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a b s t r a c t
Ultrafiltration mixed matrix membranes were prepared using polyvinylidene fluoride (PVDF) with 
functionalized mesoporous amino nano-silica (NS). The prepared functionalized mesoporous amino 
nano-silica (NS) was characterized using X-ray diffraction, transmission electron microscopy, and 
Fourier transform infrared. The results indicate that the addition of amino-functionalized nano-silica 
improves the hydrophilicity of the membrane. Membranes M5 and M6 showed the highest tensile 
properties. M5 showed a tensile strength of 82.5 kg/m2 and elongation of 25.5%, while the tensile 
strength of 87.9 kg/m2 and an elongation of 29.3% were found for M6. M6 exhibited an optimal mor-
phology due to the formation of a small dense top layer and a wide finger-like sublayer, affording a 
permeate flux 347 L/m2h and a rejection of 98.8% for humic acid concentration 3 g/L. M5 exhibited 
a more compact spongy-like structure, with a permeate flux of 294 L/m2h and rejection of 99.7% for 
humic acid at concentration 3 g/L. The bovine serum albumin (BSA) was used also as a feed solu-
tion in the performance testing, using a feed concentration of 3 g/L. M5 and M6 showed the highest 
removal percentage for BSA of 99.5% and 99.2%, respectively. The fouling test was carried out using 
humic acid solutions (10 g/L) and BSA solution (3 g/L). M5 and M6 showed excellent antifouling 
properties, where FRR of M5 and M6 were, respectively, of 99.71% and 99.43% for humic acid solution, 
while FRR for M5 and M6 were, respectively, of 98.5% and 97.96% for BSA solution.
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1. Introduction

Commonly used ultrafiltration polymeric membranes 
are based on polyvinylidene fluoride (PVDF), which has 

been used for various kinds of wastewater remediations [1]. 
The problem associate with the use of this type of membranes 
is the hydrophobicity, which facilitates the fouling of membrane 
leading to bad membrane performance. Recent investiga-
tions attempted to improve surface hydrophilicity in order 
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to enhance membrane performance. Many different methods 
can be used, including chemical grafting, chemical blending, 
and surface modification. Blending with different kinds of 
nanoparticles provides an improvement in membranes per-
formance [1,2]. Blending techniques are cost-effective ways 
to improve the properties of the membrane. The thermody-
namic behavior in terms of mass and heat transfer plays an 
important role in the compounding processes of polymeric 
membrane. Heat and mass transfer provide the miscibility 
gap at a certain temperature and composition according to 
polymer-polymer interaction [3,4]. The interaction between 
polymers depends on solvent diffusion and in turn on poly-
mer chains disentanglement. This process is governed by the 
Gibbs free energy (ΔG) of mixing, governed by both enthal-
pic and entropic factors [5–7]. Negative ΔG indicates com-
plete miscibility of polymer and solvent. The mixing of high 
molecular weight polymers in a solvent is typically associ-
ates with a small change in entropy therefore, enthalpy is 
the major factor affecting the ΔG [5–7]. The thermodynamic 
of mixing of polymer with nanoparticles, like PVDF and 
nano-silica, depends on the degree of dilution. High con-
centration of polymer can affect solubility, affording posi-
tive Gibbs free energy. Low concentration of polymer and a 
concentration of nano-silica less than 50% under sonication 
conditions, typically assures negative ΔG values, because 
the nanoparticles are suspended in the polymeric solution 
during mixing [3–6].

The inclusion in polymer membranes of TiO2, SiO2, or 
CaCO3 nanoparticles, graphene, or carbon nanotubes can 
lead to an enhancement of the antifouling properties [3,4]. 
For example, some researchers studied the blending of poly-
ethersulfone (PES) with inorganic nanoparticles improving 
the membrane performance [3]. The preparation of PES 
membranes with titanium dioxide nanotubes, PES/TiO2NTs, 
afforded for 8,000 ppm brackish water a salt rejection of 
99% and a permeate flux of 18.2 kg/m2h [3]. The blending of 
PES with manganese acetylacetonate nanoparticles afforded 
osmosis membranes with a salt rejection for seawater of 
99% [6]. Membranes with good mechanical properties 
were obtained by blending PVDF with silica nanoparticles 
coated with graphene oxide [8].

Most commercial membranes are produced by sup-
porting the filtering material onto polyester fibers as a 
non- woven support. The support enhances the membrane 
strength, additionally limiting the shrinkage of membranes 
during preparation [9,10].

