature. Once the process was completed, a
solution with uniform yellowish colour was obtained.
Considering coalescence of oil droplets that may occur during
a prolonged period of storage, synthetic wastewater was
prepared a day before experiment to keep the feed charac-
teristics consistent. The oil droplet size in the synthetic
wastewater of 1000 ppm was determined by Zetasizer Nano ZS
(Malvern Instrument Inc.) with refractive index of 1.5 and
1.333 for the oil droplets and dispersant (water), respectively
and the results obtained at different pH environments are
shown in Table 2.

2.4.2 Cross-ow UF experiment. For the cross-ow UF
experiments, the membranes were rst evaluated with respect
to pure water ux before subjecting to the synthetic oily solu-
tions of various properties. Prior to the permeation tests, all the
membranes with an effective area of around 12.56 cm2 each
were pressurized at 1 bar for a period of 30 min in order to
achieve steady-state ux. Pure water ux of membrane (Jw1)
which was evaluated at 1 bar could be calculated using eqn (1).30

Jw1 ¼ V

A� t
(1)

where V, A and t are the volume of permeated pure water (L), the
effective area of the at sheet membrane (m2) and the operation
time (h), respectively. This equation was also employed to
calculate the permeate ux of membranes when they were used
to treat synthetic oily solutions. For the water treatment exper-
iments, two important variables, i.e. oil concentration and feed
pH value were considered in which the oil concentration of the
synthetic oily water was varied in the range of 100–1000 ppm
while the pH was changed in the range of 3–9. The permeate
was taken every 10min (up to 2 h) in order to evaluate the effects
of oil concentration and pH value on the permeate ux and oil
rejection of membranes. To determine the rejection of
membrane against crude oil at different feed conditions, the
following equation was employed.30
Table 1 Composition of the dope solution for membrane preparation

Membrane HMO/PES ratio PES (wt%) PVP (w

PES 0 15.00 1.50
PES/HMO-1 1 13.04 1.30
PES/HMO-2 2 11.54 1.15

This journal is © The Royal Society of Chemistry 2014
Rð%Þ ¼
�
1� Cp

Cf

�
� 100 (2)

where Cp and Cf are the concentration of oil in the permeate and
the feed (mg L�1), respectively. UV-vis spectrophotometer
(Model: DR5000, Hach) was used to determine the oil concen-
tration of samples at the wavelength of around 305 nm. In order
to obtain the ux recovery ratio (RFR) of membrane, the feed
solution tank was relled with DI water aer 2 h of UF of
synthetic oily solution and the membrane was rinsed by letting
the DI water ow thoroughly for 30 min under the same
condition as pure water permeation test. Then, the pure water
ux (Jw2) was re-evaluated to obtain RFR using eqn (3).31

RFRð%Þ ¼
�
Jw2

Jw1

�
� 100 (3)

2.5 Membrane characterization

2.5.1 Overall porosity. The membrane porosity (3) was
calculated by the following equation.32

3ð%Þ ¼
�
Ww �Wd

r� A� L

�
� 100 (4)

where Ww and Wd are the weight of wet and dry membrane (g),
respectively; A, the effective area of the membrane (cm2); r, the
density of water; L the wet membrane thickness (cm). A circular
membrane piece was weighed (Wd) aer vacuum drying for 24 h
at 50 �C. Then, the membrane was immersed in DI water
overnight and weighed (Ww) aer the surface was blotted with a
lter paper.

2.5.2 Transmission electron microscopy. Transmission
electron microscope (TEM) (Model: HT 7700, Hitachi) was used
to analyze the morphology and determine particle size of the
synthesized HMO nanoparticles. Prior to the analysis, the ne
HMO particles were dispersed in absolute alcohol and were
sonicated for 10 min to produce homogenous suspension. A
droplet of this suspension was then placed on a coated grid
before drying in vacuum oven at 60 �C for 1 h.

