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a b s t r a c t

Magnesium silicate (MgSiO)/polyethersulfone (PES) hybrid membranes were prepared by phase 
inversion method, in which MgSiO particles were in-situ synthesized during the formation of 
 membrane. Energy dispersive X-ray spectrometry (EDS), scanning electron microscopy (SEM) and 
atomic force microscope (AFM) measurements were performed to characterize the component and 
morphology of membranes, while X-ray diffraction (XRD) and Fourier transform-infrared spectros-
copy (FT-IR) were conducted to characterize MgSiO particles morphology as well as its structural 
properties and the presence of functional groups. What’s more, the properties of membranes were 
investigated. Results showed that MgSiO particles were formed in a Mg/Si ratio of 1.36, and dis-
persed uniformly both on the membrane surface as well as matrix. The porosity and permeation 
of hybrid membranes were found a decrease and then an overall increase, along with the increased 
MgSiO content. Compared with the PES membrane, the hydrophilicity, separation performance and 
antifouling property of the hybrid membranes were enhanced due to the existence of MgSiO. More-
over, the hybrid membranes present both a higher BSA (bovine serum albumen) rejection, and a 
higher rejection towards MB (methylene blue) solution.
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1. Introduction

The discharge of organic pollutants into natural waters 
without proper treatment has caused severe water pollu-
tion [1]. Up to now, a number of technologies have been 
adopted to control water pollution, focusing on water 
purification, such as distillation, photocatalyst, adsorption, 
electrochemical, membrane filtration, etc. [2–10] Among 
these, membrane technology is becoming increasingly 
important as an efficient technology to solve problems of 
polluted water or to recycle valuable compounds in several 
processes [11,12].

As a non-negligible technology, ultrafiltration is one type 
of the membrane technology, used in paint recovery, protein 
separation and water treatment for pre-filtration in reverse 

osmosis [13,14]. As a commonly used ultrafiltration mem-
brane material, polyethersulfone (PES) exhibits good thermal, 
hydrolytic stability as well as good mechanical and membrane 
forming properties [15]. However, pure polymer PES is quite 
hydrophobic. As a consequence, the addition of inorganic 
additive into the polymer has then become an efficient tech-
nique for membrane hydrophilicity modification, to increase 
water permeability and lower the membrane fouling [16].

Organic–inorganic membranes prepared by the addition 
of inorganic additive into polymer membrane matrix exhib-
its characteristics of both in organic material and organic 
polymer [17]. Most commonly, the preparation method can 
be divided into solution blending method, in-situ polymer-
ization and sol-gel method [18]. Much effort has been done 
towards method improvement to promote the dispersion of 
inorganic additives [19–21]. With the same consideration, 
the in-situ synthesized phase inversion method was devel-
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oped in our previous study, which realized the inorganic 
additive uniform dispersion [22].

Usually, the ultrafiltration membrane, based on size 
exclusion or particle capture, is used generally to remove 
particulates and macromolecules, which basically has no 
efficient rejection on micromolecule dye [23,24]. Although 
nanofiltration membrane has smaller pore size, recognized 
as one of the best available techniques for the removal of 
several toxic dyes, which is not comparable to ultrafiltra-
tion membrane in high permeability and low cost [25]. It is 
supposed that a ultrafiltration membrane with good perfor-
mance and possessing high rejection towards dye is mean-
ingful to be found out.

Based on this purpose, magnesium silicate was chosen 
as the additive synthesized in polymer PES to form hybrid 
ultrafiltration membrane. As a kind of inorganic material, 
magnesium silicate, composed of free silanol groups, pro-
vides not only the hydrophilic groups but also active sites 
for adsorption of organic particles[26]. It has particular use 
in color removal [26–29]. To our knowledge, there has no 
report on magnesium silicate hybrid membrane as a separa-
tion membrane. Meanwhile, the magnesium silicate ultra-
filtation membrane has its unique properties on removal of 
monomolecular dyes, showing part of the performance of 
nanofiltration membrane.