The membrane surface charge is one of the most import-
ant factors which can affect the membrane antifouling 
properties. The separation performance of charged mem-
branes depends on the effect of steric sieve and on charge 
repulsion [11]. According to the charge on the membrane 
surface, the kind of wastewater remendable is determined 
by the foulant charge. For example, to remove pollutant dyes 
from textile wastewater, such as methyl orange and Congo 
red, the membrane should have a negative charge because 
these dyes have the same charge, in order to prevent the 
adsorption onto membrane surface that could produce the 
fouling [12]. Membranes with positive surface charge were 
developed by grafting poly(N,N-dimethylaminoethyl meth-
acrylate) on polyvinylchloride (PVC) for the removal of mul-
tivalent cations, such as calcium, magnesium, chromium, 
and lead from wastewater as well as drinking water [13]. It 

is generally accepted that the use of surface charged mem-
branes improves selective electrostatic repulsion between 
foulant and membrane surface, thus preventing membrane 
fouling [14–16]. Electronegative charged membrane will 
lead to inhibited protein adsorption with improved antifoul-
ing property. Moreover, the fabrication of hydrophilic and 
negatively charged membranes, with high antifouling prop-
erties, was obtained by electrospinning of nanofibre [16]. 
Those membranes were found efficient for microfiltration of 
water and wastewater containing hard oily foulants.

In this work, we report preparation and development 
of novel ultrafiltration supported membranes with anti-
fouling properties. The membranes were obtained by com-
pounding polyvinylidene fluoride with functionalized mes-
oporous amino nano-silica and subsequent casting onto both 
woven and non woven supports. The prepared membranes 
exhibit charged surfaces with improved antifouling proper-
ties. The influence of the functionalized mesoporous amino 
nano-silica was studied in order to evaluate the effectiveness 
in ultrafiltration of water. The prepared membranes were 
characterized by using several analytical methods.

2. Experimental section

2.1. Materials

Tetraethylorthosilicate (TEOS, Sigma-Aldrich, Egyptian 
International Center for Import in Cairo, Egypt), cetyl-
trimethylammonium bromide (CTABr, 99%, Sigma-Aldrich, 
Egyptian International Center for Import in Cairo, Egypt), 
sodium hydroxide (Merck, Egyptian International Center 
for Import in Cairo, Egypt), 3-aminopropyltriethoxysilane 
(Merck, Egyptian International Center for Import in Cairo, 
Egypt), 3-[2-(2-aminoethylamino) ethylamino]propyltrime-
thoxysilane (Sigma-Aldrich, Egyptian International Center 
for Import in Cairo, Egypt), polyvinylidene fluoride powder 
(PVDF, Mw 534,000, Sigma-Aldrich, Egyptian International 
Center for Import in Cairo, Egypt), polyethylene glycol (PEG 
400, Fluka, Egyptian International Center for Import in Cairo, 
Egypt), N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, 
Egyptian International Center for Import in Cairo, Egypt), 
dodecyl amine (Fluka, Egyptian International Center for 
Import in Cairo, Egypt), humic acid (Roth Indian Company, 
Imported from India), bovine serum (Roth Indian Company, 
Imported from India), hydrochloric acid (Merck, Egyptian 
International Center for Import in Cairo, Egypt), sodium 
nitrate (Merck, Egyptian International Center for Import in 
Cairo, Egypt), absolute ethyl alcohol (EtOH, Sigma-Aldrich, 
Egyptian International Center for Import in Cairo, Egypt), 
and toluene (Merck, Egyptian International Center for 
Import in Cairo, Egypt), unless otherwise stated, were used 
as received without further purification.

2.2. Procedure for membrane preparation

2.2.1. Preparation of nano-silica functionalized with amine groups

Mesoporous silica was prepared according to a con-
ventional hydrothermal method [8]. TEOS and CTAB were 
used respectively as a silicon source and a template. TEOS 
(0.65 M) was added drop-by-drop under stirring to 0.42 g 
of CTABr dissolved in a solvent mixture of EtOH/H2O heat-
ing up to 343 K for 1 h. The molar ratio SiO2/CTABr/Na2O/



65H. Abdallah et al. / Desalination and Water Treatment 205 (2020) 63–75

EtOH/H2O of the resulting gel was 1.4:1:0.35:5:140. The gel 
was transferred into Teflon-lined stainless-steel autoclaves 
and was heated in oven at 373 K for 4 d. The product was 
filtered, washed, calcined in air at a heating rate of 1 K/
min, and thermostated at a final temperature of 813 K for 
6 h. Three hundred milligrams of mesoporous silica powder 
was dispersed in toluene (15 mL) under a protective atmo-
sphere of argon under stirring for 15 min after that 650 mL 
of amine silane agent was added at 383 K by heating in an 
oil bath for 1 h under stirring. The produced solid was fil-
tered and washed using dichloromethane/diethyl ether (1:1) 
mixture, the solid was dried at 323 K for 12 h.

