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a b s t r a c t 

A novel polyamide (PA) thin film nanocomposite (TFN) membrane modified with Beta ( β) ze- 

olite was prepared by interfacial polymerization on a poly (ether sulfone) (PES) ultrafiltration 

membrane. Compared with the PA thin film composite (TFC) membrane, the introduction of 

β zeolite with porous structure notably increased the water flux of TFN membrane. Because 

the β zeolite with tiny-sized and well-defined inner-porous acted as prior flow channels for 

water molecules and a barrier for the sulfate ions. The successful introduction of β zeolite 

into the (PA) selective layer and their dispersion in the corresponding layer were verified 

by scanning electron microscope (SEM) and atomic force microscopy (AFM). Water contact 

angle, zeta potential measurements were used to characterize the changes of membrane 

surface properties before and after incorporating the β zeolite. With the β zeolite introduc- 

ing, the water contact angle of modified TFN membrane was decreased to 47.8 °, which was 

benefited to improve the water flux. Meanwhile, the negative charges of the modified TFN 

membrane was increased, resulting in an enhancement of separation effect on SO 4 
2 − and 

Cl −. In term of nanofiltration (NF) experiments, the highest pure water flux of the TFN mem- 

branes reached up to 81.22 L m 

−2 hr −1 under operating pressure of 0.2 MPa, which was 2.5 

times as much as the pristine TFC membrane. 

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

Introduction 

As water resources become increasingly polluted by human 

activities, it is a difficult challenge to provide sufficient clean 

water supplies to meet increasing demand for domestic use 
( Zhou et al., 2015 ). Hence, it is urgent to find an appropriate 
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way to obtain the clean water ( Lyu et al., 2015 ). This situa- 
tion has generated noteworthy demands for the development 
of membrane technologies. Membrane separation technology 
is widely used in desalination, food production, pharmaceu- 
tical and biological industry owing to its advantages of high- 
efficiency, convenient operation, simple process and no bio- 
logical activity loss ( Lau et al., 2015 ). As one of the promising 
membrane separation technologies, NF has received wide at- 
tention because of its versatility. NF is a pressure-driven mem- 
brane separation technology between ultrafiltration (UF) and 
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Table 1 – The TFC and TFN membranes prepared at dif- 
ferent monomer concentrations. 

Membrane 
PIP in 
water (%) 

TMC in organic 
phase (wt%) 

β in water 
phase (wt%) 

TFC 1% 0.2% 0 
TFN0.5% 1% 0.2% 0.5% 

TFN1% 1% 0.2% 1% 

TFN1.5% 1% 0.2% 1.5% 

TFN2% 1% 0.2% 2% 

TFN2.5% 1% 0.2% 2.5% 

reverse osmosis (RO). NF possesses higher rejection to more 
kinds of organic and inorganic substances than UF with its 
appropriate pore size and surface charge property ( Oatley- 
radcli et al., 2017 ). Meanwhile NF typically have high re- 
jections of multivalent inorganic salts at modest pressures. 
Those advantages make the NF process highly competitive 
according to selectivity and cost benefit compared with RO 

( Mohammad et al., 2015 ). Therefore, the development of NF 
has won its popularity and recognition worldwide in recent 
years. 

NF membrane material is very important during NF wa- 
ter treatment process, typical NF membrane with TFC struc- 
ture have been prepared by interfacial polymerization (IP) of 
diamine and acyl chloride. NF membrane fabricated by IP 
method has a dense thin PA layer on the porous substrate, 
which contributed to the high selectivity and water perme- 
ability ( Lau et al., 2015 ), and optimizing the surface morphol- 
ogy and structure of PA layer became the common strategy to 
enhance the membrane performance ( Ahmad et al., 2013 ). In 

recent days, many previous studies have focused on improv- 
ing the separation performance by modifying the PA selec- 
tive vlayer ( Heinz et al., 2017 ; Kango et al., 2013 ; Lalia et al., 
2013 ). Inorganic nanomaterials, such as silver ( Andrade et 
al., 2015 ), titanium dioxide ( Rajaeian et al., 2013 ), titanate 
( Sumisha et al., 2015 ), zirconia ( Lv et al., 2016 ) and silicon 

dioxide ( Wei et al., 2019 ), have been found to improve the 
separation performance of membranes, when they are in- 
troduced into IP process to form a thin-film nanocomposite. 
These nanomaterials optimized the membrane properties in- 
cluding surface hydrophilicity, charge, and salt rejection. 

