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a b s t r a c t

In this work, nanocompsite membranes containing high density polyethylene (HDPE) and function-
alized SiO2 nanoparticles were fabricated via thermally induced phase separation method. Silica 
nanoparticles were functionalized by grafting of poly(ethylene glycol) (PEG) and vinyl functional 
groups to improve both interfacial adhesion and hydrophilic characteristics of the nanoparticles. 
HDPE nanocomposite membranes were fabricated by incorporation of the functionalized particles 
into polymer matrix in the presence of dicumyl peroxide as a free radical initiator. EDAX and BSE 
analyses showed that a high dispersion of nanoparticles could be achieved in the presence of vinyl 
moieties due to significant improvement in interaction between particles and HDPE chains. FE-SEM 
images showed that the vinyl grafted particles embedded membranes has an interconnected struc-
ture with interwoven polyethylene fibers. It was seen that pure water flux increases from 11 L·m–2 h–1 to 
higher than 90 L·m–2 h–1 in the presence of 2 wt.% PEG/vinyl grafted nanoparticles, compared to pure 
HDPE membrane. The obtained results confirmed that incorporation of PEG/vinyl grafted nanopar-
ticles, caused to achieve a fouling resistance membrane during filtration of humic acid solution, even 
at higher loading of nanoparticles. Also, pre-treatment with polyaluminium chloride could signifi-
cantly mitigate fouling and improve humic acid removal. It means that by using the polyethylene 
microfiltration membrane combined with coagulation process,the results were obtained similar to 
UF membranes, which usually require higher operation pressure and severe fouling drawbacks.

Keywords: �HDPE nanocomposite membrane; Antifouling behavior; Hydrophilicity; Dispersibility; 
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1. Introduction

As a green technology, membrane based separations 
play an important role in many industrial applications, like 
water and waste water treatment, food processing, pharma-
ceutical industry, and gas purification. The advantages of 
membrane technology over conventional separation meth-
ods make the membranes more demandable [1]. 

Fabrication of highly permeable, long standing, less 
fouling and economical membranes is essential for the sus-
tainable growth of membrane dependent industries. By far 

most of the commercial membranes are made from organic 
polymers. Among the polymers, polyolefins such as poly-
propylene (PP) and polyethylene (PE) are good candidates 
for preparing cheap, thermally stable and chemically resis-
tant membranes [2,3]. 

Generally, due to the lack of solvents at low tempera-
tures, thermally induced phase separation (TIPS) is a 
favorable method to fabricate polyolefin macroporous 
membranes [4–11]. PE, as a membrane material, possesses 
a wide range of desirable properties including excellent 
mechanical strength, thermal and physicochemical stabil-
ity and low cost [4,12]. However, due to the hydrophobic 
nature and absence of polar functional groups in molecular 



A. Akbari et al. / Desalination and Water Treatment 76 (2017) 83–9784

chains of PE, the prepared membranes exhibit a low water 
flux and high fouling characteristic compared to other 
membranes made by hydrophilic polymers [12,13]. Actu-
ally, the hydrophobic membranes are susceptible to fouling 
while treating aqueous solutions containing natural organic 
matters (NOM), e.g. proteins and humic acids, which are 
prone to being easily absorbed onto the membrane surface 
or block the surface pores [14]. Therefore, the effective con-
trol of fouling is crucial for proper performance and long 
term effectiveness of any membrane system for water pro-
cessing [16].

A great deal of efforts have been made to improve 
the hydrophilic characteristics of polymer membranes by 
applying different methods such as graft-polymerization 
with hydrophilic monomers, plasma technique for sur-
face treatment, ozone treatment, blending and dip-coating 
[12,17,18]. Although the grafted surfaces are almost stable, 
chemicals used for grafting are sometimes environmentally 
unfriendly. Also, grafting by gamma ray and UV irradia-
tion, or in the plasma chamber, is not easy to apply on a 
large industrial scale [15].

There are some inherently hydrophilic polymers like 
polyvinyl alcohol (PVA), polyacrylic acid (PAA), polyvi-
nyl pyrrolidone (PVP), polyacrylonitrile (PAN) and PEG 
used to enhance the membranes hydrophilicity [14,19–22]. 
PEG, due to its hydrophilicity, good biocompatibility, low 
toxicity and cost has been widely investigated [21,23–25]. 
In this approach, the steric stabilization effect of PEG pre-
vents proteins and other foulants from adhering to the sur-
face [26,27]. However, most of the water soluble PEG may 
be washed out during membrane fabrication and also in 
filtration process. As reported in our previous work [28], 
grafting of PEG onto silica nanoparticles (NPs) is a prom-
ising approach to retain PEG in the membrane matrix and 
improve its hydrophilicity for a long time. However, it was 
not discussed in details in terms of dispersion and distribu-
tion of synthesized NPs in the membranes matrix. 

Generally, the incorporation of nanomaterials into 
polymer matrices to form nanocomposite membranes has 
become an important area of research [29]. However, the 
ultimate properties of a polymer nanocomposite mem-
branes are very much dependent on the dispersion of the 
NPs in the continuous phase, and the interfacial interac-
tion between the surface of nano-scale filler and polymer 
matrix [30]. In our previous work [28], promising results 
were obtained in humic acid removal from water resources, 
however, the dispersibility as well as hydrophilic property 
of the prepared membranes were not much improved.