Applying the previous developed in-situ synthesized 
phase inversion method in the present study, precursor 
magnesium salt was dissolved into the casting solution, 
reacted with Na2SiO3 in the coagulation bath. Magnesium 
silicate was synthesized during the process of membrane 
formation and dispersed uniformly in the PES membrane 
matrix. The prepared membranes were characterized by 
EDS, SEM, AFM and BET. Subsequently, magnesium silicate 
particles separated from the dissolved hybrid membranes 
were characterized by XRD and FT-IR. Additionally, the 
pure water flux, BSA (bovine serum albumen) rejection and 
antifouling performance were investigated and compared 
in detail. Furthermore, BSA static adsorption and MB (meth-
ylene blue) dynamic intercept tests have been examined.

2. Experimental

2.1. Materials

Polyethersulfone (PES, MW = 58,000 Da) was  purchased 
from BASF (Qingdao, China), and polyethylene glycol 
(PEG Mw = 400 g/mol) was purchased from Shanpu Co. 
Ltd. (Shanghai). N,N-dimethylacetamide (DMAc) was 
purchased from Guangchen Chemical Reagent Co. Ltd. 
(Tianjin), and bovine serumalbumin (BSA Mw = 67 kDa) 
was purchased from Zhengjiang High-technology Co. Ltd. 
(Tianjin). Both sodium silcate (Na2SiO3∙9H2O) and magne-
sium chloride hexahydrate (MgCl2∙6H2O) were purchased 
from Sinopharm Chemical Reagent Co., Ltd. All reagents 
were of regent grade and used without further purification.

2.2. Membrane preparation

PES was added to DMAc containing PEG and 
MgCl2∙6H2O, followed by sonicating for 0.5 hour and full 
stirring at 70°C overnight. The resulted homogenous solu-

tion was rested at room temperature until no bubbles were 
observed, and then cast on a clean plate with a casting knife 
of 200 μm. After a 30 s exposure to air, the cast film was 
immediately immersed in Na2SiO3 (0.5 mol/L) bath. After 
complete coagulation, the membranes were washed with 
DI water until the cleaning solution was neutral and the 
residual solvent was removed.

With the dosage of MgCl2∙6H2O changing in the cast-
ing solution, the obtained membranes were named, and the 
details were described in Table 1. 

2.3. Membrane characterization

2.3.1. Microscopy analysis

The membrane surface and cross-sectional morphol-
ogy were observed by scanning electron microscopy (SEM, 
S-4800, Hitachi, Japan). And the EDS-system (EX-250, 
HORIBA, Japan) was coupled with SEM to study the chemi-
cal elements of interest in the membranes. After cutting into 
appropriate size, the membrane samples were mounted on 
sample stage, and gold sputtered before analyzing. Addi-
tionally, in order to analyze cross-sectional morphology, the 
membrane samples should be fractured in liquid nitrogen.

The membrane surface roughness was analyzed by 
atomic force microscope (AFM, Nano 3D, Veeco, USA). A 
membrane sample, approximately 1 cm2, was fixed on a 
metal support and the surface was imaged in a scan size of 
2 μm × 2 μm. The mean roughness (Ra) and the root mean 
square of the Z data (Rms) were calculated from the topog-
raphy scans.

2.3.2. Characterization of magnesium silicate

In order to confirm the chemical components of the 
newly generated particles, the hybrid membrane was 
dissolved in DMAc, the solvent also used in casting 
solution. Unlike the original pellucid casting solution, the 
obtained solution was turbid, which was mostly caused by 
the newly generated insoluble particles. Next, precipitates 
separate from the liquid by a centrifuge, which were then 
washed and dried. The gained particles was tested by 
X-ray diffraction (XRD) using 18 kW CuKα radiation and 
Fourier transform infrared (FT-IR, Tensor27, BRUKER, 
Germany) spectra analysis. 

Table 1
The casting solution composition with different amount of 
MgCl2∙6H2O

Sample Casting solution 
compositions (wt.%)

MgCl2∙6H2O:PES(w/w)

PES DMAc PEG 400

M0 18 78 4 0
M1 18 78 4 0.04 
M2 18 78 4 0.08 
M3 18 78 4 0.12 
M4 18 78 4 0.16 
M5 18 78 4 0.20 
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2.3.3. Hydrophilicity measurements

Represented by contact angle, the hydrophilicity of 
membrane surface was measured by a contact angle meter 
(DSA100, Kruss, Germany). 5 μL of DI water pumping out 
from the micro syringe, dropped onto the membrane sur-
face. The instant image was recorded, and the value was 
calculated. For each membrane sample, the contact angle 
was measured for more than 10 times, and the average 
value was reported.