2.2.2. Preparation of UF membranes

PVDF membranes were produced by phase inversion 
method. Different polymeric suspensions were prepared 
using a variable percentage of a nano-silica solution as 
depicted in Table 1. Nano-silica suspension was prepared by 
dissolving different percentages of nano-silica (0.1, 0.3, and 
0.5 g) with 2 g; dodecyl amine in 10 g ethanol under soni-
cation for 1 h. Two percent of that suspension was added 
to the polymer solution with PEG and the mixing process 
was carried out for 8 h. The polymeric solution was cast onto 
woven or nonwoven polyester supports to study the effect of 
support on membrane performance. Prepared membranes 
on different supports were fixed on glass plates which 
were subsequently immersed in a water gelation bath.

2.3. Instrumentation and methods

X-ray diffraction (XRD) patterns were recorded at scan-
ning rate of 5 s/step with a Philips X’ Pert (importers in 
Egypt) multipurpose diffractometer (MPD). Transmission 
electron microscopy (TEM) imaging was performed with 
FEI-TECNAI T20 TEM microscope at 200 kV. Fourier trans-
form infrared (FTIR) spectra of as prepared samples were 
acquired with a Bruker Vertex 70 FTIR spectrometer (through 
Agilent Scientific Instruments and their agency in Egypt) at 
resolution of 2 cm–1 by collecting a number of 100 scans in 
the wavenumber range of 4,000–600 cm–1. Scanning electron 
microscopy (SEM) imaging was performed with JEOL 5410 
microscope at voltage of 10 kV. The samples were electrosput-
tered with a thin layer of gold prior to analysis. Tensile prop-
erties were determined with a H5KS universal tensile testing 
machine equipped with a tensile load cell of 5 N. The mea-
surements were carried out at room temperature with cross-
head speed of 30 mm/min and gauge length of 100 mm, of 
specimens (length 200 mm and width of 25 mm) produced by 
die-cutting of membranes. The test was repeated three times 
for each sample. Membrane porosity was estimated with 
the following equation [5,6], determining the weight of the 
membrane dried at 80°C for 24 h, and of the same after soak-
ing in water and draining excess of water with filter paper.
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=
−

=
−
⋅

W W
V

W W
A

0 1 0 1  (1)

where e is the membrane porosity; W0 and W1 are the weights 
(in gram) of wet and dry membranes, respectively; V is the 
membrane volume, where A is surface area (in m2) and δ 

the thickness (in m). Membrane thickness was measured 
with a micrometer screw gauge. The test was repeated three 
times for each sample. Internal surface area of supported 
and unsupported membrane blends was determined using 
Brunauer–Emmett–Teller (BET) method with a Chem BET-
3000 apparatus from Quantachrome [17,18]. The samples 
were cut in strips, placed in a glass column, dried, and 
degassed by heating at 80°C for 3 h. Adsorption and desorp-
tion cycles were carried out on with nitrogen. Contact angle 
measurements were carried out with a compact video micro-
scope (CVM) manufactured by SDL-UK, according to ASTM 
D724-99 (standard test method of surface wettability of 
paper) and ASTM D5946-96 (standard test method of coro-
na-treated polymer films).

The contact angles determined, reported in Table 2, are 
the average values of at least three measurements. Atomic 
force microscopy (AFM) imaging of neat PVDF (sample M2) 
and PVDF blended with nano-silica (sample M6) were car-
ried out with a Wet–SPM scanning probe microscope from 
Shimadzu. Scanned area was 2 µm × 2 µm and roughness in 
the range 0.9–7.2 Å. Zeta potentials were determined using 
streaming potential measurements apparatus SurPass elec-
trokinetic analyzer from Anton Paar GmbH (Middle East 
Technical Centre). The test was repeated three times for each 
sample [19–21].

2.4. Determination of filtration and antifouling performance of 
membrane

Filtration and antifouling performances of UF mem-
branes have been investigated with a laboratory testing 
apparatus, consisting of a flat sheet membrane module con-
nected to a pressure pump and a 5 L feed tank. The exper-
iments were carried out at ambient temperature, operating 
pressure of 8 bar and the effective surface area of UF mem-
brane was 19.6 cm2. All experiments were repeated three 
times for each sample.