In general, the polar fillers have inherently low compat-
ibility with non-polar polymers, especially hydrocarbons 
such as PP and PE [31–34]. The approach to improve the 
interaction between PE and silica NPs in the present work is 
through silane coupling agents that have the ability to form 
a durable bond between organic and inorganic materials.

Our previous findings [35] indicated that incorpora-
tion of PEG/vinyl grafted silica NPs (PEG/vinyl-g-silica) 
into PE matrix can be a promising strategy to improve both 
interfacial adhesion and hydrophilic characteristics of poly-
mer composite. In continuation with our achieved protein 
repellent NPs, in this work PEG/vinyl-g-silica NPs embed-
ded HDPE nanocomposite membranes were fabricated via 
combination of both melt blending and TIPS processes. The 

grafting reaction of vinyl functionalized NPs onto HDPE 
chains were carried out by using dicumyl peroxide (DCP) 
as a free radical initiator. Finally the fabricated membranes 
were evaluated in terms of structural and operating param-
eters and compared with the pure and PEG-g-silica NPs 
embedded HDPE membranes.

Although in-house fabricated pure and nanocomposite 
HDPE membrane may show lower water permeation com-
pared to other commercial membranes, however, the main 
goal of this work is based on the introducing of our meth-
odology in membrane modification, which is applicable to 
other available commercial membranes, too.

The structural characterization and performance of the 
fabricated membranes were investigated through using a 
set of analyses including FE-SEM, BSE, EDS, AFM, contact 
angle and pure water flux. Furthermore, the fouling charac-
teristics of the membranes were examined during filtration 
of humic acid (HA) solution as one of the main constituents 
of normal foulants in water treatment process. Finally, the 
fouling mechanisms of the fabricated membranes were ana-
lyzed by using combined fouling models.

By the way, the existence of large pores in microfiltra-
tion (MF) membranes may result in a minimal retention of 
macromolecular HA; therefore, the impact of pre-coagula-
tion with polyaluminium chloride (PAC) on the MF pro-
cess performance, which is often called the coagulation-MF 
hybrid process,was also investigated. 

2. Experimental

2.1. Materials

Ethanol (EtOH, 99.9%), ammonium hydroxide (NH4OH, 
25%) and tetraethylorthosilicate (TEOS, 98%) as cosolvent, 
catalyst and precursor, respectively, for synthesis of the 
silica NPs were purchased from Merck. PEG(MW: 200) as 
hydrophilic modifier and vinyltrimethoxysilane (VTMS) as 
a coupling agent were purchased from Sigma-Aldrich and 
Merck, respectively. The commercial grade of HDPE, (Mw 
ca. 119500 g/mol) was provided by Amirkabir Petrochem-
ical Company of Iran and was used as received. Mineral 
oilas diluent and acetone as extractor were purchased from 
Acros Organics and Merck, respectively. HA as a common 
water contaminant was purchased from Sigma-Aldrichto 
study the fouling behavior of the membranes. PAC as the 
coagulant was purchased from Yixing Bluwat Chemicals 
Company. All the chemicals were used without further 
purification.

2.2. Synthesis of silica NPs

The bare, PEG and PEG/vinyl grafted silica NPs were 
synthesized by using one-pot one-step sol gel method as 
described in detail in our previous works [35, 36]. However, 
the fabrication method of PEG/vinyl grafted silica NPs, as 
a key material, was described concisely in this work, too. In 
this regard, VTMS was added dropwise to the reaction mix-
ture containing certain amounts of EtOH, TEOS, ammonia 
and H2O, after the primary solution became transparent. 
After 5 min, PEG was added to the prepared solution and 
mixing continued for 60 min. The obtained solution was 
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centrifuged at 12,000 rpm for 10 min and then rinsed by DI 
water and ethanol for several times to ensure the removal 
of unreacted materials. Finally, the particles were dried at 
75°C for 24 h to obtain the final NPs.

According to the obtained results, in all experiments, 
the concentration of TEOS and ammonia were kept con-
stant at 0.25 mol/L and 0.5 mol/L, respectively. Also, the 
molar ratios of H2O/TEOS, PEG/TEOS and VTMS/TEOS, 
were kept constant at 38/1, 4/1 and 1/9, respectively. 

2.3. Membrane fabrication

HDPE powder and the synthesized NPs were dried 
for at least 6 h at 75°C before being used in the membrane 
fabrication. The total fraction of solid matter in this study, 
containing HDPE with NPs loading of 0, 1 and 2 wt%, in the 
casting solution was held constant at 20 wt%.

Silica NPs/HDPE and PEG-g-silica NPs/HDPE nano-
composite membranes were fabricated by dispersing the 
NPs into mineral oil using sonication (Sonopuls HD 3200, 
Bandelin) for 1 h before the addition of polyethylene to the 
diluent-nanoparticle suspension and then melt-blended at 
160°C for 90 min in a sealed glass vessel. The solution was 
then allowed to degas for 30 min and cast on a preheated 
glass sheet by using a doctor blade. The plate was imme-
diately quenched in the water bath (30°C) to induce phase 
separation. In order to extract the mineral oil, the membrane 
was then immersed in acetone for 24 h. Finally it was dried 
at room temperature to remove acetone. A similar proce-
dure was used to fabricate pure polyethylene membrane.

In order to fabricate PEG/vinyl-g-silica NPs/HDPE 
nanocomposite membranes, the melt compounding con-
taining certain amounts of NPs and 0.06 wt.% DCP in 
HDPE were carried out in a laboratory batch internal mixer 
(Brabender W50 EHT) at 180  with a rotor speed of 60 rpm. 
The chamber volume was 55 cc and the filling factor was 
selected as 0.8. The prepared product were then cooled and 
used to fabricate nanocomposite membranes according to 
the previous described TIPS procedure.

