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a b s t r a c t
The membrane separation process has disadvantages of high transmembrane pressure and fouling. 
In this study, the blend membranes were prepared using the phase inversion method, which was 
added different contents (from 0 to 1.0 wt.%) precursor of mesoporous silica (M-Si) in membrane 
matrix and calcined with high temperature after membrane forming. The existence of M-Si was 
proved using characterization methods of N2 adsorption/desorption tests, viscosity analysis, X-ray 
photoelectron spectroscopy, static contact angle, zeta potential and small-angle X-ray diffraction. 
Because of the addition of M-Si, the membrane structure and morphology was changed, the sup-
porting layer was eliminated, the pore size was narrowed and the homogeneity was altered, which 
were shown by scanning electron microscopy (SEM) and molecular weight cutoff. Under the pres-
sure of 0.15 MPa, tests of water flux, salt rejection and antifouling property were used as criteria to 
characterize the prepared membranes. Results showed that adding M-Si particles in the membrane 
could decrease the water flux and improve the rejection of MgSO4. Moreover, the water content and 
anti-fouling experiments revealed that the incorporation of M-Si improved membrane hydrophily 
and enhanced anti-fouling property, obviously. Thereinto, the membrane with 0.2 wt.% M-Si exhib-
ited the best uniformity, the lowest water flux (10.45 L/m2 h) and the highest flux recovery ratio 
(96%). Membranes with this fabrication method show excellent fouling resistance property and can 
reduce energy consumption, indicating that it has promising application prospects in micro-organic 
filtration and advanced water treatment.
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1. Introduction

Membrane sieving is an emerging technology in sep-
aration, purification and concentration, which separates 
target object from liquid or gas compound due to the 
permselectivity. With the advantages of energy conser-
vation, no phase transition and secondary pollution, it is 
widely used in various fields including chemical, water 
treatment, medicine synthesis and environment protection 
[1–4]. Nanofiltration (NF) is a type of separation process 

between reverse osmosis (RO) and ultrafiltration (UF) [5]. 
Its characteristics which have smaller pore size to sep-
arate small molecules materials than UF and low oper-
ating pressure, high permeate flux and high rejection of 
multivalent ions in comparison to RO [6] make it widely 
applied in water soften [7,8], wastewater treatment [9,10] 
and drinking water treatment [11–16], recently. The vast 
majority of nanofiltration membrane is an asymmetric 
membrane, which has a dense top layer that served as a 
sieving effect and a porous sub-layer playing a supporting 
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role with no function in the separation process. The other 
major rejection mechanism is Donnan exclusion [17,18], 
caused by charged groups on the membrane surface, 
resulting in the separation of different charged ions.

The compound process is the most common method 
for preparing NF membranes, including interfacial polym-
erization [17,18] and surface coating [19–21]. The principal 
principle of these two methods is that an ultrathin selective 
layer is formed by physical coating or chemical polymeriza-
tion on the substrate surface. However, these two methods 
have disadvantages of uncontrollable membrane surface 
morphology and poor mechanical properties, which affect 
its screening effect and service life. Blending is another com-
mon method for NF preparation [22,23]. The flat membrane 
is made by using blend solution as casting solution with 
phase inversion process, and pore size can be controlled by 
adding blend components and changing different compo-
nents’ compatibility. Recently, components such as calcium 
stearate [24], styrene-maleic anhydride [25] and graphene 
oxide [26–28] are added in membranes to form a stigmatic 
symmetric structure or a dense skin layer, shrinking mem-
brane pore size classed as NF.

Nanofiltration membrane needs high transmembrane 
pressure (0.2–1.0 MPa) in the separation process, which 
results in great energy consumption and has an influ-
ence on membrane mechanical property and service life. 
Fouling is one problem restricting membrane application 
range, which is caused by precipitation of non-polar sol-
utes, hydrophobic particles or possibly the growth of bac-
teria on the membrane surface, leads to the declination of 
flux, quality of produced water and service life of the NF 
membrane [25,27]. To overcome this problem, the prepared 
nanocomposites were doped into the membrane substrate 
solution such as titanium oxide (TiO2) [28,29], zirconium 
oxide (ZrO2) [30], aluminum oxide (Al2O3) [31,32] and sili-
con dioxide (SiO2) [33,34] or organic additives like poly(eth-
ylene glycol) methyl ether methacrylate (POEM) [35] to 
enhance fouling resistance ability by improving membrane 
surface hydrophilicity [25]. Mesoporous silica materials, the 
pore size of which is 2–50 nm [36], are synthesized by using 
hybrid organic-inorganic composites through supramolec-
ular assembly or cooperative effect. With the structures and 
properties of continuous adjustable, large specific surface 
area, easily modified mesoporous surface, thermal stabil-
ity and so on [37–39], mesoporous silica materials were 
broadly applied in the fields of catalysis, adsorption and 
separation [40,41].

