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ABSTRACT

A novel strategy to fabricate thin film nanocomposite (TFN) membrane was reported by dispers-
ing nanofillers in the aqueous and organic phase simultaneously via interfacial polymerization of
m-phenylenediamine and trimesoyl chloride. Two different nanofillers (hydrophilic MCM-48 and
hydrophobic ZIF-8) were used to investigate the new strategy. Both hydrophilic MCM-48 and hydro-
phobic ZIF-8 can effectively improve the separation performance of the TFN membrane with higher
water flux value maintaining high salt rejection via the novel strategy than conventional TFN mem-
brane prepared with same total amount nanoparticles in singly organic phase or aqueous phase. It
indicates that the new strategy is feasible to obtain the TEN membrane with excellence separation
performance compared with the conventional method by dispersing nanofillers in singly phase. The
new strategy is realized by dispersing less amount nanofillers in both phases simultaneously, which
is possible to avoid the aggregation of nanoparticles and maximize the effect of nanoparticles.

Keywords: Reverse osmosis membranes; Thin film nanocomposite; Interfacial polymerization;

Nanofiller; Polyamide

1. Introduction

Globally, the water scarcity is a long-term serious
challenge for human society. Currently, reverse osmosis
(RO) membrane process dominates the global desalina-
tion market because of its simple operation and relatively
lower energy consumption [1]. In order to reduce water
cost, researchers pay great attentions to improve the sep-
aration performance of RO membrane, mainly to increase
permeability and fouling-resistant. Jeong and his co-work-
ers reported a thin film nanocomposite (TFN) membrane
prepared via interfacial polymerization process by embed-
ding zeolite nanoparticles in the polyamide thin film layer
[2]. The water flux of the TFN RO membranes significantly
increased without obviously decrease in salt rejection. Since
then, the TEN membrane has been attracted broad atten-
tions. In addition to zeolite [3-5], other nanomaterials have
been used as nanofillers, such as hydrophilic or hydro-
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phobic nanoparticles [6-13] and nanotubes [14-17]. All
prepared TFN membranes showed improved separation
performance, especially higher water flux. Some research-
ers found that TFN membranes possess anti-fouling prop-
erties attributing to the high hydrophilicity [12,13,17,18].
Therefore, the TFN membrane with higher water flux and
fouling-resistant will reduce the water cost of desalination.
However, the reported researches of the TFN membranes
just focus on the influence of different nanofillers on the
separation performance. The formation procedure of the
reported TFN membranes are similar, that the nanomate-
rials were totally dispersed into aqueous phase or organic
phase singly. For the reported TFN membranes, a similar
phenomenon was found that the water flux increased pro-
gressively and the salt rejection decreased progressively
with increasing nanofillers loading. However, the remark-
able increase of water flux and remarkable decrease of salt
rejection would be observed when larger amount of the
nanofillers were added. It is believed that nanofillers aggre-
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gation will be occurred at higher concentration, and large
pores are likely to form between the aggregation nanopar-
ticles, resulting in reduction of salt rejection and increase
of water flux [17]. Therefore, the improved performance of
the TEN membranes are limited under the current prepara-
tion process. Our previously studies showed that the nano-
fillers were embedded throughout the polyamide layer by
dispersing in organic solution, while the same nanofillers
were clipped between the polysulfone support and poly-
amide layer by dispersing in aqueous solution [19]. And,
the two types of TEN membranes both exhibit higher water
flux and enhanced long-term durability, confirming that
same nanoparticles could improve the separation perfor-
mance and are stable in the resultant TFN membranes with
dispersed whether in organic phase or in aqueous phase.
Therefore, it is feasible to disperse the same nanofillers in
aqueous phase and organic phase simultaneously to fab-
ricate the TFN membranes. To the best of our knowledge,
the new strategy of preparing the TEN RO membrane by
dispersing nanofillers in the two phases simultaneously of
interfacial polymerization has never been reported.