2.3.4 Pore data

The porosity of the prepared membranes, represented 
by the volume percentage of occupied water, was mea-
sured by gravimetric method. The membrane sample with 
a certain size was wiped the surface water, and weighted 
quickly (Ww). Then, the weighted membrane was weighted 
(Wd) again after drying 24 h in a vacuum oven at 60°C. The 
porosity (P) was calculated as follows:

P

W W
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w d

w%( ) =

−

×
×ρ

δ
100

 (1)

where Ww and Wd are the wet and dry membranes weights 
(g), respectively. ρw is the DI water density (g/cm3), A is the 
membrane area (cm2) and δ is the thickness (cm).

Other relative parameters, including pore size dis-
tribution and surface area were investigated by BET 
(Brunauer, Emmett, and Teller) analysis using specific 
surface area analyzer (NOVA 2200e, Quantachrome, 
USA).

2.3.5. Pure water flux

The membrane sample with an effective area of 
19.63 cm2 was mounted in a self-made filtration apparatus, 
pre-compacted with DI water at 0.2 MPa for 1 h. Until a 
steady permeation was reached, the permeated flux was 
recorded at 0.1 MPa over a period of time. The equation of 
pure water flux (Jw) is as follows:

J
Q

A t pw1 =
∆ ∆  (2)

where Q is the permeate water volume (L), A is the effective 
membrane area (m2), Δt is the collection time (h), and Δp is 
the trans-membrane pressure (MPa). All the Jw1 (L/m2h Pa) 
is calculated three times, and the reported data presents an 
average value.

2.3.6. Separation and antifouling performance

After recording the pure water permeability, the mem-
branes were subject to 1 g/L bovine serum albumin (BSA, 
67 kDa) solution, prepared with phosphate buffered solu-
tion (pH = 7). Both solutions in feed and permeate were 
evaluated by a UV-vis spectrophotometer (UV-2450, Shi-
madzu, Japan) at the maximum absorption wavelength of 
280 nm, obtained from Fig. 1a. The rejection rate (R) was 
calculated using the following equation:

R
C

C
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where Cp and Cf are the BSA concentrations in permeate and 
feed, respectively.

Similarly, the membranes were subject to 6 mg/L 
methelyene blue (MB, 319.86 Da) solution at 0.1 MPa for 90 
min. Both solutions in feed and permeate were evaluated at 
the maximum absorption wavelength of 664 nm, obtained 
from Fig. 1b.

To investigate the antifouling property of membranes, 
the BSA fouled membranes were washed with DI water 
for 20 min repeatedly, and the water flux of cleaned mem-
branes Jw2 (L/m2h) was measured again. Based on the fluxes 
of water or BSA permeation, several ratios were defined, 
including flux recovery ratio (FRR), total flux decline ratio 
(Rt), reversible flux decline ratio (Rr) and irreversible flux 
decline ratio ( Rir) using the following expression [30]:

FRR
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Fig. 1. The adsorption UV-vis spectra of BSA solutions (a) and MB solutions(b).
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where Jp is the BSA permeation flux, Jw1 is the initial pure 
water flux, and Jw2 is the pure water flux of the cleaned 
membrane.

2.3.7 Protein adsorption

BSA (about 0.3 g/L) solution was prepared by DI 
water to carry out the static adsorption of protein on mem-
branes. The membrane samples were cut into small pieces 
(5 cm × 5 cm) and immersed in the BSA solution in test 
tubes (each for 50 mL) at 25°C for 8 h to reach adsorp-
tion equilibrium, and all of the solutions before and after 
the BSA dissolution were approximately neutral (ranging 
from 7.38 to 7.54). The amount of BSA adsorbed on the 
membrane samples was calculated using initial and final 
solutions of BSA concentrations.