2.5.3 Scanning electron microscopy. Scanning electron
microscope (SEM) (Model: TM 3000, Hitachi) equipped with
t%) NMP (wt%) HMO (wt%) Viscosity (cp)

83.50 — 203
72.60 13.04 415
64.23 23.08 1118

RSC Adv., 2014, 4, 17587–17596 | 17589
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Fig. 1 Morphology and particle size of synthesized HMO particles
captured at different scale bars, (a) 500 nm, (b) 200 nm and (c) 50 nm.
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energy dispersive X-ray spectroscope (EDX) (Model: X-ash min
SVE, Bruker) was used to monitor the morphology of the pris-
tine PES membrane and the PES/HMO MMMs. Prior to scan-
ning, the cross-sectional membrane samples were prepared by
freeze-fracturing in liquid nitrogen to prevent the collapse of
the porous structure. The membrane was later sputter-coated
with gold to avoid charging during SEM analysis.

2.5.4 Fourier-transform infrared spectroscopy. ATR-FTIR
spectroscope (Model: UATR, Perkin Elmer) was conducted to
investigate the changes of functional groups and elements in
the inorganic HMO nanoparticles and PES/HMOMMMs. The IR
spectrum for the nanoparticles was obtained via the KBr pellet
technique.

2.5.5 X-ray diffractometry. X-ray diffraction patterns of the
synthesized HMO particles and all fabricated membranes were
recorded by an X-ray diffractometer (Model: D5000, Siemens)
equipped with monochromatic Cu Ka radiation at diffraction
angle 2q in the range of 10–90�.

2.5.6 Atomic force microscopy. Surface morphology of
fabricated membranes was visualized by atomic force micro-
scope (AFM) (Model: SPA-300 HV, Seiko). The scan was made
over an area of 10 mm � 10 mm to obtain surface roughness and
pore size by tapping mode at room temperature of 25 �C. The
mean roughness, Ra, representing the mean value of the surface
relative to the center plane for which the values enclosed by the
images above and below this plane are equal was obtained from
the line proles at different locations chosen arbitrarily for each
membrane sample using the AFM soware program.33 The
surface pore size of the membranes was measured by visually
inspecting the line proles of various pores observed on AFM
image at different areas of the same membrane.34

2.5.7 Contact angle measurement. To determinemembrane
surface hydrophilicity, the water contact angle of the membranes
was measured by sessile drop method using an automated
contact angle goniometer (Model: OCA 15plus, DataPhysics). A
droplet of DI water with a volume of 0.5 mL was carefully formed
at ten spots randomly chosen on the membrane surface using a
motor-driven microsyringe and the average value was reported.
Fig. 2 FTIR spectra of (a) HMO nanoparticles, (b) pristine PES
membrane and (c) PES/HMO-2 membrane.
3. Results and discussion
3.1 Morphology of HMO nanoparticles

The morphology and particle size of the synthesized HMO
nanoparticles is shown in Fig. 1 at different scale bar. As can be
clearly seen, the synthesized HMO nanoparticles are a mixture
of ake-like shape particles with the average particle size of
smaller than 6 nm and needle-shaped particles with the average
size of 12 nm in diameter.
3.2 Functional groups of membranes

The ATR-IR spectra of inorganic HMOnanoparticles, pristine PES
membrane and PES/HMO-2 membrane are shown in Fig. 2. The
HMO nanoparticles spectrum depicts the O–H stretching vibra-
tion band at around 3292 cm�1 and the O–H bending vibration
combined withMn atom at band of 1625 cm�1.35 The weak bands
in the wavenumber region between 400 and 900 cm�1 are due to
17590 | RSC Adv., 2014, 4, 17587–17596
the presence of MnO6 octahedra in the synthesized nano-
particles.35,36 Compared to the PES membrane, the presence of
two new characteristic peaks at 1655 and 3370 cm�1 in PES/
HMO-2 membrane conrms the successful incorporation of
HMO particles in the membrane matrix. Since there is no
evidence (new peak) showing the chemical bonding between
HMO nanoparticles and PES membrane in the present work, it is
reasonable to say that the interaction of organic membrane and
inorganic ller is mainly based on physical interaction.
3.3 XRD of membranes