In this paper, different content of highly ordered mes-
oporous silica which was prepared by template synthe-
sis method is doped into membranes by phase inversion 
method [42]. Characterization of transmission electron 
microscopy (TEM), small-angle X-ray diffraction (SXRD), 
N2 adsorption–desorption isotherms, viscosity analysis and 
X-ray photoelectron spectroscopy (XPS) were used to con-
firm that the surface structure of the film was improved 
and the inorganic silicon materials prepared by this method 
was orderly and mesoporous. The morphology of the 
blend membranes was characterized by scanning electron 
microscopy (SEM), zeta potential and static contact angle 
test (SCA). The effects of modified mesoporous silica on 
the membrane’s performances (water flux, salt rejection, 

molecular weight cutoff, and anti-fouling performance) were  
discussed.

2. Materials and methods

2.1. Materials

Polyethersulfone (PES) polymer (Veradel® 3000P), 
generally used as the main membrane material in the 
USA, with a specific gravity of 1.37 g/cm3 purchased from 
Solvay Specialty Polymers. Anhydrous lithium chloride 
and polyvinylpyrrolidone (PVP, Mw: 40 kg/mol) were used 
as pore former agents and N,N-dimethylacetamide as sol-
vent. Triblock copolymer, PEG-PPG-PEG (Pluronic P123), 
was obtained from Sigma-Aldrich. Polyethylene glycol 
(400, 600, 1,000, and 2,000), were purchased from Nanjing 
Chemical Reagent Co., Ltd., (Nanjing, China). Nitrate, 
ammonia chloride, anhydrous lithium chloride, HCl, eth-
anol, bovine serum albumin (BSA), tetraethyl orthosilicate 
(TEOS) were from Nanjing the preferred Chemical Co., Ltd., 
(Nanjing, China). All these reagents and solvents were of 
analytical grade and used as received.

2.2. Preparation of the blend membranes

Asymmetric blended membranes were prepared by 
mingling with mesoporous silica (M-Si) following phase 
inversion. Firstly, the PES sol was prepared by adding 10 g 
PES to N,N-dimethylacetamide (DMAc) and incorporating 
1 wt.% anhydrous lithium chloride and 9% (wt.%) poly-
vinylpyrrolidone (PVP) and stirring 20 h [43]. Secondly, 
inorganic additive materials were fabricated as follows: 
4g P123 was added to a blend aqueous solution of 120 g 
hydrochloric acid solution (2 mol/L) and 30 g deionized 
(DI) water. This solution was vigorously stirred for 2 h at 
38°C to ensure the complete dissolving of P123. Then, 8.4 g 
tetraethyl orthosilicate (TEOS) was added to the solution 
and stirred for about 20 h. The white suspension was placed 
in a high-pressure batch autoclave at 100°C for 24 h. After 
that, the precipitate after filtration with the filter paper 
was rinsed with the mixed solution of DI water and eth-
anol and dried thoroughly in the oven [24]. Thirdly, the 
process was followed by the addition of inorganic materi-
als of various loading (0, 0.1, 0.2, 0.5, and 1.0 wt.%) to the 
sol solution in the first part, stirring for 6 h and standing 
72 h. The homogeneous dope solution was cast onto a glass 
plate by a casting knife with a thickness of 250 µm. After 
the solvent evaporation for about 2 min, the glass plate 
was immediately immersed in a coagulation bath contain-
ing 15 v% N,N-dimethylacetamide to have an exchange 
between the solvent (DMAc) and the non-solvent (water). 
Afterward, the blend membranes were kept in DI water for 
24 h [25]. Finally, putting all membranes into the tube fur-
nace for thermal treatment at 120°C for 2 h under the pro-
tection of nitrogen atmosphere, and the composite mem-
branes mingled with M-Si were obtained. The schematic 
outline of the sample preparation is illustrated in Fig. 1.