Herein, we report a novel strategy to fabricate the TFN
membranes by dispersing different nanoparticles (hydro-
philic MCM-48 and hydrophobic ZIF-8) in the organic
phase and aqueous phase simultaneously via interfacial
polymerization of trimesoyl chloride (TMC) and m-phenyl-
enediamine (MPD). The effect of different concentration
and addition mode of nanoparticles on the desalination
performance, chlorine resistance and stability properties of
the novel TEN membranes was studied.

2. Experimental
2.1. Materials

Tetraethyl orthosilicate (TEOS) and cetyltetramethyl
ammonum bromide (CTAB) were both purchased from
Aladdin. Ammonium hydroxide (NH,OH), ethanol and
n-hexane were purchased from Sinopharm Chemical
Reagent Co. Ltd. Triblock copolymer F127 (EO, PO, EO, ),
zinc nitrate hexahydrate (Zn(NO,),-6H,0), 2-methylimid-
azole, m-Phenylenediamine (MPD) and sodium dodecyls-
ufate (SDS) were purchased from Sigma-Aldrich. Trimesoyl
chloride (TMC) was purchased from TCI. Polysulfone ultra-
filtration membrane as a support was purchased from
Hangzhou Water Treatment Center (Hangzhou China). All
the chemicals are used as received.

2.2. Preparation of nanoparticles

MCM-48 nanoparticles were synthesized by a typical
procedure [20], 0.25 g of CTAB, 1.7 g of F127, 17.0 g of eth-
anol, 48.0 mL of deionized (DI) water and 5.0 g of 25-28
wt% NH,OH solution were mixed to obtain a clear solution
at 30 °C. Then, 0.9 g of TEOS was immediately added to
the reaction solution with stirring at 1000 rpm for 1 min.
After that, the reaction mixture was allowed to stand for 24
h without stirring. The white solid product was recovered
through ultrahigh speed centrifuge and was washed with
DI water for 3 times, then dried at 70 °C in air. Finally, the
solid product was calcined at 550 °C for 5 h in air to remove
the surfactants.

ZIF-8 nanoparticles were prepared in aqueous solution
[21]. Zn(NO,),-6H,O (0.59 g) and 2-methylimidazole (11.35
g) were dissolved in 4.0 mL and 40.0 mL of DI water, respec-
tively. Then, the two solutions were mixed under stirring
and it turned milky almost instantly. After stirring for 5
min, the product was collected through ultrahigh speed
centrifuge and washed with DI water. All the synthesis pro-
cedures were performed at room temperature.

2.3. Fabrication of nanoparticles incorporated TFN membranes

The TFN membrane was prepared via the interfacial
polymerization of MPD with TMC by dispersing nanofill-
ers into the aqueous solution of 2% w/v MPD and 0.15%
w /v SDS and/or in the hexane solution of 0.1% w/v TMC
simultaneously/singly. Hydrophilic MCM-48 and hydro-
phobic ZIF-8 were used as the nanofillers to fabricate the
TFN membranes, respectively. The MPD solution was first
poured on the surface of polysulfone support and main-
tained for 2 min. Then, the excessive MPD solution was
drained and the soaked polysulfone support was dried in
air for 9 min. Then, the TMC solution was poured on the
surface of the soaked polysulfone support and allowed to
be contacted for 1 min. The excessive TMC solution was
removed and the resulting membrane was cured in the
oven at 115 °C for 3 min to ensure complete polymerization.
The resulting membranes were rinsed with DI water and
stored in DI water.