Fig. 3 depicts the XRD patterns of HMO nanoparticles and PES
membrane embedded with and without HMO nanoparticles.
This journal is © The Royal Society of Chemistry 2014

https://doi.org/10.1039/c4ra00032c


Fig. 4 Water contact angle of membranes, (a) PES, (b) PES/HMO-1
and (c) PES/HMO-2 membrane.
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Two strong peaks are obvious at 2q of 45.2� and 76� in the HMO
nanoparticles and these can be ascribed to the typical charac-
teristic peaks of amorphous HMO nanoparticles. Compared to
the pristine PES membrane, two signicant peaks observed at
2q of 45.2� and 76� in PES/HMO-2 MMM is the strong indication
conrming the presence of HMO nanoparticles in the PES
membrane matrix.
3.4 Membrane hydrophilicity

Surface hydrophilicity of membrane plays an important role to
dene the pure water ux and antifouling property. Fig. 4
presents the contact angle values of the PES membranes with
different loadings of HMO nanoparticles. The contact angle
value and subsequently pure water ux changed from 69.5� and
39.2 L m�2 h�1 of pristine PES membrane to 42.3� and 336 L
m�2 h�1 of PES/HMO-1membrane and to 16.4� and 573.2 Lm�2

h�1 of PES/HMO-2 membrane with increasing HMO : PES ratio
from zero to 2. Thus, the effect of HMO loading on the hydro-
philicity of the membranes is obvious. This is due to the
superhydrophilic nature of HMO with many –OH functional
groups.25,37–39 It should be taken into account that the hydroxyl
groups of nanoparticles are able to interact with water mole-
cules easily through the hydrogen bonding and the van der
Waals force, which leads to an increase in water permeability as
evidenced in previous studies.26,40
Fig. 5 SEM images of top surface (magnification of 5000�) and cross
section (magnification of 500�) of PES membranes prepared from
different nanoparticles loadings, (a) PES, (b) PES/HMO-1 and (c) PES/
HMO-2 membrane.
3.5 Morphological analysis using SEM

The SEM micrographs of the surface and the cross-section of
the pristine PES membrane and the MMMs are shown in Fig. 5.
The formation of asymmetric structure, which consists of a
porous skin layer supported by a nger-like sublayer, is the
typical result of the phase inversion process adopted in this
work for membrane fabrication. It is obvious that by increasing
the weight ratio of HMO : PES the nger-like pores become
Fig. 3 Comparison between the XRD patterns of HMO particles and
PES membrane embedded with and without HMO particles.

This journal is © The Royal Society of Chemistry 2014
longer and nally, they become the vertically oriented macro-
voids of PES/HMO-2. It is observed from the top layer images
that with increase in the HMO loading the pore size tends to
decrease. It can be easily observed that HMO particles are
uniformly dispersed along the entire cross-section, which
indicates that sedimentation nanoparticles does not occur
during MMM preparation.9 Increase of surface hydrophilicity
with HMO loading is obviously due to abundance of hydrophilic
–OH groups at the MMM surface. The improved membrane
hydrophilicity upon addition of HMO nanoparticles is consis-
tent with FTIR observation and contact angle results. Table 3
shows the results of EDX analysis on the top surface of
membranes with respect to carbon (C), oxygen (O), sulfur (S)
and manganese (Mn) atomic elements. The results further
conrm the successful incorporation of HMO nanoparticles in
the membrane matrix and the higher the HMO nanoparticles
added, the higher the percent of Mn and O detected on
membrane surface.
RSC Adv., 2014, 4, 17587–17596 | 17591
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Table 3 EDX analysis of the top surface of membranes

Element

Membrane

PES (at.%) PES/HMO-1 (at.%) PES/HMO-2 (at.%)

C 74.71 59.33 50.19
O 18.99 28.04 33.58
S 6.30 3.62 2.39
Mn — 9.01 13.84
Total 100.00 100.00 100.00

Table 4 Properties of membrane with respect to overall porosity,
surface pore size and average roughness (Ra)