Permeate flux (J) crossing the membrane was calculated 
with the following equation [5,11]:

J Q
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





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Table 1
Preparation of PVDF/NS UF membranes

Membrane IDa Support NS (%)

M1 Woven –
M2 Nonwoven –
M3 Woven 0.1
M4 Nonwoven 0.1
M5 Woven 0.3
M6 Nonwoven 0.3
M7 Woven 0.5
M8 Nonwoven 0.5

aComposition of polymer-silica suspensions for casting onto woven 
and nonwoven support: NMP (78 wt.%), PVDF (18 wt.%), PEG (2 wt.%), 
and NS suspended in dodecyl amine/ethanol solvent mixture.
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where, Q is the mass of permeate (reported in kg), A is the 
active surface area of membrane (m2), and t (h) the perme-
ation time.

R represents the rejection degree calculated according to 
the following equation [11]:

R
C C
C
f p

f

%( ) =
−

×100  (3)

where Cf is the humic acid concentration (2, 5, and 10 g/L) of 
the feed solution and Cp the corresponding concentration in 
permeate.

For the determination of flux recovery ratio [FRR, Eq. (4)], 
total fouling ratio [Rt, Eq. (5)], reversible fouling ratio [Rr, Eq. 
(6)], and irreversible fouling ratio [Rir, Eq. (7)] were measured 
in sequence: (1) initial permeate flux of water (JW1), via flux-
ing neat water for 1 h; (2) permeate fluxes (JP), via fluxing for 
1 h aqueous humic acid (10 g/L), or aqueous bovine serum 
albumin (BSA, 3 g/L); (3) final permeate flux of water (JW2), 
via fluxing neat water for 1 h. All experiments were repeated 
three times, washing the membrane for 300 min with water 
after each sequence of experiments. Below reported equa-
tions were used for determination of those parameters:
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3. Results and discussion

3.1. Membrane preparation

Mesoporous silica was prepared according to a con-
ventional hydrothermal method [8]. TEOS and CTAB were 
used respectively as silicon source and templating agent. 
The molar ratio SiO2/CTABr/NaOH/EtOH/H2O adopted 
for the synthesis was 1.4:1:0.35:5:140. The gel resulting from 
the synthetic procedure was treated at 373 K for 4 d into 
a teflon-lined stainless-steel autoclave. The intermediate 
product, after recovery via filtration and washing, was cal-
cined in air. The functionalization with amine groups was 
then accomplished by treatment of the silica with the amine 
silane, dispersed in toluene under protective atmosphere of 
argon, followed by annealing at 383 K. The final product was 
recovered by conventional filtration, washing, and drying.

Poly(vynilidene fluoride)-nano-silica (PVDF-NS) ultra-
filtration (UF) membranes were subsequently prepared via 
compounding in N-methyl-2-pyrrolidone (NMP) of PVDF, 
PEG, and NS (suspended in dodecyl amine/ethanol solvent 
mixture) followed by casting onto woven or nonwoven 
supports. The concentration of NS adopted for membrane 
production are reported in Table 1.

3.2. X-ray diffraction and transmission electron microscopy of 
amino-functionalized nano-silica

The XRD diffraction pattern of a representative meso-
porous silica sample after the synthetic procedure adopted 
for the functionalization with amino groups is reported in 
Fig. 1. The broad reflection centered at 2θ of 23° is diagnos-
tic for an amorphous sample, in conformity with published 
literature for amino silylated MCM-48 [22]. The typical dif-
fraction pattern for a cubic structure, correlated to the space 
group Ia3d for MCM-48, was lost after functionalization.

TEM micrograph in Fig. 2 provides information on 
the nanoparticle size and shows a nanostructure with 
pore distance of about 1.5 nm, in agreement with an ami-
no-silylated silica previously reported in literature [23].

Fig. 1. XRD pattern for the powder of amino-functionalized nano-silica.
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3.3. FTIR spectroscopy of amino-functionalized nano-silica

Fig. 3 shows the infrared spectra of mesoporous nano- 
silica before functionalization with amino groups. The bands 
around 473; 795; 1,080; and 1,220 cm–1 are assigned to 
Si–O–Si bonds of silica [24]. The wide absorption band 
centered at 3,431 cm–1 can be ascribed to hydrogen-bond-
ing in Si–OH groups. The peak at the 3,442 cm–1 can be 
assigned to the vibration of single Si–OH moiety. That band 
resulted strongly attenuated after functionalization (com-
pare Figs. 3 and 4), indicating the involvement of Si–OH 
moieties in the grafting of the amino silane. The grafting 
was also confirmed by the emergence of absorption bands 
at 3,368–3,298 cm–1 and 1,630–1,478 cm–1 due to N–H bonds 
(amino groups) and at 2,931–2,869 cm–1 for C–H groups 
bonding [25]. In addition, further bands at wavenumber of 
1,094 and 468 cm–1 resulted in an agreement with published 
data on amino-functionalized silica [26].