2.3. Characterization of mesoporous silica (M-Si) and membranes

As the complex composition and multitudinous chem-
ical bands in the membrane, it is difficult to judge the 
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existence of M-Si in many peaks during the analysis of IR 
spectra [44]. So we calcined M-Si without removing the tem-
plate at 120°C for 2 h and used characterization methods 
(the N2 adsorption/desorption tests and SXRD) to investi-
gate the synthesis of M-Si. Adsorption/desorption experi-
ments of inorganic M-Si using nitrogen as adsorbent were 
carried out at 77 k on a NOVA 2000e. The specific surface 
areas were calculated from the adsorption branch using the 
Brunauer–Emmett–Teller (BET) equation. The pore sizes 
were calculated from the desorption branch of the isotherm 
using the Barrett–Joyner–Halenda (BJH) model. XRD pat-
terns of the M-Si were recorded on a Bruker D8 ADVANCE 
diffractometer with Cu Kα radiation (λ = 0.154 nm) in 
the 2θ ranges of 0.6°–10° (SXRD). In this paper, Thermo 
ESCALAB 250Xi X-ray photoelectron spectroscopy (XPS) 
of Thermo ESCALAB 250Xi was used to determine the 
percentage content of main elements on the surface of the 
blend film and the energy spectrum was analyzed by XPS 
PEAK 1.0 software. The hydrophilicity of the blend nano-
filtration membrane was tested by the OCA20 automatic 
contact angle measuring instrument produced by the Data 
Physics Company of Germany. The contact angle tester 
uses a 0.5 mm diameter needle to drop 3 µL of water onto 
the surface of the test film. The zeta potential of the blend 
film was measured by SurPASS potential analyzer. The 
experimental process is divided into the following steps: 
(1) put the test sample into the test cell, separate the two 
samples with silica gel gasket and place Ag/AgCl reverse 
electrode on both sides of the membrane; (2) the test solu-
tion is 0.001 mol/L KCl electrolyte solution and zeta poten-
tial on the membrane surface is measured by Helmholtz–
Smoluchowski equation. The morphology of membranes 
was characterized by SEM. Before SEM observation, the 
fabricated membranes were frozen in liquid nitrogen and 
then ruptured. The surface and cross-section of the mem-
branes were sputtered with gold and observed using SEM.

2.4. Water flux and salt rejection

The water flux and salt rejection are important basic 
parameters of the membrane. The membrane performance 
was investigated using a lab-permeation test under nor-
mal conditions. Before the membrane filtration tests, mem-
branes need to be pre-pressurized with DI water for 5min 

at 0.15 MPa to reach a steady state. Flux is introduced cased 
in the following equation [45]:

WF �
�
V
A t

 (1)

where WF is the water flux (L/m2/h), V is the collected per-
meate water volume (L), A is the effective area of the mem-
brane (m2, 28.7 cm2), and t is the permeation time (h). The 
WF characteristic of membranes was described according 
to the needed time for passing a specified volume of DI 
water through the membrane.

Salt rejection experiment was testing using 500 ppm NaCl 
and MgSO4 aqueous solution as feed solutions. The concen-
trations of salt solution in feed and permeate were measured 
using the conductivity meter (Shanghai). The solute rejection 
was defined based on the following formula [45]:
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where C1 and C2 are the concentration of salt in feed and 
permeate, respectively. During the salt rejection test, the 
feed solutions were electrically stirred at a cell to reducing 
the negative effects of the concentration polarization phe-
nomenon [6].

2.5. Water content

The water content was conducted to evaluate the water 
adsorption of the membrane [44]. All pieces of membranes 
were stored in DI water for 24 h and weighed after wiping 
water on the membrane surface. Later, the wet membranes 
were dried in a vacuum oven at 70°C for 4 h and weighed 
again. To minimize the experimental errors, the measure-
ments were carried out 3 times for each sample, and then 
the mean value calculated using Eq. (3) was reported. 
The equation is listed as follows:
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Fig. 1. A synthetic method for PES M-Si composite membranes.
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where Ww and Wd are the weight of wet membranes and dry 
membranes, respectively.

2.6. Molecular weight cutoff

The molecular weight cutoff (MWCO) of membranes 
was plotted by measuring the rejection of the polyethylene 
glycol (PEG) solutions with different molecular weights. 
The analytical method of the PEG concentrations in the 
feed and permeated solutions was UV spectrophotometry. 
The rejection of the protein (R) was calculated by the fol-
lowing equation:

R
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�

�
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�
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�1 100%  (4)

where Cp and Cf are the permeate concentration and the 
feed concentration, respectively.

The membrane pore radius was measured on the basis of 
the PEG molecular weight and calculated as follows [46,47]:

y x x� � � � � �� �5 10 5 10 0 33198 2 4 .  (5)

where y is the pore radius (nm) and x is the molecular 
weight of PEG (g/mol).