Membrane Overall porosity (%) Pore size (nm) Ra (nm)

PES 80.5 146.6 2.96
PES/HMO-1 83.1 96.7 16.03
PES/HMO-2 87.9 76.4 35.51
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3.6 Morphological analysis by AFM

Top-view AFM images of the pristine PES membrane and the
MMMs over an area of 10 mm� 10 mm are shown in Fig. 6. As can
be clearly seen from these images, the top surfacemorphology has
been altered with the addition of HMO nanoparticles into the
dope solution. The surface roughness increases and the edge and
the valley of the rough surface become more oriented to the
direction of the casting bar movement with an increase in HMO
loading. The numerical values of the surface roughness are shown
in Table 3. It increases from 2.96 nm of the pristine PES
membrane to 16.03 and 35.51 nm of PES/HMO-1 and PES/HMO-2
membrane, respectively. Table 4 also presents the surface pore
size of the membranes. The decrease in surface pore size and the
increase in porosity with an increase inHMO loading is consistent
with the SEM observation.
3.7 UF experiments for oily wastewater treatment process

3.7.1 Permeate ux and oil rejection. Fig. 7 shows the
variation of permeation ux and oil rejection of the fabricated
membranes as a function of operation time for the cross-ow
UF experiment of wastewater containing 1000 ppm oil. Clearly,
the permeate ux of membrane was in the order of PES/HMO-2
> PES/HMO-1 > PES membrane. Although this order coincides
with the order of the pure water ux shown earlier, the permeate
ux of oily wastewater is much lower than the pure water ux.
This is due to the coverage of membrane surface by the oil layer.
The ux tends to decrease from the initial value with time but
even aer leveling off PES/HMO-2 membrane maintained
signicantly higher ux (573.2 L m�2 h�1) than the pristine PES
membrane (39.4 L m�2 h�1). The excellent permeate ux of PES/
HMO-2 membrane is mainly attributed to improved membrane
morphology (higher porosity) and the increased hydrophilicity.
Fig. 6 3D surface AFM images of the membranes with different HMO/P

17592 | RSC Adv., 2014, 4, 17587–17596
With respect to oil rejection, it is observed that both PES/
HMO membranes demonstrated signicantly higher rejection
than the pristine PES membrane throughout the entire experi-
mental period. Almost complete oil rejection was able to be
achieved by PES/HMO-2 membrane in comparison to 98.5–
99.99% and 92.3–97.5% shown by PES/HMO-1 and PES
membrane, respectively. There are two main factors contrib-
uting to the excellent performance of PES/HMO-2 membrane.
The rst one is due to the smallest surface pore size of the
membrane which plays a main role in preventing oil particles
from passing through the membrane. Although the average
pore sizes of all the prepared membranes are smaller than the
oil droplet size, a wide range of pore size distribution of the PES
membrane may have allowed the passage of some oil droplets,
thus lowering the oil rejection considerably. However, the pores
are gradually blocked by the adsorption of oil at the membrane
wall, which narrows the permeate ow channel. Thus, oil
rejection of the PES membrane gradually increases with time.
The second factor to be considered is the highest hydrophilicity
of the PES/HMO-2 membrane, which minimized oil deposition
and/or adsorption.

3.7.2 Flux recovery ratio. Fig. 8 shows the ux recovery
ratio, dened by eqn (3), of the membranes. As the gure shows,
there is substantial improvement of water ux recovery by HMO
loading, i.e. 42%, 68% and�75% for PES, PES/HMO-1 and PES/
HMO-2 membrane, respectively. The high recovery ratio of the
PES/HMO-2 also indicates its excellent antifouling property by
reducing the formation of oil layer on membrane surface (and/
or pore blocking by smaller oil droplet). As a conclusion, it can
be said that hydrophilic HMO nanoparticle has a potential of
enhancing membrane hydrophilicity and further its antifouling
resistance against oil droplets during treatment of oily waste-
water process.