Among various nanoparticles, zeolite nanoparticles are 
one of the ideal additives because of its unique properties, 
such as their high specific surface area, large pore volume, 
uniform microporous channels, and excellent thermal and 

hydrothermal stability ( Koohsaryan and Anbia, 2016 ). Some 
of them are super-hydrophilic and have well-defined sub- 
nanometer pores, which provide preferential flow paths for 
water ( Fathizadeh et al., 2011 ). Benefitting from that, the ad- 
dition of zeolite nanoparticles would enhance the membrane 
water permeability without reducing salt rejection substan- 
tially. 

β zeolite is well known with its three-dimensional 12- 
membered ring (12R) microporous structure and well acidic 
sites as solid acid catalyst ( Huang et al., 2017 ). The micro- 
porous structure endows them bigger sub-nanopores (7.5 Å) 
than other zeolite nanoparticles ( Taborda et al., 2011 ). The 
inner-nano-porous of β zeolite in the PA matrix could supply 
extra channels to the water ( Paul and Jons, 2016 ). Moreover, 
β zeolite nanoparticles with highly electronegative ( Suárez et 
al., 2019 ) could enhance the zeta potential of membrane sur- 
face, and result in the improvement of membrane separation 

performance. It also can maintain stability in structure and 

properties during post-treatment because of their excellent 
thermal stability. 

Therefore, in this work, a hydrophilic β zeolite nanoparticle 
was utilized as the additive into the aqueous phase to fabri- 
cate a high flux NF membrane via IP. A series of TFN mem- 
branes with different β zeolite loadings were fabricated for 
the investigation of the effect of β zeolite concentration in the 
aqueous phase. Following the preparation, attention has been 

paid to the membrane characterizations. The NF membrane 
characteristics involving surface structural morphology, sur- 
face charge and surface hydrophilicity of such membrane at 
different β zeolite nanoparticle loading was conducted. Sepa- 
ration tests were also implemented to evaluate the water per- 
meability and the separation performance of mono and diva- 
lent salts. 

1. Materials and methods 

1.1. Materials 

The substrate-polyether sulfone (PES, MW = 30,000 Da) UF 
membranes were purchased from Advanced Membrane Tech- 
nology INC (Beijing) Co. Ltd. (China). β zeolite nanoparti- 
cles were supplied by Nanjing XFNANO technology Co. Ltd. 
(China). Piperazine (PIP) and 1,3,5-benzenetricarbonyl trichlo- 
ride (TMC, > 98%) were purchased from Aladdin Industrial 
Co., Ltd. (Shanghai, China). n-hexane was obtained from Bei- 
jing chemical works (China). Sodium sulfate (Na 2 SO 4 ) ( > 99%, 
AR), sodium chloride (NaCl) ( > 99.8%, GR), magnesium sulfate 
(MgSO 4 ) ( > 98%, AR) and magnesium chloride (MgCl 2 ) ( > 99%, 
AR) were purchased from Sinopharm Chemical Reagent Co., 
Ltd. (Shanghai, China). DI water(0.1–1 μS/cm) was obtained 

from the laboratory. 

1.2. Fabrication of NF composite membranes modified 

with β zeolite 

The NF composite membranes were fabricated by forming a 
PA selective layer via IP on the surface of an asymmetric PES 
UF membrane. The main preparation procedures were as fol- 
lows: 

The recipes of several TFC and TFN membranes in this 
study are detailed in Table 1 . Firstly, a certain amount of β ze- 
olite, 1% TEA and 16% phosphoric acid were added into 1% PIP 
solution. Then the solution was sonicated with an ultrasonic 
cell disrupter (SCIENTZ, JY92-IIN) about 1 hr as the aqueous 
solution. Meanwhile, 0.2% TMC was dissolved in n-hexane via 
ultrasonic dissolving method for 1 hr as the organic solution. 
Then 30 mL aqueous solution was poured slowly on the PES 
porous substrate for 3 min to allow the amine solution pen- 
etrate into the pores of the substrate. Subsequently, the ex- 
cess solution on the PES supports were removed by a rubber 
roller. Then the monomer-saturated support membrane was 
soaked in organic solution for 30 sec, resulting in the forma- 
tion of a TFC PA layer, and then the pristine membranes were 
dried in the air. Next, the as-fabricated TFC/TFN membranes 
were cured in an oven (ASCARI, 101–2A) at 80 °C for 3 min 

respectively. Finally, the membrane samples were rinsed and 

stored in DI at 4 °C until use. 