2.7. Anti-fouling testing

The protein adsorption experiments were carried out 
with 500 ppm BSA solutions (pH 7.0). Before recording 
datum, membranes need to be preloaded with DI water 
under 0.15 MPa until reaching a steady flux (about 20 min). 
Afterwards the BSA solution was replaced, and the flux 
was measured once every 10 min continuously for 120 min. 
The membrane was washed with DI water for 30 min, and 
then measured the pure flux of the cleaned membrane was 
again. The flux recovery ratio (FRR) was calculated by the 
following equation:

FRR
WF
WF

� �1

0

100%  (6)

where WF0 and WF1 are the water fluxes of the initial and 
last time after washing for 30 min with DI water, respec-
tively. The obtained flux datum was used to analyze the 
BSA fouling behavior of the membranes.

3. Results and discussion

3.1. BET of inorganic mesoporous silica (M-Si) 
and the membranes

The adsorption-desorption isotherms of liquid nitro-
gen for the inorganic M-Si particles are displayed in Fig. 2. 
All measured structural characteristics are listed in Table 1. 
The sample exhibited type IV isotherms with a typical H3 
hysteresis loop according to IUPAC classification (which 
is associated with capillary condensation inside the pores), 
indicating that this sample belonged to the mesoporous 
family. The inorganic material showed a one-step capillary 
condensation, which demonstrated uniform mesopores. 
Additionally, from the BJH pore size distribution curves 
(Fig. 2a), the sample presented two sharp pore diameters of 
3–4 nm and 5–6 nm. The pore structure of the sample is con-
centrated and uniform. This is mainly due to the fact that 
P123 is a triblock copolymer composed of PEO and PPO. 
The structure of the template affects the pore size distribu-
tion of mesoporous silicon directly. The silica sample exhib-
ited large BET-specific surface areas (435.014 m2/g). The 
BJH pore volume and average pore size were 0.771 cm3/g 
and 5.689 nm, respectively. P123 was dissolved in ethanol 
solution in which the hydrophobic end polymerized to 
form micelles and the hydrophilic end was exposed in the 
solution to form a tubular stable micelle structure. Due to 
electrostatic interaction, TEOS binds to the hydrophilic 
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Fig. 2. Nitrogen adsorption–desorption isotherms of inorganic M-Si.

Table 1
Properties of the obtained mesoporous silica composite

Sample M-Si

SBET (m2/g) 435.014
VP (cm3/g) 0.771
DP (nm) 5.689
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end of surfactant P123 after entering the solution. Then 
TEOS forms mesoporous silica particles due to hydrolysis 
in the acidic environment [48]. These results emphasize the 
successful synthesis of the M-Si materials.

In this paper, the pore size of the membrane was ana-
lyzed by BET. As shown in Fig. 3, the N2 adsorption–desorp-
tion isotherm was compared with the pure and 0.2 wt.% 
blend membranes. When the partial pressure of P/P0 is less 
than 0.2, the main adsorption style is single layer adsorp-
tion. At the same time when the N2 partial pressure of P/P0 
is greater than 0.2, adsorption–desorption hysteresis loop 
appears because of the capillary condensation. According 
to the IUPAC classification, the N2 adsorption–desorp-
tion isotherm curves of the films were II type and H3 type 
hysteresis loops, which indicated that the 2–50 nm meso-
porous structure existed on the surface of the membrane. 
Fig. 3 shows that the blend film which was doped by 
0.2 wt.% mesoporous silica has greater adsorption capacity 
and wider adsorption branch, this is due to the addition of 
mesoporous silica which increased the number of meso-
porous structures on the surface of the blend film. The pore 
structure makes the desorption process more slowly and 
the desorption branch wider.

According to the principle of N2 adsorption–desorption, 
the surface pore structure parameters of different blend 
films were obtained which are shown in Table 2. From 
Table 2, the specific surface area of the blend films is greatly 
improved because of adding of mesoporous silica when 
the doping amount reaches 1.0 wt.%, the specific surface 
area of the membrane is 14.487 m2/g but the pore volume 
increased not obviously. The pore size of the blend film was 
reduced by an order of magnitude due to the doping of the 
mesoporous silica and the variation of the doping content 
had little effect on the pore size. The pure PES membrane 
consists of a support layer with long channels and a sepa-
ration layer for screening. The macroporous support layer 
disappears and indeed a spongy structure forms because of 
the doping of mesoporous silicon which changes the struc-
ture of the film obviously. This is due to the formation of 
cross-linking structure between mesoporous silica precur-
sor particles and polymers in the sol–gel process which 
blocks the formation of pores [49].