3.7.3 Effect of oil concentration and pH. The inuence of
oil concentration on the permeate ux of PES/HMO-2
ES ratios, (a) PES, (b) PES/HMO-1 and (c) PES/HMO-2.

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Separation performance of PES and PES/HMO membranes in
the treatment of synthetic oily wastewater (feed oil concentration:
1000 ppm and pH: 7) as a function of operation time, (a) permeate flux
and (b) oil rejection.

Fig. 8 Pure water flux of membrane before and after oily wastewater
treatment and its flux recovery rate.

Fig. 9 Effect of oil concentration on the permeate flux of PES/HMO-2
membrane as a function of time.

Fig. 10 Flux recovery rate of PES/HMO-2 membrane at different oil
concentrations in the feed.
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membrane was also investigated and the results are presented
in Fig. 9. It is found that oil concentration has strong impact on
permeate ux, i.e. the higher the oil concentration the greater
This journal is © The Royal Society of Chemistry 2014
the ux decline. With respect to oil rejection, the membrane
displayed almost complete rejection of oil regardless of the feed
oil concentration. For every oil concentration, the ux leveled
offwithin 90 min of operation. The ux decrease during the rst
hour of operation is attributed to the increase in resistance to
permeation ow because of the formation of oil layer on the
membrane surface. As can be seen from Fig. 10, increasing oil
concentration in the feed solution had negative impact on water
ux recovery. These results are due to the fact that the thicker oil
layer is formed at the membrane surface while contacting with
the feed containing the larger amount of oil droplets and simple
water cleaning could not remove the adsorbed layer effectively.

The performance of the PES/HMO-2 membrane was further
assessed by varying the pH of the synthetic oily solution of 1000
ppm oil using diluted HCl or NaOH solution to adjust the
special values of pH and the results are shown in Fig. 11 as a
function of operation time. Obviously, the permeate ux was
affected by the feed pH and the permeate ux was increased by
increasing the feed pH from 3 to 9. The lowest water
RSC Adv., 2014, 4, 17587–17596 | 17593
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Fig. 11 Effect of feed pH on the permeate flux of PES/HMO-2 membrane.
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permeability at the acidic environment obtained in this study is
consistent with the ndings of Hua et al.41 in which they
reported the water ux of MF membrane at pH 4 was much
lower than at pHs 6 and 10 when the membrane was used to
treat feed solution containing 500 ppm oil. However, Zhao
et al.42 reported a contradictory result that the ux of membrane
decreased as the pH increased in the range of 2–10. Therefore, it
can be said that the permeate ux under different pH values was
not only affected by the membrane properties but also by the
characteristic of oil droplets, particularly by the oil droplet size.
Table 2 shows that the droplet sizes of oil were the smallest
(average 277 nm with a range of 60–7000 nm) at pH 3. Thus,
some of the droplets were accommodated by the membrane
pore (average size of 76.4 nm), resulting in pore blockage and
low permeate ux. As well, some of the smallest droplets
permeated through the pores, lowering the oil rejection. As pH
increases, oil size increases, which result in higher permeate
ux and higher oil rejection.

4. Conclusions

In this work, an investigation was made on the separation of oil
from the synthetic crude oil-in-water emulsion using PES/HMO
MMMs. The results revealed that the addition of hydrophilic
HMO nanoparticles into dope solution played a role in
improving not only membrane hydrophilicity but also its water
permeation rate and anti-fouling resistance against oil deposi-
tion and adsorption. Although the permeability of PES/HMO-2
membrane was signicantly improved, its oil rejection rate was
not compromised as the membrane was still able to produce
permeate of high quality (almost complete rejection of oil)
regardless of oil concentration and feed pH. In addition, at the
highest HMO nanoparticles loading, the PES/HMO-2
membrane demonstrated the greatest ux recovery among the
studied membrane, indicating its excellent anti-fouling prop-
erties in reducing oil deposition and/or adsorption. This study
shows the potential of using HMO nanoparticles as alternative
promising ller in improving PES membrane properties,
making it suitable for treating oily wastewater.
17594 | RSC Adv., 2014, 4, 17587–17596
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