1.3. Characterization methods 

1.3.1. Characterization of β zeolite 
The morphology properties of β zeolite was measured 

by Transmission electron micrograph (TEM, H-7500, Japan) 
and Field emission scanning electron microscopy (FE-SEM, 
SU8020, Japan). The crystal form of β zeolite was measured 

with an X-ray diffractometer (XRD, Rigaku smartlab (9), Japan). 
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Fig. 1 – The schematic of cross-flow setup for NF membrane 
separation performance tests. (1) feed tank, (2) temperature 
control unit, (3) membrane cells ( d = 5.78 cm), (4) (5) pressure 
gauges, (6) vacuum pump, (7) regulating valves, (8) 
discharge gate. 

An electrophoretic mobility measurement (Zetasizer Nano- 
ZS, Malvern, England) was used to obtain the surface zeta po- 
tentials of β zeolite nanoparticles. 

1.3.2. Characterization of TFC and TFN membranes 
Field emission scanning electron microscopy (FE-SEM, 
SU8020, Japan) was used to analyze the membrane morpho- 
logical structure. The surface chemical structure of the PA 

layers was characterized by energy-dispersive X-ray (EDX) 
and X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, 
Thermo Fisher, USA) to determine the distribution state of 
β zeolite in the whole membrane. The surface roughness 
of the prepared membranes was examined by an atomic 
force microcopy (AFM, SPM-970). The scanned area of the 
prepared membranes was 5 μm × 5 μm. The mean roughness 
(Ra) was reported to state the difference of the membrane 

surface topology. The water contact angle, characterized the 
hydrophilicity of the membrane surface, was measured by a 
contact angle meter (OCA20, Germany). The equilibrium value 
was the average of left and right angles. The reported contact 
angle values were the average of three measurements of 
each membrane sample. The surface charge properties of the 
TFN and TFC membranes were measured by a zeta potential 
analysis meter (Anton Paar, Austria). Every membrane was 
measured in 0.001 mol/L potassium chloride solution at 25 °C. 
The electric conductivity of test solution was measured by a 
conductivity meter (S230). 

1.4. Separation performance tests of membranes 

The NF membrane performance including the permeability 
and rejection were evaluated using a cross-flow setup ( Fig. 1 ) at 
room temperature. The effective membrane area in the mem- 
brane cell was about 26.23 cm 

2 . 2 g/L of Na 2 SO 4 , MgSO 4 , MgCl 2 
and NaCl salt solution were used as feed solutions, respec- 
tively. All the membranes were preconditioned at 1.0 MPa for 
0.5 hr until getting a stable water flux. Then the volume of fil- 
trate was measured at 0.2 MPa. Three trials were carried out 
for each membrane test to guarantee the accuracy of the re- 
sults. The final results presented are an average of the three 
measured values. The water flux F (L m 

−2 hr −1 ) was deter- 
mined by dividing the permeate volume V (L) by the effec- 
tive membrane area A (m 

2 ), filtration time t (hr) according to 
Eq. (1) 

F = 

V 

At 
(1) 

The salt rejection R (%) was calculated by Eq. (2) , where C p 
and C f were the salt concentrations in the permeate and feed 

solutions, respectively. Salt concentration can be converted 

into the electric conductivity in proportion within a certain 

range ( Zhang et al., 2019 ). Therefore, in this work, the salt con- 
centration was replaced with the electric conductivity. 

R = 

( 

1 − C p 

C f 

) 

× 100% (2) 

Fig. 2 – Characterizations of β zeolite nanoparticles: (a) FE-SEM image, (b) TEM image, (c) XRD pattern, and (d) particle size. 
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Fig. 3 – SEM-EDX images of membranes (a) TFN2.0wt% membrane surface, (b) TFC membrane cross-sectional scan image 
and (c) TFN2.0wt% membrane cross-sectional scan image. 

Fig. 4 – XPS survey spectra for the three type of membranes. 