3.2. TEM and SXRD of the inorganic mesoporous silica (M-Si)

The TEM images (Fig. 4a) of mesoporous silica showed a 
highly ordered degree of periodicity; this further confirmed 
the 2-D hexagonal arrangement of pores with uniform sizes 
and well-aligned channels. Small-angle X-ray diffraction 
patterns for inorganic materials are shown in Fig. 4b. The 
inorganic mesoporous silica displayed three well-resolved 
diffraction peaks that can be indexed to (100), (110), and 
(200) reflections in low 2θ range at 0.90°, 1.48° and 1.66°, 
respectively. These peaks were indexed according to hexag-
onal p6mm symmetry, indicating a well-ordered mesostruc-
ture of the inorganic materials. This result was consistent 
with the previous studies [50,51]. The results show that the 
mesoporous structure of the material is uniform and has 
good long-range ordering, which corresponds well to the 
SXRD and N2 adsorption-desorption analysis results.

3.3. Surface and cross-sectional morphologies of the membranes

The structure and morphology of the membranes before 
and after mingling were analyzed on the basis of SEM 
images. The membrane morphology exhibited the typical 
asymmetric structure, consisting of a skin layer as a selec-
tive layer and a supporting layer with a thick long-finger-
like structure, just like the pure PES membrane showed 
(Fig. 5a). With the addition of M-Si, the supporting layer 
in blend membranes turned from a thick long-finger-like 
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Fig. 3. Nitrogen adsorption–desorption isotherms of pure and 0.2 wt.% membranes.

Table 2
Properties of the blending membranes with different meso-
porous silicon dosage

Pore size (nm) Surface area 
(m2/g)

Pore volume 
(cm3/g)

0% 47.34 5.438 0.06436
0.1% 2.744 7.045 0.05779
0.2% 2.146 9.622 0.066
0.5% 2.920 10.421 0.07607
1.0% 1.999 14.487 0.07238
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(e) 

 

Fig. 5. Cross-sectional SEM images (scale bar: 100 µm) of the PES membranes with different loading of M-Si (0, 0.1, 0.2, 0.5 and 
1.0 wt.%).

 

(a) (b)

Fig. 4. TEM and small-angle X-ray diffractogram of the inorganic materials.
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structure to a close sponge-like structure, which could be 
caused by the cross-linked structure between M-Si parti-
cles and polymeric chains after the sol–gel process result-
ing in a blocking effect for the formation of the finger-like 
cavities [52]. Fig. 5c (0.2 wt.% loadings) shows a typical 
transition from asymmetric structure to close sponge-like 
symmetrical structure, while in Fig. 5e (1.0 wt.% loading) 
nucleation nanoparticles and agglomeration phenome-
non can be observed. The reason may be that under a low 
proportion of M-Si, the M-Si (pore diameter of 5.689 nm) 
was penetrated by polymer chains to form a homogenous 
casting solution [44]. However, overfull addition can cause 
inorganic nanoparticles forming agglomeration of large par-
ticles which decrease the homogeneity and viscosity. This 
is also consistent with the average pore size distribution of 
the PES membranes with different loading of M-Si.

Fig. 6 shows that the addition of M-Si can change the 
skin layer surface morphology compared with the pure 
PES membrane (a). The outer surface of blend membranes 
contented of 0.1 (b), 0.2 (c) and 0.5 (d) wt.% M-Si has some 
holes. This could be interpreted as the existence of the hydro-
philic M-Si which has a higher affinity to water relative to 
PES increasing the penetration velocity of water in the sur-
face of the membrane and the solvent diffusion velocity 
from the membrane to water [6]. Moreover, the smooth sur-
face SEM image of the blend membrane with 1.0 wt.% (e) 
M-Si loading may be explained by the hindrance effect due 
to the agglomeration and formation of nanoparticles large 
clusters stunting the exchange between water and solvent 
into the nascent membrane. Fig. 6f (the blend membrane 
with 0.2 wt.% M-Si loading) shows that many white puncti-
form objects exist in the surface of the membrane indicated 

 
(a)                             (b) 

 
(c)                              (d) 

 

(e)                               (f) 

Fig. 6. Skin layer of outer surface morphologies (scale bar: 50 µm) of the membranes blended with 0 (a), 0.1 (b), 0.2 (c), 0.5 (d), 1.0 (e) 
wt.% M-Si, and surface SEM image of 0.2 wt.% blend membrane (scale bar: 5 µm) (f).
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the presence of M-Si nanoparticles. Compared with the 
results of BET, it can be concluded that the increase of 
specific surface area of doped membrane is due to the for-
mation of holes on the surface of films.

3.4. Viscosity analysis of the casting membranes liquid

The viscosity of casting membranes liquid can affect 
the exchange rate of solvent and non-solvent. In the blend 
membrane preparation process, we change the mass ratio 
of calcined mesoporous silica precursor and the casting 
membranes liquid with the same membrane sol conditions. 