3.4. Scanning electron microscopy

SEM micrographs of cross-section of M1–M8 UF 
membranes are reported in Fig. 5. Figs. 5a and b, show a 

finger-like structure for the top layer and a compact struc-
ture for the bottom layer both for M1 and M2 membranes 
prepared in absence of silica, respectively, deposed onto 
nonwoven and woven support, although larger pores can 
be observed for the latter membrane. Figs. 5c and d report 
representative morphologies for PVDF membrane where 
0.1 wt.% of nano-silica were used during membrane prepa-
ration. Both the structures resulted compact with greater 
penetration of the polymer-silica composite in the woven 
support (Fig. 5d). Increasing the silica content to 0.3 wt.% 
during membrane preparation, resulted into a compact 
morphology for the membrane deposed onto nonwoven 
support (Fig. 5e), and on the contrary, into a well-defined 
finger-like structure with high porosity for the correspond-
ing deposed on woven support (Fig. 5f). Finally, a further 
increasing of silica content to 0.5 wt.% (Figs. 5g and h) 
resulted in thicker membrane layers for both the substrates. 
Both the structure for these latter membranes resulted 
sponge-like, with higher porosity for the membrane deposed 
onto woven support (compare Figs. 5g and h). Increasing 
the nano-silica content leads to an increase in viscosity with 
a resulting delay in demixing of the polymer during coagu-
lation step, leading to the formation of a thicker layer of the 

Fig. 2. TEM micrographs of amino-functionalized nano-silica.

25      431.977       95.3006

Fig. 3. FTIR for pristine nano-silica.
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polymer solution. All membranes prepared did not showed 
silica aggregates in micrometer size [27,28].

3.5. Atomic force microscopy

Atomic force microscopy (AFM) is a powerful tool for 
the identification of surface morphology and phase sepa-
rations in polymer composites [7,29–36]. Morphology of 
M2 and M6 membranes, consisting respectively of PVDF 
and PVDF compounded with 0.3% of nano-silica during 
membrane preparation (Table 1), was further investigated 
by AFM with purpose to explore surface topography. 
Roughness parameters and height AFM micrographs for 
M2 and M6 are respectively reported in Table 2 and Fig. 6. 
The surface of the membrane M6, containing nano-silica, 
resulted homogeneous; without raw phase separations in 
the micrometre scale: as a further evidence of the optimal 
compounding of the polymer with the filler (Fig. 7). Both 
the membranes presented smooth surfaces with similar 
roughness parameters (Table 2).

3.6. Tensile properties of membrane

Tensile properties of M1–M8 membranes were inves-
tigated and reported in Fig. 7. M5 and M6, respectively 
membrane composed of PVDF with 0.3 wt.% nano-silica on 
non-woven and woven support, showed the highest tensile 
strength. A tensile strength of 82.5 Kg/m2 and elongation at 
break of 25.5% were found for M5, while for M6 the same 
parameters were respectively 87.9 kg/m2 and 29.3%. Fig. 7 
indicates that the increasing of nano-silica content leads to 
an improvement in the tensile strength due to dispersion of 
the nano-silica as a filler in the polymer matrix, as an indica-
tion that the PVDF chains strongly interacts with nano-silica 
particles. Thus, SiO2 can be effectively used as a filler for 
prepared membranes. The high rigidity of the nano-silica 
leads to an increased reinforcement of the final composite, 

resulting into an overall improvement of the mechanical 
properties. Tensile strength improvement is also due to 
reduction of polymer chain mobility, which depends on the 
intermolecular interaction with the reinforcing nanoparti-
cles [11,37–42].

An increasing of nano-silica content up to 0.5 wt.% led 
to the formation of a more rigid membrane that, however, 
allow to preserve a high degree of PVDF crystallization with 
an overall benefit on the mechanical properties. Further 
increasing in silica content can afford higher nanoparticles 
aggregation, which produces stress points in membrane that 
can originate numbers of invisible microcracks with result-
ing worsening of mechanical properties [43,44]. On the other 
hand, the adoption of a woven support results into a more 
elastic membrane where the layers are mutually linked to 
each other, contrarily to non-woven support with unlinked 
layers.