2. Results and discussion 

2.1. Characterization of β zeolite 

The morphologies, crystal form and size distribution of β ze- 
olite nanoparticles are shown in Fig. 2 . It can be seen in the 
SEM images ( Fig. 2 a) that the β nanoparticle crystals had ir- 
regular shapes and most of them showed particle sizes rang- 
ing from 100 nm to 1000 nm. The particle diameter of β zeo- 
lite was shown in ( Fig. 2 d) and the average diameter was mea- 
sured to be 465.4 nm. TEM graphic further illustrated the struc- 
tural properties of β samples, which presented the irregular 
nanoparticle crystals. A small crystal (˜200 nm) was observed 

for β zeolite nanoparticle ( Fig. 2 b), which was consistent with 

the FE-SEM images ( Fig. 2 a). A few spot lights were observed 

on the irregular shaped nanocrystals, which was indicative of 

small amount of micropores. Fig. 2 c displays the XRD patterns 
of β zeolite samples before and after ultrasonic treatment. Two 
most significant diffraction peak at 2 θ = 7.8 ° (101), 22.4 ° (302) 
of the typical BEA structure were exhibited, which manifests 
the crystallinity could be well kept after the ultrasonic treat- 
ment ( Gao et al., 2019 ). 

2.2. Surface morphology of the membranes 

The β zeolite were well dispersed on the external membrane 
surface and no obvious agglomeration of nanoparticles were 
observed as shown in Fig. 3 a. Moreover, Si and Al elements 
were distinctly observed on the TFN2.0wt% membrane cross- 
sectional scan image, while barely on the TFC membrane 
( Fig. 3 b-c). It indicated that β zeolite nanoparticles were in- 
troduced into the TFC membrane surface successfully. It has 
been reported that most of zeolite nanoparticles were encap- 
sulated in the PA layer. The same results were characterized 

in this research as shown in Fig. 4 . It manifested that few β

zeolite nanoparticles could stick out of the PA selective layer. 
From the wide scan spectra of the three type of membranes, 
the emission peaks at 285.44, 400.08 and 531.79 eV were as- 
cribed to be the binding energies of C 1 s, N 1 s and O 1 s, 
respectively. The contents of the aluminum Al and silicon Si 
elements were 0.27% and 1.82% respectively for TFN2.0wt% 

membrane which shown as a lower emission peaks at 74 eV 

and 99 eV on the scan spectra. 
Fig. 5 shows the SEM images of synthesized TFC and TFN 

membranes. As shown in the SEM image ( Fig. 5 a), the pristine 
membrane surface exhibited a typical homogeneous wrinkle 
structure, which indicated the TFN membrane was success- 
fully fabricated ( Tan et al., 2018 ). Besides, it’s obvious that the 
Turing-type structure on the membrane surface was changed 

with the addition of β zeolite. It suggested that, to some extent, 
the diffusion of the aqueous phase to the reaction zone was 
affected by the introduction of β zeolite nanoparticles ( Li et 
al., 2017 ). When the β zeolite loading increased from 0.5 wt% 

to 2.0 wt%, the wrinkles on the TFN membrane surface be- 
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Fig. 5 – SEM images of surface view of TFC and TFN membranes with different zeolite loadings. (a) TFC membrane, (b) 
TFN0.5% membrane, (c) TFN1% membrane, (d) TFN1.5%membrane, (e) TFN2% membrane and (f) TFN2.5% membrane. 

Fig. 6 – AFM characterization of (a) TFC membrane, (b) TFN0.5% membrane, (c) TFN1% membrane, (d) TFN1.5% membrane, (e) 
TFN2% membrane and (f) TFN2.5% membrane. 

came larger and coarser. Bigger Turing-type structure would 

increase the surface area and hence higher water flux. There- 
fore, the measured average root mean square roughness (Ra) 
which represents the surface area were shown in Fig. 6 , which 

was consistent with the changes of structure. In addition, the 
wrinkles were still distributed evenly on the membrane sur- 
face. However, when the content of β zeolite nanoparticle 
loading grew to 2.5%, the nanoparticles were dispersed un- 

evenly and agglomerated. The agglomeration of nanoparticles 
would be a physical obstruction for diffusion of diamine solu- 
tion to organic phase ( Wen et al., 2017 ). Consequently, it would 

reduce the reaction rate of PIP and increase the generation 

of defects on the membrane surface. Moreover, overcrowded 

nanoparticles would also reduce the effective sub-nanopores 
of β zeolite, thereby decrease the water flux of the membranes. 
These changes on surface structure clearly show that the 
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Fig. 7 – The results of the surface zeta potential (a) and the 
contact angle (b) of membrane samples. 