At last, we prepared a series of organic and inorganic mem-
branes with different doping amount which are shown 
in Fig. 7. As can be seen from the figure, the doping of 
inorganic mesoporous silicon precursor can significantly 
improve the viscosity of the casting film and the viscosity 
is greater as the doping amount becomes higher. Because 
of the high-affinity material the inorganic mesoporous sil-
ica precursor is, the crosslinking structure can be formed 
between polymer and mesoporous silica precursor parti-
cles. So this can enhance the interaction among molecules 
in the casting membranes liquid and the viscosity shows 
increasing. However, when the doping amount is greater 
than 0.5 wt.%, the viscosity does not continue to increase 
which is due to the sediment of the mesoporous silicon 
precursors. Compared with results from SEM (Fig. 5), 
overfull addition can cause inorganic nanoparticles form-
ing agglomeration of large particles which inhibits the 
increase of membrane viscosity.

3.5. XPS analysis of the membranes

In order to investigate the composition of the material 
and the valence state of the products, the XPS of the blend 
films with different contents was analyzed and the results 
are shown in Fig. 8 and Table 3. From Fig. 8a and Table 3, 
the pure film and the blend films all have sulfur, carbon, 
nitrogen, oxygen, combined with the electronic absorption 
peak of 167.17, 282.17, 399.17 and 531.17 eV respectively 
belong to S2p, C1s, N1s and O1s. In addition, the absorption 
peak of Si2p in the blend film was also found at 101.17 eV 
which proved the existence of silicon in the blend film. 
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Fig. 8. (a) XPS spectra of pure and 0.2 wt.% membranes and (b) Si2p spectra of 0.2 wt.% membranes.

Table 3
Binging energies (BE) of core electrons and elements type of blending NF membranes with different mesoporous silicon dosage

Samples O1s N1s C1s S2p Si2p

BE (eV) % BE (eV) % BE (eV) % BE (eV) % BE (eV) %

0% 531.17 22.01 399.17 5.22 282.17 69.78 167.17 2.99 0
0.1% 531.17 23.57 399.17 3.5 282.1 66.88 168.17 5.41 101.17 0.64
0.2% 531.17 20.98 399.17 3.26 282.1 69.31 167.17 5.52 101.17 0.93
0.5% 531.17 21.37 399.17 4.96 282.1 69.08 167.17 3.05 101.17 1.53
1.0% 531.17 22.27 399.17 5.71 282.1 67.26 167.17 3.33 101.17 1.41

0% 0.1% 0.2% 0.5% 1.0%
1000

1200

1400

1600

1800

2000

2200

2400

Vi
sc

os
ity

 (m
Pa
⋅s)

Mesoporous Silica (wt%)

Fig. 7. The influence of different dope blending membranes in 
viscosity.
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In Table 3, there is a linear relationship among the silicon 
content when the doping amount is less than 0.2 wt.%, but 
when the doping amount is higher than 0.2 wt.% the sili-
con content has been increased without linear proportion. 
At the same time, there is a decrease of silicon content when 
the doping amount reaches 1.0 wt.%, due to the fact that 
when the doping amount of the mesoporous silicon precur-
sor is too high, the mesoporous silica precursor particles 
formed the aggregate to precipitate at the bottom in the 
casting membranes liquid.

In photoelectron spectroscopy, silicon atoms are char-
acteristic absorption peaks in the vicinity of 99.3 eV and 
the absorption peak of tetravalent silicon is in the vicin-
ity of 103.3 eV. From Fig. 8b a strong absorption peak near 
101.77 eV appeared because of adding mesoporous silica pre-
cursor in blend films and no characteristic absorption peak at 
99.3 eV which means the material is tetravalent forms rather 
than the atomic state on the surface of blend membrane. 
The synthesis process of mesoporous silica is the formation 
of hydrolysis of silica and then self-assembly with the tem-
plate. So the tetrahedral structure on silicon has a certain 
spatial orientation as the center of the formation of Si–O.

3.6. SCA analysis of the membranes

The static contact angle is an important index to mea-
sure the hydrophilicity of the membrane and is also is the 
main index to evaluate the wettability of the solid sur-
face. As shown in Fig. 9, the static contact angle of blend 
films with different content was lower than 90° indicating 
that the membranes are all hydrophilic. The static contact 
angle of doped mesoporous silica membranes decreased 
by nearly 10° compared with the pure membrane (79.4°). 
Because the mesoporous silica contains a large number of 
hydroxyl (–OH) hydrophilic groups, it enhanced appetency 
between membrane surface and hydrone which indicates 
that the addition of mesoporous silica can enhance the 
hydrophilicity of the membrane surface and is favorable 
for transmission of water. However, the static contact angle 
of the blend films with different doping amount was not 
significant (about 67°).