3.7. Wettability of membrane

Information on membrane hydrophilicity, that is, on 
its wettability, can be obtained by measurement of contact 
angle between its surface and a deposed droplet of water. 
The results indicated that an increase of nano-silica leads to 
improvements in membrane hydrophilicity (Table 3). The 
highest contact angles of 98.3° and 123.5° were found for 
pure PVDF, that is, for membrane M1 and M2. On the con-
trary, membranes M7 and M8, with the highest silica con-
tent, showed the lowest values of contact angle, respectively 
of 63.7° and 73.7°. Hydroxyl groups on silica surface con-
tribute to improving membrane hydrophilicity [18–27], with 
resulting reduction of contact angle as reported in Table 2. 
The results also indicate that increasing of nanoparticles 
decreased the porosity of prepared membranes due to the 
formation of the skin layer on the top of the membrane and 
reducing the size of the pores of the membrane as shown 
in Table 3. In addition, can be observed that membranes 

Fig. 4. FTIR for amino-functionalized nano-silica.
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Fig. 5. SEM micrographs of membranes (a) M1, (b) M2, (c) M3, (d) M4, (e) M5, (f) M6, (g) M7, and (h) M8 (Table 1).
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prepared by casting on non-woven support show a higher 
contact angle when compared with the membranes pre-
pared on the woven support. The polymeric-silica suspen-
sion during membrane casting penetrates the voids between 
the fibers in the woven support leading to membranes with 
high thickness and the hydrophobicity of the fibers can 
affect the hydrophilicity of the membrane surface [9,43].

3.8. Surface area and pore analysis according to BET model

The inner surface area of M1–M8 membranes was deter-
mined and reported in Table 3. The addition of nano-silica 
regulates the viscosity of the polymeric suspension during 

membrane preparation. The rate of formation of the skin top 
layer of membrane, as well as the rate of polymer coagula-
tion are both depending on the viscosity of the polymer-silica 
suspension [11,40–44]. M3 and M4, prepared with 0.1 wt.% 
of nano-silica in the polymeric solution, showed a mean 
diameter of pores decreased with respect to that of M1 and 
M2 due to the increase in the size of skin top layer.

The use of 0.3 wt.% of nano-silica increases the poly-
meric solution viscosity, that leads to a slowdown in 
phase separation, which prevents the formation of large 
pores. Therefore, the prepared membranes resulted more 
compact and with uniform distribution of small pores 
with higher internal surface area and improved porosity 

(a)  (b)

Fig. 6. AFM height images of membrane M2 (a) and M6 (b).

 

0

10

20

30

40

50

60

70

80

90

100

0

5

10

15

20

25

30

35

M1 M2 M3 M4 M5 M6 M7 M8

Te
ns

ile
 st

re
ng

th
 [K

g/
m

2 ]

El
on

ga
�o

n 
[%

]

Prepared Membranes

Elonga�on 

Tensile strength

Fig. 7. Mechanical properties of prepared membranes.

Table Table 2
Roughness parameters of M2 and M6 membranes determined by AFM

Membrane Mean rough surface area (µm2) Roughness (µm) Average peak heights (µm)

M2 0.262 ± 1.5 1.51 ± 1.1 345.5
M6 0.177 ± 1.2 1.48 ± 0.76 315.9



71H. Abdallah et al. / Desalination and Water Treatment 205 (2020) 63–75

(Table 4). A further increase of the nanosilica content to 
0.5 wt.% (membranes M7 and M8) leads to highly viscous 
polymeric solutions, that further delayed the phase sepa-
ration process during membrane formation, with resulting 
reduction in pore size. On the other hand, the coagulation 
of the highly viscous solutions can afford heterogeneous 
pore distributions due to the strong delay in the exchange 
between solvent and non-solvent during membrane for-
mation [8,13]. Hence, the high number of pores with small 
volume results in a higher membrane porosity [16,17].

3.9. Zeta potential of membrane

Fig. 8 shows the zeta potential of the prepared PVDF/
nano-silica blend membranes. Fig. 8a illustrates zeta 
potential for prepared membranes on woven support, 
while Fig. 8b indicates zeta potential for prepared mem-
branes on non-woven support. The isoelectric point of pure 
PVDF membrane without any addition using woven sup-
port is 5.01 (M1), while pure PVDF using non-woven is pre-
sented negative charge for all pH ranges (M2). Isoelectric 
point (IEP) for PVDF/0.1 NS using woven support is 5.07 
(M3) while using nonwoven support the IEP is 6.07 (M4). 

However, IEP for PVDF/0.3 NS (M5) using woven support 
is 5.94 and IEP using nonwoven support (M6) is 5.67. Also, 
(M7) IEP for PVDF/0.5 NS using woven support is 8.91 and 
(M8) IEP using nonwoven support is 5.15. The positive 
charge is appeared according to –NH2 groups protonation 
when the pH < isoelectric point, but the negative charge 
appears when pH > isoelectric point due to the depro-
tonation of amine functional groups and dissociation of 
–COOH group.