The resultant membranes are designated as TFC for the
pristine PA TFC membrane without nanoparticles; TFN-
M-O and TEN-M-A for the membranes with dispersing
MCM-48 totally in TMC organic phase singly and in MPD
aqueous phase singly, respectively; TFN-Z-O and TFN-Z-A
for the membranes with dispersing ZIF-8 totally in TMC
organic phase singly and in MPD aqueous phase singly,
respectively. TEFN-M-OA was noted for the membrane with
dispersing MCM-48 nanoparticles in TMC organic phase
and MPD aqueous phase simultaneously. And TEN-Z-OA
was noted for the membrane prepared with the both TMC
organic phase and MPD aqueous phase containing ZIF-8
nanoparticles. The nanofillers compositions in the aqueous
phase and/or organic phase solution of the samples are
given in Table 1.

2.4. Characterization methods

Scanning electron microscope (SEM) (Hitachi S-4800,
Japan) was used to characterize the morphology of the
samples. Samples were deposited on sample holders with
adhesive carbon foil and were sputtered with gold before
measurement. The SEM equipped with an energy-disper-
sive X-ray detector (EDX) was utilized to conduct elemental
mapping. The XRD of samples were recorded on a Bruker
D8 ADVANCE instrument equipped with a Cu Ka radia-
tion at the rate of 1°/min. To characterize the hydrophilicity
of the resultant membranes, the sessile drop contact angles
of the membranes were performed by a contact angle ana-
lyzer DSA 100 (Kruss, Germany). The equilibrium value
was the steady-state average of left and right angles. The
data reported were the average of eight measurements for
each membrane sample.
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Nanofillers composition in the aqueous phase and/or organic phase of the polyamide membranes prepared

Sample? MCM-48 (Y%w/v) ZIF-8 (Y%ow/v) Total amount
of nanofiller
Organic phase Aqueous phase Organic phase Aqueous phase (% w/v)°

TFC - - - - 0.0
TFN-M-0O1 0.005 - - - 0.005
TFN-M-02 0.010 - - - 0.010
TFN-M-Al - 0.005 - - 0.005
TFN-M-A2 - 0.010 - - 0.010
TFN-M-OA 0.005 0.005 - - 0.010
TFN-Z-0O1 - - 0.025 - 0.025
TFN-Z-02 - - 0.050 - 0.050
TFN-Z-03 - - 0.075 - 0.075
TFN-Z-Al - - - 0.025 0.025
TFN-Z-A2 - - - 0.050 0.050
TFN-Z-OAl - - 0.025 0.025 0.050
TFN-Z-OA2 - - 0.050 0.025 0.075

“For all the samples MPD and TMC are kept as 2% w/v and 0.1% w/v, respectively.

"The total amount of nanofillers were added during the interfacial polymerization process of preparation of each sample.

2.5. Reverse osmosis performance

The RO desalination performance of the synthesized
membranes were evaluated using across-flow permeation
apparatus. The test was conducted with an effect area of
19.6 cm? and a 2,000 ppm NaCl solution at 20°C and operat-
ing pressure of 16 bar.

The water flux F (L/m?h) was calculated by measuring
the water permeability volume Q (L) through the membrane
with effective surface area A (m?) over a period of time ¢ (h).

0
F== 1
o ()
The salt rejection R (%) was determined as
CP
R(%)=|1-—=—{x100 ()
Cr

where C,and C, (ppm) represent salt concentrations in the
feed and permeate solutions, respectively, which were
determined by a conductivity meter.

3. Results and discussion
3.1. Characterization of the nanoparticles

Fig. 1 shows the SEM images of the prepared MCM-48
and ZIF-8 nanoparticles. The prepared MCM-48 nanopar-
ticle possesses of monodispersed spherical shape (Fig. 1a)
with the average particle size of 128 nm determined from
the particle diameter distribution (Fig. 1b). The prepared
ZIF-8 nanoparticles possesses of polyhedral structure
(Fig. 1c) with the average particle size of 178 nm determined
from the particle diameter distribution (Fig. 1d). The pore
structure of the synthesized nanoparticles is characterized

by XRD, and the patterns are shown in Fig. 2. The MCM-
48 exhibits typical diffraction peaks indexed as planes
(211) and (220) corresponding to the 3-D cubic space group
(Fig. 2a). This finding confirms that the synthesized nano-
sphere is MCM-48-type mesoporous silica with a highly
ordered mesoporous structure [22]. XRD pattern of ZIF-8
(Fig. 2b) shows high similarity with the result reported in
literature [21] which confirms the formation of well-crystal-
line pure ZIF-8.