3.7. Zeta potential analysis of the membranes

Nanofiltration membrane can separate charged sub-
stances from water by the surface charge according to the 
Donnan exclusion effect. The separation effect of charged 
materials was directly affected by the surface charge density. 
The zeta potential values of the blend films with different 
amount of mesoporous silicon are shown in Fig. 10. As we 
have seen, the membrane surface is an amphoteric surface 
and the zeta potential value decreases with the increase of 
pH values. The isoelectric point of blend films was between 
3.1–3.6 and all the membrane surface is positively charged 
when pH is less than 3.1. At the same time, the membrane 
surface was negatively charged when the pH is greater than 
3.6. The pH value of general surface water is 6.5–8.5 and 
in this interval, the electronegativity of blend membranes 
increased about 18mV compared with the pure membrane 
in addition to 1.0 wt.% blend film. This is caused by the 
mesoporous silica doped on the membrane surface with 
hydroxyl groups, which enhance the negative potential 
energy of the membrane surface. However, the electroneg-
ativity of blend film with the maximum amount of doping 
material did not increase, mainly due to the aggregation 
of inorganic mesoporous silica made the content of the sil-
icon in the mesoporous membrane, not uniform. The dop-
ing of the mesoporous silica did not significantly change 
the isoelectric point of the pure membranes.

3.8. Effect of mesoporous silica (M-Si) dosage 
on membrane permeability and salt rejection

The effect of M-Si dosage on permeability (WF) and 
salt (NaCl and MgSO4) rejection are shown in Figs. 11 and 
12, respectively, which shows that the addition of M-Si can 
reduce the WF obviously. Moreover, a membrane with the 
dosage of 0.2 wt.% M-Si achieves its minimum (10.45 L/m2 h) 
and decreases by 62.12% compared to the pure membrane 
(27.60 L/m2 h). This is mainly due to the structural and mor-
phological changes of the membrane structure related to 
the addition of M-Si. Comparison of SEM images between 
the pure membrane and blend membranes showed that 
thick long-finger-like structure disappeared and was even 
well-distributed. It seems that the higher uniformity of 
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the membrane makes WF lower. When the doping of M-Si 
was more than 0.2 wt.%, the lower homogeneity of mem-
branes and the larger dosage of hydrophilic M-Si particles 
resulted in the increase of WF [53].

The separation mechanism in NF membrane is affected 
in many aspects such as sieving, Donnan exclusion effect 
and differences in diffusivity and solubility of solute [54]. 
As shown in Fig. 12, the rejection of NaCl and MgSO4 shows 
different behaviors with the increase of M-Si dosage. For 
NaCl solution, salt rejection is no fundamental change and 
the maximum (9.53%) is only 8.58% higher than the rejec-
tion of pure membrane (0.94%), which can be explained that 
the high diffusion coefficient for NaCl (1.61 × 10–9 m2/s) [55] 
makes it have no change in the course of this experiment. 
While for MgSO4 solution, the addition of M-Si increases the 
rejection remarkably. The increase of M-Si dosage from 0 
to 1.0 wt.% is associated with the increase of rejection from 
3.74% to 63.60%. This is possible that the compact change of 
supporting layer (SEM images) improves the sieving effect 
and magnifies the charge density of the membrane surface, 
resulting in the increase of MgSO4 rejection. It seems that 

the rejection of salts in this study is effected by the combi-
nation of screening, Donnan exclusion effect and differ-
ences in diffusivity and solubility.

3.9. Water content of blend membranes with different M-Si dosage

The effect of M-Si concentration on membrane water 
content is shown in Fig. 13. According to Fig. 13, the water 
content of membranes reflecting the hydrophilicity and 
swelling can be changed by incorporating M-Si particles into 
substrate membrane [56,57]. Blend membrane with 0.1 wt.% 
dosage showed a little decrease compared to the pure film 
(71.67%), which could be explained that the shrink of mem-
brane pore size and the structural changes due to the addi-
tion of M-Si reduced the pore volume. With the increase 
of M-Si concentration from 0.2 to 1.0 wt.%, the water con-
tent increased. This may be that in spite of large pores and 
macro-voids in the membrane structure disappeared, many 
dense compact holes formed, and increased the adsorption 
of water molecules because of the hydrophilic characteristic 
of M-Si particles. In other words, the water content of unit 
space for pore volume increased.