3. Results and discussion

3.1. Elemental analysis

The energy dispersive X-ray spectroscopy (EDS) was 
used to determine the major ingredient of the membrane. 
The energy dispersive X-ray spectroscopy (EDS) was used 
to determine the major ingredient of the membrane, and the 
results are shown in Fig. 2 and Table 2. It can be seen that 
element Mg and Si were successfully reserved in the hybrid 
membrane, and the percent of O was raised compared with 
PES membrane. It can be inferred that the most possible pat-
tern of formed inorganic particles was composed by Mg, Si 
and O, which can be denoted as MgSiO [28,31]. Moreover, 
the mean ratios of Mg and Si were calculated according to 
element weight. Each sample was repeated 6 times, and the 
mean value of Mg/Si ratio (1.36 ± 0.10) was calculated from 
all the defined samples. 

3.2 Characterization of magnesium silicate

Fig. 3 illustrates the FT-IR spectra of magnesium sil-
icate and marks the peak position. The broad band near 
3000–3750 cm–1 is ascribed to the stretching vibrations of 
O-H groups. The weak stretch near 3680 cm–1 is attribut-
able to Mg-OH, while the split strong adsorptions near 3400 
cm–1 are ascribed to H-bonding. Another O-H stretching 
vibration appears at 1632 cm–1. Magnesium silicate shows 
a very strong adsorption at about 1028 cm–1 with shoulder 
at about 901 cm–1, is assigned to Si-O stretching and bend-
ing vibrations, respectively. Nevertheless, the band near 646 
cm–1 is assigned to Si-O-Mg bonds. In addition, the band 
near 567 cm–1 is attributed to internal deformation of SiO4 

tetrahedra, and the band near 459 cm–1 is ascribed to Mg-O 
stretching [9,26,32–35]. 

The XRD pattern is presented in Fig. 4. The results man-
ifest that the precipitates are amorphous with low crystal-
linity. The broad amorphous peaks at 26°, 35° and 60° for 
the obtained particles were found to be consistent with the 
XRD pattern of the amorphous magnesium-silicate-hydrate 
(M-S-H) phase [32,36]. 

3.3. Morphological study

The morphology of the prepared membranes was car-
ried out by SEM analysis. The cross-section morphology 
of the membrane M5 is shown in Fig. 5, and the surface 
images of the prepared membranes are shown in Fig. 6.
All the SEM images show that MgSiO particles are dis-
tributed uniformly both on the membrane surface and 
matrix (M1–M5), which coincides with the previous esti-
mate that precursor MgCl2∙6H2O particles were well-dis-
solved and converted into MgSiO. From Fig. 6, it can be 
seen that with the increase of MgCl2∙6H2O, the pore size 
was minished from M0 to M2, while enlarged from M2 
to M5, and M2 exhibited the minimum aperture. Whilst 
the amount of MgSiO formed in the membrane surface 
increased from M0 to M5. In the beginning, the formation 
of MgSiO resulted to pore (formed by porogen PEG leach-
ing) blocking, and more pores were blocked with the lim-
ited increasing MgSiO. Meanwhile, it is suggested that 
during the process of phase inversion, the formed hydro-
philic MgSiO particles have a high tendency to adsorb 
water, which can provide sites for water penetration and 
accelerate the shrinkage of polymer phase, resulting to 
another pores [37,38]. Both the new generated pores and 
the increased hydrophilicity accelerate water penetration 
rate afterwards.

Surface roughness is always a considerable characteriza-
tion for surface properties and membrane performance [39]. 
Therefore, it is one of the important parameters for indicat-
ing membrane performance. Three-dimensional images of 
three types of membranes are illustrated in Fig. 7. The aver-
age surface roughness was measured from the AFM images 
according to the variation of the mean height, and the cor-
responding mean roughness value Ra and the root mean 
square of the Z data Rms were listed in Table 3. All the mem-
branes showed the ridge-and-valley surface morphology, 
and Fig. 7b and 7c were found to be much rougher than the 
PES membrane. The Ra and Rms values were increased with 
the increase content of MgSiO, and the minimum Ra and 
Rms values of 5.102 and 6.629 were appeared at PES mem-
brane M0. A slight increase was observed until M2. With 
the continuous increase of MgSiO, it was showed a signifi-
cant increase both on Ra and Rms, representing an increased 
roughness. The increased roughness was not favorable to 
the antifouling tendency, which was referred in the subse-
quent section.