addition of β zeolite will affect the IP procedure of PIP and 

TMC, resulting in the surface morphology changes. 
To further investigate the surface morphology of the mem- 

brane, AFM analysis was used to characterize the membrane 
surface roughness. Previous studies reported that membrane 
surface roughness had significant influence on the water per- 
meation flux ( Abdikheibari et al., 2018 ; Lai et al., 2018 ). There- 
fore, the effect of β zeolite nanoparticles on membrane sur- 
face roughness was studied and shown in Fig. 6 . Introduction 

of β zeolite nanoparticles into the PA selective layer consid- 
erably increased the membrane surface roughness. The Ra of 
pristine TFC membrane was 10.3 nm, which was a character- 
istic value of a TFC NF membrane with a relatively smooth 

surface. With the increase of β zeolite nanoparticle concen- 
tration from 0.5% to 2.0%, the Ra of TFN membranes increased 

gradually, which was mainly caused by the bigger and coarser 
wrinkles on the TFN membrane surface. However, when the 
content of β zeolite grew up to 2.5%, the Ra of the membrane 
dropped to 28.3 nm. It was because that the large clumps and 

the unevenly distribution of the nanoparticles resulting in sur- 
face roughness reduction, which was consistent with the SEM 

results ( Fig. 5 f). Increased surface roughness had a positive ef- 
fect on the water permeability by increasing the effective sur- 
face area available for water molecules to permeate ( Liu and 

Chen, 2013 ). 

2.3. Zeta potential and hydrophilicity of the membranes 

As we known, Donnan exclusion and size exclusion effect are 
the main separation mechanisms of the membrane ( Anand 

et al., 2018 ; Donnan, 1995 ). Thus, membrane surface charge 
had great influence on membrane separation properties. In 

this work, the surface charge properties of the membranes 
were evaluated by surface zeta potentials. According to the 
results in Fig. 7 a, all the membrane surfaces were negatively 
charged. The magnitude of the negative zeta potentials fol- 
lows the order of TFN2.0% > TFC > PES membranes. The orig- 
inal TFC membrane surface was more negatively charged than 

the PES substrate. It was because the PA selective layer of TFN 

membrane inherently possesses an outer layer of fixed neg- 
ative charges, which were endowed by the carboxyl groups 
hydrolyzed from unreacted acyl chlorides of TMC ( Boo et al., 
2018 ). The negative charge of TFN2.0% membrane surface 
was more intensified. It was attributed to the introduction 

of β zeolites whose surface were high negatively charged (- 
37.8 ±1.2 mV.). It was reported that the negative charge of the 
NF membrane surface could cause a stronger electrostatic ex- 
clusion effect on SO 4 

2 − than Cl −, because of the Donnan ex- 
clusion effect ( Pan et al., 2017 ). Thereby, the separation effect 
of SO 4 

2 − and Cl − would be enhanced, when the membrane 
surface became more negatively charged. 

Fig. 7 b indicates the water contact angle of the three 
kinds of membranes, which represents the hydrophilicity of 
the membrane surface. The smaller the contact angle, the 
stronger the wetting ability and the better the hydrophilic- 
ity. Compared with the pristine TFC membrane (55.6 °), the 

water contact angle of the TFN2.0% membranes were lower 
(47.8 °), which was owing to the hydroxyl group on the β zeo- 
lite surface. It indicated that the membrane surface became 
more hydrophilic because of the introduction of the β zeo- 
lite nanoparticles. Besides, According to the analysis results 
of Cassie-Baxter model, the increase of the roughness will 
enhance the hydrophilicity of membrane surface when the 
membrane surface is hydrophilic. In contrary, when the mem- 
brane surface is hydrophobic, the increase of the roughness 
renders the membrane surface more hydrophobic. Therfore, 
the improved hydrophilicity was also attributed to the in- 
creased surface roughness ( Liu et al., 2019 ). A more negatively 
charged and hydrophilic surface endowed the membrane a 
better separation performance. Thus, the addition of β zeolite 
would attribute to fabricating a high-flux and high-separation 

performance membrane. 