3.10. Molecular weight cutoff

Fig. 14 illustrates the rejection performance of the mem-
branes blended with different dosages M-Si for 1,000 ppm 
PEG solutions with different molecular weights (400, 600, 
1,000, and 2,000 Da). With the increase of MWCO value, 
the rejection increases. The best uniformity showed by a 
membrane with 0.2 wt.% dosage exhibits the highest rejec-
tion rate. As in previous studies, the smallest molecular 
weight which is rejected at 90% is taken as the MWCO of 
the membrane [58]. The membrane pore size is related to 
the MWCO of PEG and membrane pore radius measured by 
Eq. (5). It can be seen that the rejections of blend membranes 
(0.2, 0.5,1.0 wt.%) are greater than 90% for PEG solution 
(2,000 Da) and less than 90% for PEG solution (1,000 Da), 
which means that the pore radii of these membranes are 
between 0.78 and 2.13 nm.
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3.11. Anti-fouling performance of the membranes

Fig. 15 shows the time-dependent WF of pure water and 
BSA solution for the membranes. All membranes exhibit 
the drop of WF and reach the stable minimum (from 2.3 to 
3 L/m2 h). After washing for 30 min with DI water, all the 
WF is around 4.8 L/m2 h. The WF of pure membrane drops 
more dramatically than blend membranes and reaches sta-
bilizing spending much more time. This is maybe that the 
finger-like pores in the pure membrane make it easy to 
penetrate water molecules with protein. However, with the 
steady accumulation of protein in these pores which caused 
the blockage of the channel, the WF of the membrane drops 
abruptly. Furthermore, the relatively steady WF at last time is 
obtained because of the equilibrium accomplished between 
the deposition and sweeping of protein molecules on the 
membrane surface [59]. The rapid decline of WF is due to 
the poor anti-fouling ability of the membrane, which makes 
a large number of pollutants accumulate in the membrane 
channel. The stability of water flux data means that there are 
few pollutants in the membrane and the anti-fouling ability 
of the blend membrane is strong. In Fig. 16, flux recovery 

ratio (FRR) for membranes shows that the addition of M-Si 
can improve the fouling resistance. FRR increases to the high-
est value to 96% as the M-Si loading increases to 0.2 wt.%, 
while FFR decreases to 73.85% with 1.0 wt.% M-Si content 
in the membrane. The reason is that the addition of hydro-
philic M-Si improves the hydrophilcity of membrane sur-
face for better anti-fouling properties [60], and they can be 
washed easily by simple water. Moreover, the change of 
blend membranes’ internal structure due to the polymer 
chains as explained in section 3.2 made variation happened 
in pore size, resulting that protein molecules are hard to per-
meate and build up at the membrane surface. So we can see 
that there is no great change in WF with 0.2 wt.% M-Si con-
tent in membrane (Fig. 15). However, FRR is also related to 
the pore size of the membrane. The poor uniformity of the 
membrane makes it easy for protein molecules to gather on 
the surface of the membrane. Excessive doping will lead 
to the decrease of the uniformity of the membrane surface.

4. Conclusion

In this study, we developed a new method for synthe-
sizing nanofiltration membrane blended with mesoporous 
silica (M-Si) using the phase inversion method. The micro-
structure, permeability, salt rejection, water content, MWCO 
and anti-fouling performance of modified membranes were 
altered because of the addition of M-Si. The main conclu-
sions were listed as follows:
• The N2 adsorption/desorption test, XPS analysis and 

SXRD indicated that well-ordered mesoporous silica 
could be doped in blend membrane synthesized by 
mingling with the precursor of M-Si without removal of 
the template and calcining in this condition after mem-
brane forming.

• The SEM and MWCO results indicated that the cross-
linked structure between M-Si particles and polymeric 
chains increased membrane uniformity, eliminated long-
finger-like supporting layer and minified the pore size, 
resulting in a decrease of WF (10.45–17.98 L/m2 h) com-
pared to the pure membrane (27.60 L/m2 h). The rejection 
of MgSO4 has been improved due to the reinforced sieve 
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effect and intensified charge density. The results of vis-
cosity, SCA and zeta potential test showed that the blend 
film modified mesoporous silica has a great improve-
ment in the surface structure over the pure membrane.

• The water flux and salt rejection experiments mani-
fested that adding M-Si particles in the membrane could 
decrease the water flux and improve MgSO4 rejection 
because of the decrescent membrane pore size and rein-
forced charge density on the membrane surface.

• The water content and anti-fouling tests indicated that 
the addition of M-Si has improved membrane hydroph-
ily by enhancing the water content of unit space for pore 
volume and anti-fouling property with a smaller change 
in WF and higher FRR. The best result was obtained for 
blend membrane with 0.2 wt.% loadings, showing the 
highest FRR (96%).

• NF membranes fabricated in this way can be conducted 
at 0.15 MPa, reducing the consumption of energy, which 
shows great potential for mass usage in micro-organic 
filtration and advanced water treatment.
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