3.2. The novel TFN membrane prepared with MCM-48
nanoparticles

3.2.1. Characterization of the TFN-M membranes
containing MCM-48

Fig. 3 shows the SEM images of the surface TFC and
TFN-M membranes formed with different adding method
and amount of MCM-48 nanoparticles. As clearly seen, the
SEM image of the pristine TFC membrane (Fig. 3a) exhibits
the typical “ridge-and-valley” structure of polyamide layer
fabricated via interfacial polymerization of TMC and MPD.
The TFN-M-O1 (Fig. 3b) and TFN-M-O2 (Fig. 3c) mem-
branes synthesized by dispersing MCM-48 in TMC organic
phase with 0.005% (w/v) and 0.01% (w/v), respectively,
appear to have “leaf-like” morphological structure. It is due
to that the hydrophilic nanoparticles in the organic phase
strengthens the miscibility of the organic phase and aque-
ous phase during the formation of polyamide layer, leading
to form the “leaf-like” structure [3]. The surface structure of
TFN-M-A1 (Fig. 3d) and TEN-M-A2 (Fig. 3e) membranes
formed by dispersing 0.005% (w/v) and 0.01% (w/v) of
MCM-48 in MPD aqueous phase respectively, are simi-
lar with pristine TFC (Fig. 3a). Our previous study results
indicate that the nanofillers would be embedded through-
out the polyamide layer for the TFN membranes fabricated



D.P. Zhang et al. / Desalination and Water Treatment 145 (2019) 70-82 73

$4800 5.0kV 9.1mm x20.0k SE(M,LAO)

25 50 75 100 125 150 175 200
Particle size (nm)

(d)

50 100 150 200 250 300
Particle size (nm)

Fig. 1. SEM images for the morphology of (a) MCM-48 and (c) ZIF-8, and corresponding particle diameter distribution of (b) MCM-

48 and (d) ZIF-8.
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Fig. 2. XRD patterns of the prepared nanoparticles of MCM-48 (a) and ZIF-8 (b).

by dispersing the nanofillers in the TMC organic phase,
because of the nanoparticles consist in the polymerization
reaction zone during the interfacial polymerization process
[19]. Whereas, the majorities of the nanofillers reside at the
interface of the polysulfone support and polyamide layer
due to the nanofillers pre-deposited on the polysulfone sup-
port which under the polymerization reaction zone. There-
fore, the MCM-48 dispersing in aqueous phase has slightly
influence on the surface morphology structure of polyam-
ide layer than that in organic phase. It is believed that the
nanostructure of the polyamide layer of the TFC membrane
is asymmetric with a loose phase on the surface side and a

dense phase on the support side. Therefore, the nanoparti-
cles changes the structure of the polyamide loose phase by
dispersing in organic phase, and changes the structure of
the polyamide dense phase by dispersing in aqueous phase.
The surface morphology of the TEN-M-OA membrane fab-
ricated by dispersing 0.005% w/v of MCM-48 in organic
phase and 0.005% w/v of MCM-48 in aqueous phase
(Fig. 3f) is similar with TEN-M-O1 membrane (Fig. 3b).
Figs. 3 g-i show the SEM images of the surface toward
the polysulfone support of isolated polyamide thin layer
peeled from the polysulfone support by dissolving polysul-
fone with dichloromethane. It can be seen that the surface
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Fig. 3. SEM images for the surfaces of (a) the pristine TFC membrane and TFN-M membranes prepared with dispersing MCM-48
nanoparticles totally into TMC organic phase singly (b) TFN-M-O1 (0.005% w/v), (c) TEN-M-02 (0.01% w/v), totally into MPD aque-
ous phase singly (d) TEN-M-A1 (0.005%w/v), (e) TEN-M-A2 (0.01%w/v), and partial into TMC organic phase and partial into MPD
aqueous phase simultaneously (f) TEN-M-OA (0.005% w/v in organic phase and 0.005% w/v in aqueous phase); and the surfaces
toward polysulfone support of the isolated polyamide thin layer peeled from polysulfone support (g) TFN-M-O1, (h) TEN-M-A1,