2.4. FTIR analysis

The chemical structure of the samples was studied by 
Fourier transform infrared spectroscopy (FTIR) with a VER-
TEX 70 FTIR spectrometer (Bruker, Germany) in the range 
of 4000–400 cm–1. The sample pellet of nanoparticles for 
FTIR test was prepared by mixing the particles with KBr.

2.5. FE-SEM micrographs and EDAX analysis

The morphology of the samples was investigated by 
using MIRA3 XM Field Emission Scanning Electron Micro-
scopes (FE-SEM) from Tescan (USA). Nanoparticle samples 
for FE-SEM observation were prepared by dropping the 
particle suspension in water onto the SEM stub by using 
carbon adhesive. Also, the cross-section of the membrane 
samples was prepared by fracturing in liquid nitrogen. All 
samples were coated with gold by sputtering before obser-
vation to make them conductive.

Furthermore, FE-SEM device was equipped with dis-
persive X-ray analysis (EDAX) detector to identify the 

chemical composition as well as to inspect dispersion of 
NPs in the cross-section of the nanocomposite membranes. 

2.6. Dispersibility of NPs

Generally, progress in fabrication of nanocomposite 
membranes has been limited by the types of nanomateri-
als that can be incorporated into polymer membranes for 
performance enhancement. This limitation is mainly due 
to difficulties in ensuring appropriate interactions between 
NPs and polymer to form nanocomposite membranes [29].

Since heavy elements (high atomic number) backscatter 
electrons stronger than light elements (low atomic number), 
and thus appear brighter in the image [37], in this work BSE 
images were used to detect contrast between areas with dif-
ferent chemical compositions to confirm the dispersibility 
of NPs in nanocomposite membranes.

2.7. Tensile strength measurement

Tensile strength, as a measure of mechanical properties, 
was determined at break point of membranes by using a 
tensile testing machine (STM-5, Santam). The samples were 
cut in 50 mm in length and 10 mm in width and stretched 
by the testing speed of 50 mm/min.

2.8. Contact angle measurement 

The hydrophilicity of membranes was investigated by 
measuring the contact angle between membrane surface 
and water droplet by using a contact angle goniometer 
(PGX, Thwing-Albert Instrument Co.).

2.9. Pure water flux (PWF)

PWF tests were conducted at room temperature by using 
a dead-end filtration system with 5 cm2 of membrane area. 
The feed was pressurized by a nitrogen cylinder attached to 
the feed reservoir. To minimize the compaction effect, the 
pre-wetted membranes were compacted for 30 min at 2 bar. 
Then the pressure was reduced to 1.5 bar and after reaching 
steady state, the permeate water was collected for a certain 
time and water flux was calculated through the following 
equation:

J
V

A t0 =
× Δ

� (1)

where J0 is pure water flux (L/m2·h), V is the permeate vol-
ume (L), A is the membrane area (m2) and Δt is the permeate 
time (h).

2.10. Membrane fouling and rejection 

The effects of synthesized NPs on the removal of HA 
and fouling behavior of the membranes were investigated. 
HA solution was prepared by dissolving 1 g of HA in 1 L 
of Milli-Q water. Solution pH was adjusted to 7.0 by addi-
tion of 0.1 M NaOH as needed. The solution was filtered 
through a 0.45 mm filter to remove particulates and stored 
in the refrigerator (4°C) before use. After measuring the 
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steady state pure water flux (recognized as J0), the filtra-
tion continued with HA solution. The permeate readings 
were then periodically taken for every 10 min time interval 
throughout 280 min of filtration duration at the constant 
trans-membrane pressure of 1.5 bar. After 280 min of HA fil-
tration, PWF of the membrane was measured and recorded 
as J1. Then the membrane was rinsed with distilled water 
and the cake layer formed on the membrane was gently 
removed mechanically by a sponge. After rinsing, the PWF 
was measured again and labeled as J2.

In the next series of experiments, in order to investi-
gate the effect of pre-coagulation on humic acid removal, 
0.34 g/L PAC (PAC/HA weight ratio = 1/3) was added to 
HA solution. The solution was rapidly mixed with coagu-
lant and then the filtration was performed without being 
settled, simulating in-line coagulation. Hydraulic retention 
time in the rapid mixing tank was about 5 min. Then, the 
filtration procedure was carried out as described in the pre-
vious paragraph.

In order to evaluate the antifouling properties of the 
membranes in details, the reversible (RFR), irreversible 
(IFR) and total fouling (TFR) ratios of the membranes were 
calculated by using J0, J1 and J2 through the following equa-
tions:

RFR
J J

J
=

−





×2 1

0

100 � (2)

IFR
J J

J
=

−



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×0 2

0

100 � (3)

TFR
J J

J
=

−



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×0 1

0

100 � (4)

The fouling resistance ability of the fabricated mem-
branes was investigated by measuring the flux recovery 
ratio (FRR) of each sample calculated as follows:

FRR
J
J

=






×2

0

100 � (5)

In order to measure the membrane rejection, the 
HA concentrations of feed and permeate solutions were 
determined by using a UV spectrophotometer (Bio Quest 
CE2501) and the HA rejection of membrane was calculated 
by using Eq. (6):

R
C

C
p

f

%( ) = −








 ×1 100 � (6)

where R (%) is the rejection percentage, Cp and Cf are perme-
ate and feed concentrations.