3.4. Hydrophilicity of membranes

The surface hydrophilicity can be correlated with the 
good performance of membranes, including high perme-
ability and antifouling property. Infact, MgSiO existed in 
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PES membrane surface can improve the hydrophilicity of 
membrane surface and reduce the water permeation resis-
tance. From Fig. 8 it can be seen that the contact angle value 
declined sharply (M0 to M1), then it declined gradually 
(M1 to M4), at last it showed an abnormal rise (M4 to M5). 
The sharply decline of contact angle was attributed to the 
existence of MgSiO, consequently the biggest difference 
appeared between M0 and M1. The continuous decline 
of contact angle was mainly owed to the enhancement of 
MgSiO content, providing more Si-OH group in this case.
The declined contact angle reflected the enhanced hydro-

Fig. 2. EDS measurement of the membranes: (a–f) M0–M5.

Table 2
Element weight percent based on EDS analysis

Element M0 M1 M2 M3 M4 M5

C K 65.76% 62.97% 59.00% 56.01% 57.51% 58.65%
O K 24.12% 27.75% 31.68% 31.52% 30.17% 28.93%
S K 10.12% 8.59% 7.99% 9.50% 8.21% 8.26%
Mg K 0 0.37% 0.75% 1.64% 2.10% 2.23%
Si K 0 0.32% 0.58% 1.33% 2.02% 1.92%
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philicity. While the abnormal rise in contact angle possi-
bly can be ignored, this may be affected by the membrane 
surface roughness [40,41]. From a view of tendency, the 
addition of MgSiO in PES hybrid membrane improved the 
surface hydrophilicity. 

3.5. Pure water flux and pore data

The permeability property of the prepared mem-
branes was studied at 0.1 MPa by collecting the pure 
water through a certain time. The obtained values are 
displayed in Fig. 9, consisting with the trends observed 
in the SEM images. At the beginning (from M0 to M2) the 
water flux was decreased sharply, and reached the low-
est value at M2, followed by a more and more dramatic 
increasing. To our knowledge, both the membrane struc-
ture and the hydrophilicity have effect on water flux, and 
the final value depends on the dominating factor [42]. 
As a pore-forming agent, PEG was added into all casting 
solutions to generate appropriate pores. However, due to 
the formation of increasing MgSiO blocking more original 

pores offset the improved hydrophilicity, the pure water 
flux was decreased firstly. Whilst the increasing existence 
of hydrophilic MgSiO not only reduced water perme-
ation resistance but also led to generate new pores, which 
further accelerate the water permeation, resulting in an 
increase of water flux.

The result of porosity measurement, also being displayed 
in Fig. 9, presents the same rule as pure water flux showed, 
except for M5. The decreased porosity owed to the blocked 
original pores, while the increased porosity ascribed to the 
new generated pores. For the membrane M5, it showed 
lower porosity than M4, which may attributed to more gen-
erated pores connected and converted to perforated struc-
ture impairing storage water ability of membrane. 

To further characterize the nano-scale pore structure 
of the membrane, the prepared membranes were analyzed 
by BET analysis. Fig. 10 show the corresponding pores 
size distribution curves from adsorption branch using BJH 
method, and Table 4 summarized the data of average pore 
size and surface area. It can be found that all the pore size 
distributions of the prepared membranes do not show uni-
modal distribution, and all the presented extreme values 
are less than 10 nm. Although there was no significant vari-
ation, the average pore diameter also presented increase 
after the decrease, which confirmed the trend observed by 
SEM. The BET surface area showed an irregular fluctuation. 
However, from an overall perspective, the surface area of 
MgSiO hybrid membrane presented a gradually increasing 
trend with the increased addition of MgSiO. This may due 
to the fact that the more inorganic particles formation can 
cause more pores thereby increasing the BET surface area.