Woven support is a satin this kind of fabric composed 
of several amino acids, mostly glycine, alanine, and serine. 
It has the smallest side chains, leading to the stack of the 
fabric chains neatly together, which leads to the smooth 
surface of satin and strong intermolecular forces between 
the stacked and planar sheets in case of pure PVDF mem-
brane which supported by woven support has isoelectric 
point 5.01, while PVDF membrane has a negative charge 
because nonwoven support is formed from polyester [44]. 
Polyester (PET) consists of repeating a linear unit of an aro-
matic ring that was attached to either side to the carbonyl 
group then it stretched on one side to two CH2 groups. 

Table 3
Contact angle and porosity for prepared membranes

Membrane Contact angle  
(°)

Porosity (%) Membrane 
wet ability

M1 123.5 ± 0.5 44.4 ± 0.5

M2 98.5 ± 1.1 15.3 ± 0.25

M3 66.6 ± 1 20.8 ± 0.2

M4 77.4 ± 1.5 18.3 ± 0.3

M5 62.2 ± 1.2 25.4 ± 0.23

M6 76.6 ± 1.1 19.9 ± 0.5

M7 63.7 ± 0.7 33.7 ± 0.34

M8 73.7 ± 1.2 25.3 ± 0.33
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Fig. 8. Zeta potential as a function of pH of membranes deposed 
on: (a) woven support and (b) non-woven support.
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Polyester has the ability to acids resistance, but it could be 
attacked by alkali. The aromatic ring of polyester provides 
rigidity structure and reduce the deforming and wrin-
kle-resistant for membranes [45].

3.10. Membrane performance

Humic acid solutions of 3, 5, and 10 g/L were used for 
testing of membrane performance. Figs. 9 and 10 show the 
performance of prepared membranes in terms of humic acid 
rejection percentage and permeate flux respectively. The 
experiments were performed under an operating pressure 
of 8 bar using different humic acid concentrations to deter-
mine the applicability of these membranes in the ultrafil-
tration process. It is clear from Figs. 9 and 10 that among 
the investigated membrane, M5 and M6 showed higher per-
formance, on the base of rejection percentage and permeate 
flux. Nano silica 0.3 wt.% was used in the membrane for-
mation step of M5 and M6, where the membrane prepared 
using this percentage exhibits good morphology due to the 
formation of the small dense top layer and wide finger like 
in the sub-layer especially at M6 using woven support. M5 
exhibits the best rejection 99.7% for removal of humic acid 
concentration 3 g/L with permeate flux 294 L/m2h and M6 

provides best permeate flux 347 L/m2h with rejection 98.8% 
for removal of humic acid concentration 3 g/L. According 
to zeta potential test, the humic acid solution has a negative 
charge at pH7 and M5 and M6 have negative charge surface. 
So, humic acid was excluded due to electrostatic repulsion 
and the membranes exhibited high water permeability and 
high removal percentage compared with other membranes 
[46]. M7 and M8 provide good removal percentage but there 
was a reduction in the flux because the membrane surface in 
M7 and M8 has two charges positive and negative in the pH 
7, that leading to adsorption of the humic acid on the surface 
and make a fouling on positive parts on the surface.

The BSA was studied in the removal test using a feed 
concentration of 3 g/L as shown in Fig. 11. The results indi-
cate that M5 and M6 provide the highest removal of the 
bovine serum albumin, which was 99.5% for M5 and 99.2% 
for M6 with permeate flux 332.2 and 392.6 L/m2h for M5 and 
M6, respectively. According to the zeta potential test, these 
membranes carry a negative charge and BSA has a negative 
charge, so the albumin doesn’t precipitate on the membrane 
surface as a result of repulsion of charges, which make pores 
feel free from clogging of the pores compared with M7 and 
M8 which have a positive charge on the membrane surface, 
so the membranes were fouled, leading to low permeate flux 

Table 4
Measurement of BET area and pores characterization

Membrane BET area (m2/g) Total pore volume (cm3/g) Mean pore diameter (nm)

M1 1.6 ± 0.5 5.1 × 10–3 ± 0.5 12.5 ± 0.5
M2 3.6 ± 0.5 6.8 × 10–3 ± 0.5 7.5 ± 0.5
M3 4.40 ± 0.25 9.9 × 10–3 ± 0.25 9.0 ± 0.25
M4 3.68 ± 0.34 7.11 × 10–3 ± 0.34 6.73 ± 0.34
M5 4.25 ± 0.2 1.025 × 10–3 ± 0.2 8.64 ± 0.2
M6 5.91 ± 0.5 7.83 × 10–3 ± 0.5 5.6 ± 0.5
M7 2.17 ± 0.43 3.87 × 103 ± 0.43 7.12 ± 0.43
M8 4.12 ± 0.25 5.46 × 10–3 ± 0.25 5.29 ± 0.25
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[47]. However, the percentage of nan-silica solution which 
contains dodecyl amine which is a surfactant helps in anti-
fouling properties, so increasing the percentage of NS to 
0.3 wt.% enhances the membrane performance.