Each experiment was repeated at least two times. In the 
experiments, all composite membrane samples were pre-
pared from at least two replicate synthesis sets.

2.11. Fouling mechanisms analysis

In order to describe the mechanisms responsible for flux 
decline during the filtration of HA solution, the constant 
pressure combined fouling models were investigated. The 

combined models assume that the two individual fouling 
mechanisms are independent and will occur throughout the 
filtration [13]. A summary of constant pressure combined 
fouling models including the models, equations and fitted 
parameters generated by Bolton [38] is provided in Table 1.

To analyze the membranes fouling , the flux expressions 
were considered relative to the fouling mechanisms. For this 
purpose, the permeate volume per membrane area (m3/m2) 
versus time was plotted and the value of fitted parameters, 
listed in Table 1, was determined by using the least square 
method. Finally, the model that best described the experi-
mental data suggests the most probable fouling mechanism 
responsible for the observed flux decline.

3. Results and discussion 

3.1. Synthesis and characterization of NPs

In this work, FE-SEM images as well as FTIR analysis 
of synthesized NPs were shown and discussed; however, 
more detailed discussion and characterization including 
contact angle, XRD, protein adsorption, DLS, TGA and dis-
persibility of the bare and functionalized NPs are available 
in our previous works [35,36].

3.1.1. FE-SEM and FTIR analyses

Fig. 1 shows the FE-SEM images and FTIR analysis 
of synthesized NPs. It can be seen that the particles sizes 
decreased significantly in the presence of PEG (Fig. 1b) and 
VTMS (Fig. 1c).

Furthermore, in the presence of PEG and VTMS, the 
surface morphology changes from complete spherical 
of unmodified sample to sharp edge of grafted samples. 
According to Akbari et al. [35], it can be attributed to the 
impact of PEG and VTMS as stopping agents, which pre-
vent complete formation of Si-O-Si at every place of silica 
NPs network, resulting in a significant decrease in the size 
of the particles.

As shown in the figure, FTIR analysis illustrated that 
in comparison with bare silica NPs, the PEG-g-silica NPs 
show new absorption peaks at 1460 and 2950–2800 cm–1, 
corresponding to the stretching vibration of alkyl groups, 
in addition to the absorption peak of Si-O-Si at 1100–1000 
cm–1. Also, for PEG/vinyl-g-silica NPs, the extra peaks were 
observed at 1410 corresponding to Si–CH=CH2 (vinyl group 
as reported by Yan et al. [39]), confirming simultaneous 
grafting of PEG and vinyl moieties on silica NPs.

3.2. Characterization of the fabricated membranes

3.2.1. Morphology of the membranes

Fig. 2 shows FE-SEM images of cross section of the fabri-
cated membranes. It can be obviously seen that all membrane 
samples have a leafy structure characterized by randomly ori-
ented connected polyethylene leaves similar to HDPE-min-
eral oil system as discussed by Lloyd et al. [40]. As shown 
in Fig. 2, membrane porosity increases by adding silica NPs. 
According to Jafarzadeh et al. [12], increasing the membrane 
porosity in the presence of NP scan be due to the heteroge-
neous nucleation effect of the particles. On the other hand, the 
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Table 1
Constant pressure combined models of membrane fouling

Model Equation Fitted parameters

Cake filtrationa and complete blockingb  
mechanism (CFCBM) V

J
K

K
K J

K J t
b

b

c
c= −

−
+ −( )















0

0
2 0

21 1 2 1exp
Kc (s/m2), Kb (s

–1)

Cake filtration and intermediate blockingc  
mechanism (CFIBM) V

K
K

K J
K J t

i

i

c
c= + +( ) −

















1
1 1 2 1

0
0
2

1
2ln

Kc (s/m2), Ki (m
–1)

Complete blocking and standard blockingd  
mechanism (CBSBM) V

J
K

K t
K J tb

b

s

= −
−
+





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









0

0

1
2

2
exp

Kb (s
–1), Ks (m

–1)

Intermediate blocking and standard blocking  
mechanism (IBSBM) V

K
K J t
K J ti

i

s

= +
+







1
1

2
2

0

0

ln
Ki (m

–1), Ks (m
–1)

Cake filtration and standard blocking  
mechanism (CFSBM) V

K

K
K J

s

s

c

= − ( )





+




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= +

2 2
3

1
3

1
3

8
27

4
33 3

0

β
π

α

α
β β

cos arccos ,

−−

= + +

4
3

4
9

4
3

2
3

2

3

0

2

K t
K

K
K J

K t
K

s

c

s

c

s

c

β

β

,

Kc (s/m2), Ks (m
–1)

aCake filtration: Particles diameter is larger than membrane pores diameter, so fouling occurs due to cake formation on the 
membrane surface. 
bComplete blocking: Each particle arriving at the membrane surface will block some pores. 
cIntermediate blocking: Particles are accumulated on each other and sealed membrane pores. 
dStandard blocking: Particles diameter is much less than membrane pore diameter, hence they can enter the pores and are adsorbed on 
the pore walls.

Fig. 1. FE-SEM and FTIR analyses of synthesized NPs; [NH4OH] = 0.5 mol/L; PEG/TEOS and VTMS/TEOS molar ratio, respectively 
= (a) 0 and 0, (b) 1/4 and 0, (c) 1/4 and 1/9. 
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presence of silica NPs during phase separation gives rise to 
a greater nucleation rate and subsequently a shorter growth 
period of polyethylene leaves. Therefore, as shown in FE-SEM 
images (Fig. 2), smaller leaves are developed in the polymer 
matrix that causes the membrane to be more porous.