3.6. Separation and antifouling performance of BSA solution

After 0.5 h BSA filtration, the permeate was collected 
and detected. Repeating three times, the average rejection 
is shown in Fig. 11. It can be seen that the rejection rate of 
hybrid membranes (M1 to M5) is higher than the PES mem-
brane (M0). From membrane M0 to M1, an obvious increase 
in rejection is observed, and for MgSiO hybrid membranes, 

4000 3500 3000 2500 2000 1500 1000 500

75

80

85

90

95

100

459

567
901

1028

16323680

34423996

Tr
an

sm
itt

an
ce

 (%
)

Wave number (cm-1)

Fig. 3. FT-IR spectrum of the gained particles. Fig. 5. SEM cross-section image of the generated MgSiO in the 
membrane M5.

10 20 30 40 50 60 70 80
0

50

100

150

200

250

In
te

ns
ity

 (C
ou

nt
s)

2θ (deg)

Fig. 4. XRD pattern of magnesium silicate particles.



S. Han et al. / Desalination and Water Treatment 105 (2018) 298–309304

Fig. 7. AFM images of the membranes: (a) M0 (b) M3 (c) M5.

Fig. 6. SEM surface images of the membrane: (a–f) M0–M5.
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the rejection rate is continuously increased from M1 to M3. 
However, it begins to decrease to some extent. According 
to Fig. 6 and BET analysis, the size of pores became smaller 
firstly and then larger due to the composition change. As 
a result, the number of BSA passed through the pores was 
decreased at first, which may lead to increased retention 
rate. Subsequently, with some larger pores formed, the 
number of passed BSA molecules was increased, which 
conversely led to decreased retention rate [43].

Employing BSA as a model foulant, the permeation flux 
decline and recovery were measured in a dead-end filtra-
tion module, which indicated the antifouling properties 
of the prepared membranes. Fig. 12 shows the time-de-
pendent flux, reflecting the influence of MgSiO addition 
amount in PES membranes on the membrane properties 
mainly, and Table 5 gives the corresponding FRR, Rt, Rr 
and Rir values. The flux recovery ratio (FRR) and total flux 
decline ratio (Rt) are the measure of antifouling property 
of the membranes. All MgSiO hybrid membranes showed 
higher FRR and lower Rt values than the PES membrane. 
The PES membrane exhibited poor antifouling properties: 
Rt and Rir were as high as 70.2% and 47.8% respectively, and 
FRR as low as 52.2%. As the addition amount of MgSiO 
in the PES membrane was reached to M1, Rt and Rir were 
decreased to 61.7% and 34.1%, respectively. Moreover, FRR 
of the membrane reached to 65.9%. As the addition amount 
of MgSiO in the PES membranes increasing, the antifouling 
parameter FRR of the prepared membranes was elevated 
up to the  maximum values 84.3% (M2), and then decreased 
gradually. Because the weakened interaction force between 
membrane surface and BSA, caused by the increase in 
hydrophilic MgSiO, FRR value increased [30]. Further-
more, the addition of  MgSiO changed the porosity of the 
membrane, shown in Fig. 9, which greatly altered the mass 
transfer resistance of membranes and of importance for 
antifouling properties [44]. However, with the MgSiO con-
tinued to increase, the antifouling properties were impaired 
somewhat, which might be ascribed to the increased rough-
ness [45,46]. In comparison, the antifouling properties of the 
MgSiO hybrid membrane were overall enhanced.

Similarly, bovine serum albumin (BSA) was used as the 
model foulant to evaluate the protein resistance of the pre-
pared membranes. The protein static adsorption study was 
carried out, and the adsorption amount of the membranes 
is demonstrated in Fig. 13. The BSA adsorption amount of 
PES membrane was 12.57 μg/cm2. After modification, the 
BSA adsorption amount for MgSiO/PES membranes was 
firstly declined and then increased. The BSA adsorption 
amount of membrane M1 was 7.59 μg/cm2. When MgSiO 
was increased to 4%, the BSA adsorption amount of mem-
brane M2 was reduced to 4.62 μg/cm2, and then gradually 
increased to 9.51 μg/cm2. It could be concluded that in 
some way, the higher surface coverage of MgSiO, the less 
amount of BSA molecules adsorbed on membrane surface. 
However, it is believed that the surface roughness and spe-
cific surface area influence the membrane adsorption capac-
ity [47,48]. Accordingly, the increased adsorption could be 
interpreted as the increased roughness and increased BET 
surface area. Meanwhile, it is believed that the membrane 
with high porosity gives more adsorption site, caused 
higher adsorption [48]. The results are basically in line with 
the antifouling experiments, the membrane with higher 
hydrophilicity and lower roughness possessed lower pro-
tein adsorption and stronger antifouling property.