and (i) TEN-M-OA.

toward the polysulfone support of TEN-M-O1 membrane
(Fig. 3g) is dense and the embedded spherical shape can
be observed. Whereas, lots of large pores were found on
the surface toward the polysulfone support of TFN-M-A1
membrane (Fig. 3h), indicating low crosslinking of the TFN
membrane fabricated with nanoparticles in aqueous phase.
The surface toward the polysulfone support of TEN-M-OA
membrane (Fig. 3i) is porosity similar with TFN-M-A1l
membrane (Fig. 3h). The SEM images (Figs. 3f and 3i) show
that the TFN-M-OA membrane (fabricated by dispersing
0.005% w /v of MCM-48 in organic phase and 0.005% w/v
of MCM-48 in aqueous phase) has similar surface morphol-
ogy with TFN-M-O1 (Fig. 3b) (fabricated by dispersing
0.005% w/v of MCM-48 in organic phase), and has similar
surface toward the polysulfone support with TEN-M-Al
membrane (Fig. 3h) (formed by dispersing 0.005% (w/v) of
MCM-48 in MPD aqueous phase). It indicates that the loose
phase on the surface side and dense phase on the support
side of the polyamide layer of TEN-M-OA membrane were

both modified by the nanoparticles dispersed in organic
phase and aqueous phase. Therefore, the structure of the
polyamide layer of TFN membrane prepared with simul-
taneous dispersion of nanoparticles in aqueous phase and
organic phase can combine the benefits of the TFN mem-
branes prepared by dispersing nanoparticles in organic
phase singly and that in aqueous phase singly.

Fig. 4 presents the SEM images of the cross-section
of the TFC and TFN-M membranes. Notably, a dense PA
active film formed on top of the polysulfone substrate for
all the membranes. Images (Figs. 4 b—f) show the larger
“ridge-and-valley” on the surface of the TFN-M mem-
branes, which is consistent with the “leaf-like” morpho-
logical structure.

The hydrophilicity of membrane surface was deter-
mined by measuring the water contact angle. The water
contact angle of the pristine TFC and TFN-M membranes
incorporated with MCM-48 are shown in Fig. 5. The
contact angles of the TFN-M-O1 and TFN-M-O2 mem-
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Fig. 4. SEM images for the cross-section of the pristine TFC membrane (a) and TFN-M membranes prepared with dispersing MCM-
48 nanoparticles totally into TMC organic phase singly (b) TFN-M-O1 (0.005% w/v), (c) TEN-M-02 (0.01% w/v), totally into MPD
aqueous phase singly (d) TEN-M-A1 (0.005% w/v), (e) TEN-M-A2 (0.01% w/v), and partial into TMC organic phase and partial into
MPD aqueous phase simultaneously (f) TEN-M-OA (0.005% w/v in organic phase and 0.005% w/v in aqueous phase).
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Fig. 5. Contact angles changes of the pristine TFC and TFN-M
membranes prepared with dispersing MCM-48 nanoparti-
cles totally into TMC organic phase singly TEN-M-O1 (0.005%
w/v), TEN-M-02 (0.01% w/v), totally into aqueous phase singly
TFN-M-A1 (0.005% w/v), TEN-M-A2 (0.01% w/v), and partial
into TMC organic phase and partial into MPD aqueous phase
simultaneously TFN-M-OA (0.005%w/v in organic phase and
0.005%w/v in aqueous phase).

branes reduced with the increase content of MCM-48 in
the organic phase, indicating that the increase in hydro-
philicity of the TFN membrane. The increase of hydro-
philicity for the TEN-M-O membranes is contributed to
the hydrophilic MCM-48 nanoparticles throughout the
entire polyamide layer, which accelerated the spread of
water molecules on the membrane surface heightened the
hydrophilic nature of the membrane and enhanced [19].