However, in the presence of vinyl grafted NPs (Fig. 2h 
and 2j) a different structure was obtained. The structure 
obtained for these samples in addition to the leafy struc-
ture similar to others,is an interconnected structure with 
interwoven polyethylene fibers. The presence of these 

Fig. 2. FE-SEM images and EDS analysis of neat and nanocomposite HDPE membranes cross section; (a) Pure HDPE membrane, (b) 
and (c) 1 wt.% bare silica NPs/HDPE membrane, (d) 2 wt.% bare silica NPs/HDPE membrane, (e) and (f) 1 wt.% PEG-g-silica NPs/
HDPE membrane, (g) 2 wt.% PEG-g-silica NPs membrane, (h) and (i) 1 wt.% PEG/vinyl-g-silica NPs/HDPE membrane, (j) 2 wt.% 
PEG/vinyl-g-silica NPs/HDPE membrane.
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interwoven fibers at 2 wt.% loading of vinyl grafted NPs 
(Fig. 2j) is quite evident and could affect the membrane 
porosity and change the final structure. The appearance 
of this structure can be due to the desirable interaction 
between HDPE chains and vinyl moieties of particles in 
the presence of initiator. 

EDS analysis of the samples containing 1 wt.% NPs, as 
case study examples, gave the composition of the nano-
composite membranes as shown in Fig. 2c, 2f and 2i. The 
elemental analysis reveals the presence of Si and O in the 

membranes. The Au peak in the spectrum comes from treat-
ing the samples with Au sputtering. 

In order to study the dispersibility of NPs through-
out the membranes, EDAX analysis was carried out. 
The FE-SEM images and EDAX analysis of membranes 
cross-section for samples with 2 wt.% loading of NPs are 
shown in Fig. 3. As shown in the figure, all membranes 
have symmetric structure with homogeneous morphol-
ogy. Based on EDAX analysis, agglomeration of the bare 
and PEG grafted silica NPs into membranes matrix, due to 

Fig. 3. FE-SEM images and EDAX analysis of cross-section; (a) 2 wt.% bare silica NPs/HDPE membrane, (b) 2 wt.% PEG-g-silica NPs 
membrane, (c) 2 wt.% PEG/vinyl-g-silica NPs/HDPE membrane.
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poor interaction between NPs and polymer chains, is quite 
visible. However, a good dispersion can be seen in the case 
of vinyl grafted particles. Indeed, as discussed by Akbari 
et al. [35], the bifunctional structures of VTMS (used in this 
work as a coupling agent) containing vinyl (R-CH=CH2) 
and alkoxy (R-O (R: CH3 or CH2CH3)) functional groups, 
make it possible for them to be grafted onto polyethylene 
backbones and be coupled with hydrolysable groups of 
silica NPs via condensation, respectively. Therefore, a high 
dispersibility could be achieved in the presence of vinyl 

moieties due to significant improvement in interaction 
between synthesized NPs and HDPE chains.

3.2.2. BSE analysis

Fig. 4 shows BSE images of HDPE nanocomposite mem-
branes that were acquired from acceleration voltage of 15 
kV. As shown in the images, the dense bright spots repre-
sented the response from NPs on and just underneath the 
surface of membranes. 

Fig. 4. BSE images of HDPE nanocomposite membranes: (a) 1 wt.% bare silica NPs/HDPE membrane, (b) 2 wt.% bare silica NPs/
HDPE membrane, (c) 1 wt.% PEG-g-silica NPs/HDPE membrane, (d) 2 wt.% PEG-g-silica NPs membrane, (e) 1 wt.% PEG/vinyl-g-sil-
ica NPs/HDPE membrane, (f) 2 wt.% PEG/vinyl-g-silica NPs/HDPE membrane.
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The results obtained from BSE images (similar to EDAX 
analysis, Fig. 3) show that the bare and PEG grafted silica 
NPs agglomerated within HDPE membranes matrix due 
to the lack of interaction between NPs and polymer matrix 
(Fig. 4a, 4c and 4e). It should be mentioned that the agglom-
eration of NPs become more clear at higher loading of NPs 
(2 wt.%). However, dispersibility was improved by grafting 
vinyl moieties onto silica NPs leading to an effective disper-
sion in the polymer matrix (Fig. 4e and 4f).

3.2.3. PWF measurement

The obtained results from PWF measurement are 
shown in Fig. 5. Pure HDPE membrane had the lowest 
flux, about 11 L·m–2 h–1, among the fabricated membranes. 
However, water flux increased in the presence of synthe-
sized NPs. Grafting of PEG as a hydrophilic agent onto 
the silica particles was significantly effective in increasing 
the membrane flux at 1 wt.% loading of NPs (82 L·m–2 h–1), 
as discussed in our previous work [28]. Nevertheless, by 
increasing the concentration of NPs to 2 wt.%, a signifi-

cant reduction in PWF can be seen for membranes contain-
ing bare and PEG grafted silica NPs. Generally, at higher 
loading of NPs the possibility of particles agglomeration 
within membrane matrix will increase if there is no suf-
ficient interaction between particles and polymer chains. 
Therefore, the presence of agglomerated bare and PEG 
grafted silica NPs within the polymer matrix, caused to 
block of some membrane pores.