2.4. Separation performance of the membrane 

The separation performances of NF composite membranes 
were evaluated at 0.2 MPa. The result ( Fig. 8 a) illustrates the 
effect of different β zeolite loadings on membrane pure water 
flux. It is clear that pure water flux increased with the β zeo- 
lite loading growing until 2.0 wt%. In particular, the TFN mem- 
brane exhibited the highest water permeability of 81.22 L m 

−2 

hr −1 when 2.0% β zeolite was introduced, which enhanced 

more than twice as much as the flux of TFC membrane (34.06 L 
m 

−2 hr −1 ). The addition of β zeolite was conducive to improve 
the water flux. It could be due to the inner nanopores of the 
β zeolite, which was supposed to provide more permeation 

channels to water compared with the PA layer. The size of β ze- 
olite nanopores used in this experiment was 0.5-0.7 nm, which 

was larger than the 0.27 nm of water molecules and hence can 

transit it apparently ( Song et al., 2020 ). Furthermore, the β ze- 
olite nanoparticles influence the IP procedure to enhance the 
PA layer permeation performance due to the change of mem- 
brane surface morphology ( Ma et al., 2012 ). There are more and 

more wrinkles on the membrane surface, when increasing the 
β zeolite loadings. In addition, the wrinkles on the TFN mem- 
branes grew bigger and coarser as mentioned before in SEM 

and AFM ( Figs. 5 and 6 ). It could increase the effective surface 
area available for water molecules to permeate thus the en- 
hancement of the membrane water flux. Moreover, increased 

surface hydrophilicity was also the important reason for the 
water permeation improvement. However, when the content 
of the β zeolite increased to 2.5%, the membrane flux was de- 
clined to 70.74 L m 

−2 hr −1 . It meant the further increase of 
β zeolite content had a passive influence on the permeabil- 
ity of TFN membranes. On the one side, it was because the 
PA layer became much thicker. The thicker the selective layer, 
the lower the membrane water permeant ability. On the other 
side, the high content of β nanoparticle was liable to cause the 
serious aggregation (as showed in the SEM analysis), which 

would reduce the effective sub-nanopores of β zeolite that al- 
low water molecules to pass through. Thus, the excess loading 
of β zeolite nanoparticles would lead to the decline of the TFN 

membranes flux. 
Figs. 8 b- 9 present the separation performance in four dif- 

ferent salt solutions of the membranes. The membrane solute 
permeability ( Fig. 8 b) presented similar variation tendency 
with pure water flux as showed in Fig. 8 a. The differences of 
salt rejection between four different solutions were shown in 

Fig. 9 , which investigated the effect of β zeolite loadings. The 
results changed in the following order: Na 2 SO 4 > MgSO 4 > 

MgCl 2 > NaCl, which conformed to the characteristic of typ- 
ical negatively charged nanofiltration membrane ( Ren et al., 
2019 ). All membranes were negatively charged based on the 
results of zeta potential measurements. Generally, For most 
electrolytes, the separation performance of NF membranes 
is determined by electric density, ion size (hydration radius), 
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Fig. 8 – Effect of β zeolite loading on (a) pure water flux, (b) salt water flux. 

Fig. 9 – Effect of β zeolite loading on salt rejection. 

Fig. 10 – (a) The changes of membrane water permeat flux 

under long-term operation (b) the changes of membrane 
rejection under long-term operation. 

and ion diffusion coefficient ( Gu et al., 2008 ).For cations, al- 
though the hydration radius of Mg 2 + (0.428 nm) is larger than 

that of Na + (0.358 nm), the attraction between the positively 
charged cations and the negatively charged membrane sur- 
face is stronger, making Na 2 SO 4 have a higher repulsion than 

MgSO 4 . Membrane pore size has become larger and the struc- 
ture become looser with the increase of β zeolite( Jeong et al., 
2007 ). The rejection to Na 2 SO 4 decreased slightly with increas- 
ing the loading of β zeolite because of the smaller hydration 

radius, higher diffusion coefficient (1.33 ∗10 −9 m 

2 sec −1 ) of Na + 
( An et al., 2011 ). However, the loading of β zeolite has no great 
effect on the rejection to MgSO 4 due to the larger hydration 

radius and lower diffusion coefficient(0.70 ∗10 −9 m 

2 sec −1 ) of 
Mg 2 + . As for NaCl and MgCl 2 , Both the two rejection decreased 

when the concentration of β zeolite increased. This was as- 
cribed to the higher diffusion coefficient and smaller hydra- 

tion radius of Na + , meanwhile the smaller hydration radius 
(0.12 nm) and the lower surface charge of Cl − for NaCl. At the 
same time, stronger attraction between Mg 2 + and the mem- 
brane surface, and the lower repulsion of Cl − and the mem- 
brane surface are the reason for the reduction of MgCl 2 . Ther- 
fore, the data also indicated the efficiency of salt separation of 
monovalent and divalent salt increased with the increase of β
zeolite loadings. It’s the result of enhanced Donnan exclusion 