3.11. Anti-fouling properties of membrane

The anti-fouling test was applied on prepared mem-
branes M1–M8 (by determination of water flux recovery 
after passing the humic acid solution (10 g/L) and bovine 
serum (3 g/L) on membranes, respectively. Table 5. illus-
trates that antifouling parameters like FRR, Rr, and Rir. The 
FRR of M5 was 99.71%, while FRR for M6 was 99.43%. The FRR 
shows excellent antifouling property for the membranes M5 
and M6. The results indicate that reversible fouling on the 
membrane surface due to the adsorption or deposition of 
humic acid molecules, which was easily removed by back-
wash. M5 has Rr; 10.7% and M6 has Rr; 11.8%. However, 

irreversible fouling was formed according to clogging the 
membrane pores, where Rir was 0.28% for M5 and 0.57 for 
M6 and Rt was 10.9% for M5 and 12.4% for M6. The results 
indicated that very low irreversible resistance, which means 
a low amount of humic acid molecules were clogged the 
pores [28,37,48,49]. The negative charge in the membrane 
surface makes hindrance for the molecules of humic acid 
to passage through membranes pores, which leads to 
improve FRR and reduce the Rir.[46].

The fouling test was repeated using BSA (3 g/L). Table 5 
indicates the fouling test for all prepared membranes using 
bovine serum albumin. The results indicate that FRR for M5 
was 98.5% and M6 was 97.96%. The adsorption of BSA on 
the membrane surface causes reversible fouling, where Rr 
was 10.93% for M5 and 6.87% for M6. However, irreversible 
fouling Rir was 1.5% for M5 and 2.04% for M6. The results 
indicated that very low irreversible resistance for M5 and M6 
compared with other membranes. Using nano-silica solution 
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(3%) provide a negative charge surface that provides elec-
trostatic repulsion for bovine serum albumin, which carried 
a negative charge, so these membranes are antifouling can 
be used for wastewater treatment especially for the waters 
contaminated by proteins [47].

4. Conclusion

Ultrafiltration membranes obtained by compounding 
polyvinylidene fluoride with functionalized mesoporous 
amino nano-silica were prepared using the phase inversion 
method. The following conclusions can be drawn from the 
present work:

• The prepared functionalized mesoporous amino nano- 
silica was characterized using XRD, TEM, and FTIR.

• The repaired membranes with functionalized meso-
porous amino nano-silica have relatively dense and 
homogeneous structures and any apparent void when 
was used a non-woven support. Increasing in nano- silica 
percentage resulted in the formation of small voids in 
membrane structure when was adopted a woven support.

• Membrane M5 and M6 (PVDF membranes with 0.3 wt.% 
of nano-silica on non-woven support and woven support, 
respectively) showed the highest tensile strengths. M5 
showed a tensile strength of 82.5 kg/m2 and elongation 
of 25.5%, while M6 showed 87.9 kg/m2 with elongation 
of 29.3%.

• Wettability tests explain that the incorporation of amino 
nano-silica in membrane enhances the hydrophilicity.

• AFM micrographs indicate that the M6 membrane is 
smoother than the pure PVDF membrane due to excellent 
contrast in pores distribution after blending with 0.3 wt.% 
nano-silica, leading to reduced surface roughness.

• Membrane performance tests indicate that the membrane 
M5 exhibits the best rejection 99.7% for removal of humic 
acid (concentration 3 g/L) with permeate flux 294 L/m2h 
and M6 afforded the best permeate flux 347 L/m2h with 
rejection 98.8% for removal of humic acid concentration 
3 g/L.

• The removal of bovine serum albumin was studied using 
a feed concentration of 3 g/L. M5 and M6 membranes 
showed the highest performance in removal of bovine 
serum albumin, with degree of 99.5% for M5 and 99.2% 
for M6, with permeate flux 332.2 and 392.6 L/m2h for M5 
and M6, respectively.

• Antifouling properties of membrane were investigated 
with solutions of humic acid (10 g/L) and bovine serum 
albumin (3 g/L). The membrane M5 and M6 showed 
excellent antifouling properties, with FRR respectively of 
99.71% and 99.43% for humic acid, and FRR respectively 
of 98.5% and 97.96% for bovine serum albumin.
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