However, desirable dispersion of NPs in the presence of 
vinyl silane functional group caused an increase in the PWF 
to more than 90 L·m–2 h–1. In fact, in addition to hydrophilic-
ity, improving the dispersibility of NPs within membrane 
matrix has a significant impact on increasing the membrane 
flux. 

It is worth to note that despite of lower water perme-
ation of in-house fabricated HDPE membrane compared to 
other commercial available one, the main goal in this work 
is to present our approach in modification of membranes 
performance. 

Since the surface structure plays an important role in the 
membrane flux, the surfaces of nanocomposite membranes 
containing 2 wt.% NPs were investigated by using FE-SEM 
analysis (Fig. 6). As shown in Fig. 6, no significant differ-
ence is observed in the membrane surface structure for sil-
ica NPs/HDPE and PEG-g-silica NPs/HDPE membranes. 
However, in the presence of vinyl functionalized particles, 
the interconnected structure with interwoven polyethylene 
fibers can be seen. It should be mentioned that this structure 
is similar to the structure observed for the cross section of 
this sample (Fig. 2j).

3.2.4. Tensile strength of membranes

Fig. 7. shows the normalized tensile strengths of fabri-
cated membranes on the basis of pure HDPE strength. It can 
be seen that the tensile strength in nanocomposite membranes 
is higher than in pure HDPE membrane, mainly due to the 
reinforcement effect of inorganic particles. In fact, the disper-
sion of NPs in the membranes matrix acts as physical cross-
links to bear the stress of the load and therefore improve the 
membrane tensile strength [41]. However, there is a consid-
erable difference in tensile strength between the membranes 
in the presence and absence of vinyl moieties, and as can be 

Fig. 5. PWF of fabricated membranes including; Pure HDPE 
membrane, Silica NPs/HDPE membrane, PEG-g-silica NPs/
HDPE membrane and PEG/vinyl-g-silica NPs/HDPE mem-
brane.

Fig. 6. FE-SEM images of membranes surface; (a) 2 wt.% bare silica NPs/HDPE membrane, (b) 2 wt.% PEG-g-silica NPs membrane, 
(c) 2 wt.% PEG/vinyl-g-silica NPs/HDPE membrane.
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seen, the nanocomposite membrane containing 2 wt.% PEG/
vinyl-g-silica NPs exhibits the highest tensile strength (about 
3.6 times higher than that of pure HDPE membrane). Accord-
ing to FE-SEM images (Figs. 2 and 6), existence of the inter-
connected structure with interwoven polyethylene fibers in 
the presence of vinyl functionalized NPs may significantly 
increase the tensile strength of this sample.

3.2.5. Contact angle measurement

Fig. 8 shows the contact angle measurements for the 
outer surfaces of the fabricated membranes. As expected, 
there is a significant reduction in the contact angle of HDPE 
membrane in the presence of synthesized NPs. For silica 
NPs/HDPE membrane, a certain amounts of hydroxyl 
groups on the SiO2 particles made membrane more hydro-
philic than pure HDPE. Furthermore, comparing the con-
tact angle of nanocomposite membranes containing 1 wt.% 
NPs confirms that the PEG-g-silica NPs/HDPE membrane 
is more hydrophilic than other samples due to the inherent 
hydrophilic characteristic of PEG.

As discussed by Akbari et al. [35], the main problem with 
PEG-g-silica NPs/HDPE nanocomposite is the agglomeration 
of particles during compounding processing. It is practically 
difficult to produce a monodispersed HDPE nanocompos-
ite matrix because of NPs agglomeration due to the lack of 
sufficient interaction between NPs and HDPE matrix. This 
problem could be easily overcome by modifying PEG-g-sil-
ica NPs in the presence of vinyl moieties as a coupling agent. 
As shown in Fig. 8, the hydrophilicity of the membranes was 
improved in the presence of 2 wt.% PEG/vinyl-g-silica NPs 
(93 degree). Comparing the samples with and without vinyl 
moieties confirms the impact of effective dispersion of NPs 
within polymer matrix on the improvement of membranes’ 
hydrophilicity in the presence of vinyl functionalized NPs.

3.2.6. Flux decline during HA filtration

Fig. 9 shows the membranes flux decline during HA fil-
tration. The flux of pure HDPE membrane after about 120 
min was almost zero. It can be seen that the flux increases 
significantly in the presence of synthesized NPs, compared 

with pure HDPE. At constant weight fraction of 1 wt.% 
NPs, PEG-g-silica NPs/HDPE membrane shows a higher 
flux during filtration process than others. It may be due to 
the inherent hydrophilicity of PEG that makes the HDPE 
membrane more permeable as discussed in details in our 
previous work [28]. However, it should be mentioned that 
in addition to the presence of NPs, changing of the mem-
brane structure (shown in Fig. 6) could effective in trend of 
flux decline during filtration. Similar to PWF analysis, the 
performance of vinyl grafted NPs/HDPE membrane has 
become much better than other samples at a higher dosage 
of particles (2 wt.%). According to BSE images, as discussed 
earlier, by increasing the concentration of NPs in casting 
solution, particles tend to agglomerate/aggregate. Indeed, 
at higher loading of NPs, dispersibility plays a crucial role 
in the final performance of the membrane. Therefore, simul-
taneously improving both hydrophilicity and dispersibility 
of NPs (for PEG/vinyl-g-silica NPs sample) could in turn 
improve membrane PWF even at higher dosages of NPs.