3.7. MB (methylene blue) filtration experiments

The ultrafiltration experiments were carried out using 
6 mg/L MB solution as feed solution. Fig. 14 manifests the 
rejection to MB solution at 0.1 Mpa as a function of time. 
After a 90 min filtration of MB solution, the membranes were 

Table3
Surface roughness of the membranes

Roughness parameters Ra (nm) Rms (nm)

M0 5.102 6.629
M1 5.167 6.702
M2 5.664 7.131
M3 7.657 9.543
M4 7.823 9.943
M5 8.011 10.331
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Fig. 10. Pore size distribution of the prepared membranes: (a–f) M0–M5.

Table 4
Experimental results obtained from BET analysis

Sample Average pore diameter 
(nm)

BET surface area  
(m2/g)

M0 11.83 18.81

M1 10.84 15.95

M2 9.35 17.47

M3 9.52 17.35

M4 10.53 17.93

M5 10.98 18.97
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Fig. 11. BSA rejection of the prepared membranes.
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taken out from the membrane cell, followed by immersed in 
DI water for one day, and then they were displayed in Fig. 
15. It could be obviously seen that all the membranes with 
MgSiO gave higher rejection towards MB than the mem-
brane without MgSiO, and the color was getting deepen 
from M0 to M5. That maybe because MgSiO has a high 

adsorb tendency towards MB, when the filtrate permeate the 
membrane, MB can be adsorbed by MgSiO. At the beginning 
of filtration, the M2 presented the highest rejection, while at 
the end of filtration, M4 presented the highest, which might 
be attributed to the combined effect of permeability and the 
content of MgSiO. When the permeability is higher or the 
content of MgSiO is lower, MB cannot be adsorbed in no 
time. But the tendency in the sum of rejections for each mem-
brane is consistent with the increase of MgSiO. However, all 
the rejections descend with time for the limited adsorbents, 
which is not satisfactory, so further filtration is still needed.

4. Conclusions

MgSiO/PES hybrid membranes were prepared by 
the previous reported in-situ synthesized phase inversion 
method. Compared with the PES membrane, the hydro-
philicity and antifouling performance were basically 
enhanced due to the existence of MgSiO, and affected by 
the difference in concentration to some extent. The EDS, 
XRD and FT-IR results confirmed the effective formation of 
MgSiO in the hybrid membranes, and Mg/Si molar ratio is 
1.36. Combined with SEM and BET results on pore struc-
ture, the existence of MgSiO changed pore width and spe-
cific surface area. Additionally, after the addition of certain 
amount of magnesium salt (M2), the more high percentage 
of MgSiO is,the larger membrane pore size becomes, which 
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Fig. 14. Time-dependent rejection of methylene blue solution (6 
mg/L).

Fig. 15. Membranes after a certain time filtration of methylene 
blue solution.
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Fig. 12. Time-dependent flux of the membranes includes fouling 
and cleaning process.

Table 5
Antifouling parameters of the membranes for BSA filtration

Sample FRR(%) Rt(%) Rr(%) Rir(%)

M0 52.2 70.2 22.4 47.8
M1 65.9 61.7 27.3 34.1
M2 84.3 28.7 12.9 15.7
M3 73.1 54.5 27.6 26.9
M4 71.9 61.6 33.6 28.1
M5 65.6 58.8 24.4 34.4
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Fig. 13. BSA adsorptionamount of the prepared membranes.
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is not contributed for the remove of macromolecular, but 
more efficient for methylene blue removal.

It is proved that homogeneous organic-inorganic hybrid 
membrane is accessible via in-situ synthesized phase inver-
sion method, meanwhile, the magnesium silicate/polyether-
sulfone hybrid ultrafiltration membrane has high rejection 
on BSA molecular not only, but has effect on MB removal.
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