The contact angles of the TFN-M-A1 and TEN-M-A2 mem-
branes decreased with the increase of MCM-48 nanopar-
ticles content in the MPD aqueous phase, indicating the
enhanced hydrophilicity of the TEN-M-A membranes. The
increased hydrophilicity of the TFN-M-A membranes fab-
ricated by dispersing MCM-48 into the aqueous phase is
mainly contributed to lower crosslinking content of TFN
membrane [6]. Therefore, more carboxylic acid groups
were exposed on the surface, contributing to the reduced
water contact angle. The SEM image (Fig. 3b) with poros-
ity surface of the TFN-M-Al membrane can confirm
the low crosslinking content. The contact angle of TFN-
M-OA membrane intermediated between TFN-M-O2 and
TEN-M-A2, although the same total amount of MCM-48
were added before the interfacial polymerization for the
above three membranes (Table 2). It further proves that
the nanoparticles has different influence when it was dis-
persed in different phase, which is consistent with the sur-
face structure of the membranes (Fig. 3).

The influence of MCM-48 nanoparticle loadings and
adding mode on the membrane separation performance
in terms of water flux and salt rejection were investigated
at 16 bar and room temperature with 2,000 ppm NaCl as a
feed solution, and the results are listed in Table 2. The water
flux of TFN-M membranes enhanced with the increase in
MCM-48 loading in TMC organic phase or MPD aqueous
phase singly. The increase of the water flux is attributed to
the enhanced hydrophilicity of the resultant membranes
and the lower crosslinking of the polyamide layer due to
the role of the MCM-48 nanoparticles. The salt rejection
of TFN-M-A membranes is smaller than that of TEN-M-O
membranes. It is due to that the nanoparticles in TFN-M-A
membranes changed the polyamide dense phase which
acts as the true separation barrier resulting decrease in
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Table 2

Effect of MCM-48 loading and the adding mode on separation performance of membranes fabricated with MCM-48 nanoparticles
singly in organic phase (TFN-M-O) and aqueous phase (TFN-M-A), and simultaneously in two phases (TFN-M-OA)

Sample Total amount of MCM-48 (%w/v)*  F (L/m?*h) Increased F (L/m?2h)¢ R (%)
TFC 0.0 16.6 - 97.5
TFN-M-0O1 0.005 32.7 16.1 97.7
TEN-M-02 0.010 374 20.8 98.6
TFN-M-A1l 0.005 29.6 13.0 96.0
TFN-M-A2 0.010 32.8 16.2 93.8
TFN-M-OA 0.010° 43.7 27.1 97.0

“The total amount of MCM-48 were added during the interfacial polymerization process of preparation of each sample.
"In TEN-M-OA, the total amount of MCM-48 of 0.010% (w/v) was added by dispersing 0.005% (w/v) in organic phase and 0.005% w/v

in aqueous phase.

The value is increased water flux of the TEN membrane compared with the pristine TFC membrane in the first row.

salt rejection [5,23]. The water flux of TEN-M-OA is higher
than the TFN membrane prepared with total amount of
MCM-48 in singly phase in the literature [19] and the salt
rejection are all over 97%.