3.2.7. Fouling analysis and membranes performance

According to the experimental fouling data substituted 
in the linearized equations of combined fouling models, the 

Fig. 7. Tensile strength of fabricated membranes including Pure 
HDPE membrane, Silica NPs/HDPE membrane and PEG-g-sil-
ica NPs/HDPE membrane and PEG/vinyl-g-silica NPs/HDPE 
membrane.

Fig. 8. Contact angles of fabricated membranes including Pure 
HDPE membrane, Silica NPs/HDPE membrane and PEG-g-sil-
ica NPs/HDPE membrane and PEG/vinyl-g-silica NPs/HDPE 
membrane.

Fig. 9. Flux-time behavior of pure and nanocomposite HDPE 
membranes during filtration of 1 g/L HA solution.



A. Akbari et al. / Desalination and Water Treatment 76 (2017) 83–97 93

obtained values of fitted parameters and correlation coeffi-
cient (R2) for pure and nanocomposite membranes are listed 
in Table 2.

Figs. 10–12 illustrate the graphs obtained from exper-
imental data and predicted mechanisms for flux decline 
during filtration process. As shown in Fig. 10, it can be con-
cluded that for pure HDPE membrane, the best fit of data 
occurred with both of CFCBM and CFSBM models. 

The results obtained from combined fouling models 
for nanocomposite membranes containing 1 wt.% NPs is 
shown in Fig. 11. Compared to pure HDPE membrane, the 
best fit of data for silica and PEG-g-silica NPs/HDPE mem-
branes was observed only in CFCBM model. 

However, for 1 wt.% vinyl grafted NPs/HDPE nanocom-
posite membrane in addition to CFCBM, CFSBM occurred as 
well. It is interesting to mention that complete blocking and 
cake filtration, which occurred on the membrane surface, are 
types of reversible fouling that could be removed by physical 
cleaning methods. However, standard blocking is a kind of 
irreversible fouling due to accumulation of particles on the 
walls of pores, inside of the membranes [28]. 

Fig. 12 shows the results obtained from the combined 
fouling models for nanocomposite membranes containing 
2 wt.% NPs.

Contrary to previous results (Fig. 11), by increasing the 
concentration of NPs dispersed in membrane matrix,vinyl 

Table 2
Model parameters, regression  coefficient  and  error  of  fit  for  constant  pressure combined models of membrane fouling

Membrane samples Models Fitted parameters R2

ks (m
–1) ki (m

–1) kc (min/m2) kb (min–1)

Pure HDPE
membrane

CFCBM 6.42E + 06 4.91E-04 0.9899
CFIBM 19.71 5.59E + 06 0.9855
CFSBM 77.03 6.09E + 06 0.9898
CBSBM 132.8 0.01686 0.8159
IBSBM 3.479 375.4 0.9161

Silica NPs/HDPE 
nanocomposite 
membrane

1 wt.% CFCBM 4.04E + 05 3.07E-08 0.9912
CFIBM 84.42 4.09E + 01 0.9428
CFSBM 55.77 5.88E + 01 0.8824
CBSBM 53.03 1.43E-03 0.8823
IBSBM 1.167 81.68 0.9381

2 wt.% CFCBM 3.07E + 05 5.34E-03 0.9997
CFIBM 88.43 0.01558 0.9911
CFSBM 40.94 2.77E + 05 0.9998
CBSBM 57.98 4.05E-04 0.9583
IBSBM 6.08E-01 86.07 0.9902

PEG-g-silica 
NPs/HDPE 
nanocomposite 
membrane

1 wt.% CFCBM 1.36E + 04 4.95E-03 0.9670
CFIBM 17.55 1.034 0.9543
CFSBM 12.55 1.13E + 02 0.9193
CBSBM 12.44 1.93E-04 0.9186
IBSBM 2.66E-07 17.56 0.9543

2 wt.% CFCBM 1.39E + 05 3.82E-05 0.9910
CFIBM 43.93 1.008 0.9567
CFSBM 0.008946 1.40E + 05 0.991
CBSBM 30.61 2.66E-05 0.9169
IBSBM 3.06E-02 43.87 0.9566

PEG/vinyl-g-
silica NPs/HDPE 
nanocomposite 
membrane

1 wt.% CFCBM 8.69E + 04 5.74E-07 0.9891
CFIBM 31.45 29.83 0.9602
CFSBM 0.339 8.64E + 04 0.9891
CBSBM 22.96 6.42E-06 0.9300
IBSBM 1.16E-03 31.49 0.9603

2 wt.% CFCBM 8.02E + 03 1.34E-07 0.9894

CFIBM 7.708 35.26 0.9743
CFSBM 6.4 3.47E + 02 0.9604
CBSBM 6.15 4.67E-05 0.9611
IBSBM 1.00E-05 7.796 0.9745
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grafted particles shows better performance due to good 
dispersibility. As shown in Fig. 12, for PEG/vinyl-g-silica 
NPs/HDPE membrane containing 2 wt.% NPs, the best 
fit of data was observed only in CFCBM model. However, 

for silica and PEG-g-silica NPs/HDPE membranes both of 
CFCBM and CFSBM occurred.

It means that, for membranes at a lower loading of NPs in 
which the dispersibility may not be a critical problem, graft-
ing of vinyl moieties on NPs could not significantly help to 
improve the membrane performance. However, at a higher 
loading of NPs, dispersibility should be considered as a cru-
cial parameter in the final performance of membranes. 