effect between membrane surface and solutes as mentioned 

in the surface zeta potential ( Fig. 7 a). 
As shown in Fig. 8 a-b, the stability of membrane separation 

performance was investigated by 2 g/L of Na 2 SO 4 at 0.2 MPa. 
For both the two kinds of membranes, the water permeate 
flux decreased after continuous operation for 24 hr ( Fig. 8 a). 
When investigated by the Na 2 SO 4 solutions, the membrane 
permeate flux was prone to decrease sharply due to the un- 
stable performance of membranes in the early stage (3–3.5 hr). 
The water flux of TFC membrane decreased from 26.64 to 
22.95 L m 

−2 hr −1 , while the TFN membrane decreased from 

57.62 to 54.03 L m 

−2 hr −1 . Subsequently, during the stablility 
test for 24 hr, the water permeate flux of TFC membrane de- 
creased slowly from 22.95 to 19.36 L m 

−2 hr −1 , while the other 
one decreased from 54.03 to 47.44 L m 

−2 hr −1 . it is because 
the pore system and surface double-electron layer got thinner 
which resulted in the shrinkage of the three-dimensional net- 
work structure of the membrane after the deposition of salt 
ions on the membrane surface during the long-term opera- 
tion. In addition, for both the two kinds of membranes, the 
rejection of Na 2 SO 4 was relatively stable, which maintained 

98.35% and 97.59% respectively ( Fig. 1 R5b). However, at the 
beginning of operation, the rejection of TFN membrane in- 
creased significantly, from 94.36% to 97.59%. This is because 
the loose structure of TFN membrane has been compacted to 
be denser during the operation and lead to the increasement 
of rejection. The result demonstrates that TFN membrane was 
stable within the experimental range. At the same time, it also 
indicates that the β zeolite nanoparticles could exist stably on 

the surface of the membranes, and wouldn’t be lost or cause 
the damage to the membrane structure easily. All this was at- 
tributed to the excellent mechanical and hydrothermal stabil- 
ity of β zeolite nanoparticles. It also shows that most of the β
zeolite was encased stably in the PA selective layer rather than 

exposed to the membrane surface. 
Thin-film nanocomposite (TFN) nanofiltration (NF) mem- 

braneswere prepared using hydrophilic SiO 2 (HGPN-SiO 2 ) 
nanoparticles as the inorganic modifying monomer by an in- 
terfacial polymerization (IP) process. the permeate flux of the 
TFN-NF membrane was twice that of the pure NF membrane 
at 0.4 MPa. But at the same time, the rejection to inorganic salt 
all decreased ( Wei et al., 2019 ). Rajaeian et al. (2013) prepared 

the TFN membrane using an modified TiO 2 . The experimen- 
tal results showed that the pure water flux increased progres- 
sively from 11.2 L m 

−2 hr −1 of TFC membrane to 27 L m 

- 2 hr −1 
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of TFN membranes when tested at 7.5 bar. For the TFN mem- 
brane prepared in our research, the water permeate flux could 

be increased by twice as much as that of TFC membrane at 
0.2 MPa. At the same time, the separation efficiency of mono- 
valent and divalent ions was improved. These results were at- 
tributed to the sub-nanopores of the Beta zeolite which could 

supply extra selective channels for water molecules. There- 
fore, membrane water flux of the TFC membrane could in- 
crease at low operation pressure. 

3. Conclusion 

A negatively charged thin film composite NF membrane mod- 
ified with β zeolite was prepared by interfacial polymeriza- 
tion. It exhibited a higher water flux and better salt separation 

characteristics compared to the TFC membrane. Moreover, the 
surface roughness, hydrophilicity and electronegativity of the 
modified TFC membrane were improved with the increase of 
β zeolite loadings at relatively lower concentration. The pure 
water flux of the modified TFC membrane reached to 81.22 L 
m 

−2 hr −1 at 0.2 MPa which was improved more than twice as 
much as the flux of TFC membrane. The salt separation perfor- 
mance of monovalent and divalent salt was enhanced at the 
same time. Our research further proved the positive effect of 
β zeolite on preparing of high flux membranes and expanded 

the application field of β zeolite. This study supplied a novel 
route to fabricate the modified TFC membrane with high flux 
and outstanding salt separation, which is possible to be used 

to treat the organic and inorganic mixed wastewater. 
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