In order to analyze the fouling behavior of the fabricated 
membranes in further details,the reversible, irreversible 
and total fouling ratios of pure and nanocomposite HDPE 
membranes were investigated and the obtained results are 
summarized in Table 3. 

The pure HDPE membrane exhibited the highest TFR 
(88.18%) and IFR (52.64%) values. However, NPs loading 
improved the antifouling behavior of the membranes, in 
which a decrease in TFR and IFR and an increase in RFR 
values were observed. 

The RFR of PEG/vinyl-g-silica NPs/HDPE membrane 
increased significantly by increasing the amount of particles 
to 2 wt.%, which led to a reduction in the IFR. This is proba-
bly due to enhanced hydrophilicity and good dispersion of 
the NPs through simultaneous presence of PEG as well as 
vinyl moieties which prevented the direct contact between 

Fig. 10. Experimental filtrated volume data compared to the 
combined fouling models for pure HDPE membrane during fil-
tration of HA solution.

Fig. 11. Experimental filtrated volume data compared to the combined fouling models for 1 wt.% NPs embedded membranes during 
filtration of HA solution. (a) bare silica NPs/HDPE membrane, (b) PEG-g-silica NPs membrane, (c) PEG/vinyl-g-silica NPs/HDPE 
membrane.
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without coagulation pre-treatment during filtration of HA. 
In addition, the values of flux recovery ratio measured with 
and without pre-coagulation are shown in Fig. 14. There are 
large discrepancies in the trend of membranes rejections 
between the cases with and without coagulation pre-treat-
ment. According to Figs. 13 and 14, pre-coagulation of feed 
water with PAC improves the HA removal as well as mem-

Fig. 13. Rejection performance of fabricated membranes with 
and without pre-coagulation process.

the foulants and the membrane. However, the inverse trend 
can be observed for membranes containing silica and PEG-
g-silica NPs.

Fig. 13 shows the results of rejection test that were cal-
culated by using Eq. (6) for membrane samples with and 

Fig. 12. Experimental filtrated volume data compared to the combined fouling models for 2 wt.% NPs embedded membranes during 
filtration of HA solution. (a) bare silica NPs/HDPE membrane, (b) PEG-g-silica NPs membrane, (c) PEG/vinyl-g-silica NPs/HDPE 
membrane.

Table 3
Fouling parameters of prepared membranes during HA 
filtration; TFR: total fouling ratio; RFR: reversible fouling ratio 
and IFR: irreversible fouling ratio

Membrane Samples RFR (%) IFR (%) TFR (%)

Pure HDPE 
membrane

– 35.55 52.64 88.18

Silica NPs/
HDPE 
membrane

1 wt.%
2 wt.%

43.53
33.33

39.93
51.85

83.47
85.19

PEG-g-silica 
NPs/HDPE 
membrane

1 wt.% 51.59 18.98 70.57
2 wt.% 35.09 37.34 72.43

PEG/vinyl-
g-silica 
NPs/HDPE 
membrane

1 wt.% 38.58 30.07 68.65
2 wt.% 43.83 15.46 59.29
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brane flux recovery for all samples. In other words, combi-
nation of the MF HDPE membranes with physicochemical 
coagulation process not only could reduce membrane foul-
ing but also improves the quality of the produced water. 

Particle destabilization by charge neutralization and 
sweep coagulation has been considered as two main mech-
anisms, explaining the flocculation of HA by metal coag-
ulants [42,43]. Both mechanisms increase the HA particle 
size and accordingly result in a better removal of HA and a 
decrease in the membranes fouling. However, as discussed 
by Akbari et al. [28], according to the pH value adjusted in 
this study (pH = 7), sweep-floc condition is the dominant 
mechanism for improving the membrane performance after 
pre-coagulation.

As shown in Fig. 14, the flux recovery of all samples 
shows similar trends in terms of PWF and flux recovery. The 
best flux recovery was observed for 2 wt.% vinyl grafted 
NPs embedded membrane (95%) after pre-coagulation. 
However, flux recovery values for silica as well as PEG-g-
silica NPs embedded membranes decreased by increasing 
the NPs loading from 1 wt.% to 2 wt.%, that might be due 
to particles agglomeration within membrane matrix as dis-
cussed earlier.

4. Conclusions 

Developing the antifouling membranes is still highly 
demanded for widespread application of membranes. 
Accordingly, the synthesis of hydrophilic as well as highly 
dispersible nanofillers by grafting particular functional 
groups can be a helpful strategy to efficiently tailor the 
hydrophilic property, desired morphology, good permea-
bility, high rejection and less fouling characteristics to poly-
mer membranes. One might quibble that in-house prepared 
HDPE membranes exhibit lower PWF compared to com-
mercial membranes, however, the main goal was based on 
the introducing of our novel and unique approach in mem-
brane modification, which is applicable to other available 
commercial membranes.

In this work, we focused on improving the permeabil-
ity, mechanical strength and antifouling properties of HDPE 
membranes by embedding PEG/vinyl grafted NPs into 

polymer matrix. By improving the interaction between NPs 
and HDPE, efficient foulant repellent characteristics as well 
as high interfacial adhesion between NPs and HDPE poly-
mer were achieved. The obtained results were evaluated by 
using several structural and operational analyses including 
FE-SEM, EDAX, BSE, contact angle, tensile strength and PWF. 
Furthermore, the fouling mechanisms were investigated to 
confirm the significant impacts of functionalized NPs on the 
efficient performance of nanocomposite HDPE membranes.
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