As shown in Table 2, the increased water flux value of
TFN-M-OA membrane compared with pristine TFC mem-
brane is nearly the sum that of the TFN-M-A1 and TFN-
M-O1 membrane (fourth row in Table 2). And the high salt
rejection of TFN-M-OA membrane is similar with TFN-
M-O1 and TEN-M-A1 membrane. The interesting results
indicate that for TFN-M-OA membrane the nanoparticles
(0.005% w/v) dispersed in aqueous phase change the
structure of the dense phase on the support side of the
polyamide layer similar with TFN-M-A1 membrane and
the nanoparticles (0.005% w/v) dispersed in organic phase
change the structure of the loose phase on the surface side
of the polyamide layer similar with TEN-M-O1 membrane.
Therefore, the increase of water flux value of TEN-M-OA
membrane is nearly the sum that of the TFN-M-A1l and
TEN-M-O1 membrane, and the salt rejection is still high
similar with the TEN-M-A1l and TFN-M-O1 membrane.
And, the TEN-M-OA membrane possesses higher water
flux than TFN-M-O2 and TFN-M-A2 membrane prepared
with same total amount MCM-48 nanoparticles in single
phase. For the reported TFN membranes, the water flux
increased sharply with increasing nanofillers loadings
when less amount nanofillers was added, however, the
water flux increases slowly with further increase of nano-
fillers at higher content. It is believed that it is difficult
to uniform disperse the nanofillers of high content in the
solution and aggregation will be occurred at higher nano-
fillers concentration. Therefore, the enhancement degree
of nanoparticles on membrane performance is not directly
proportional to the content of nanoparticles. It indicates
that it is feasible to fabricate the TFN membrane with
enhanced performance by simultaneously dispersing the
less amount of nanofillers in organic and aqueous phases
to control the polyamide asymmetric dense phase and
loose phase simultaneously. Furthermore, the new strat-
egy is realized by dispersing less amount nanofillers in
both phases at the same time, which is possible to avoid
the aggregation of nanoparticles and maximize the effect
of nanoparticles.

3.2.2. Chlorine resistance of the TFN-M RO membranes

The chlorine stability of the resultant membrane was
evaluated by soaking the membrane sample in sodium
hypochlorite (NaClO) aqueous solution to investigate the
changes of water flux and salt rejection after treatment. In
the chlorine exposure test, membrane sample was exposed
to 100 ppm NaClO aqueous solution at pH 7.0 and 20 °C for
1, 5, 10, 20 and 80 h, respectively. The total chlorine expo-
sures of the chlorinated membranes were 100, 500, 1,000,
2,000 and 8,000 ppm h NaClO, respectively. The chlorine
treated membranes were thoroughly rinsed with deionized
water, and reloaded in the test cell. The water flux and salt
rejection of the membranes were tested again with 2,000
ppm NaCl aqueous solution.

The variations of water flux and salt rejection of the
membranes with total chlorine exposure of ppm h NaClO
at pH 7.0 are shown in Fig. 6. With the increasing total
chlorine exposure, a significant increase of water flux and
a sharp decline of salt rejection occurred for the pristine
TFC membrane, while the variations of water flux and
salt rejection of the TFN membranes are relatively slow,
indicating that the MCM-48 incorporated TFN mem-
branes possess better chlorine stability than the pristine
TFC membrane. The variations of water flux (increase)
and salt rejection (decrease) after chlorine exposure are
due to the N-chlorination reaction and ring-chlorination
reaction via orton-rearrangement of aromatic polyam-
ide chains during which the partially positively charged
active chlorine species attack the active site in MPD
residual, amide nitrogen or amide aromatic ring [18].
Therefore, the chlorination can destroy the symmetry
of polyamide network by disrupting the intermolecular
hydrogen bonds, which cause a conformational deforma-
tions of polyamide chains [24]. The chlorine resistance
of the TFN-M membranes incorporated with MCM-48
nanoparticles are consistent with the hydrophilicity of
the TFN membrane. Therefore, the chlorine resistance
of TFN membranes can be attributed to the enhanced
hydrophilicity [12]. As shown in Fig. 6, the TEN-M-AO,
TEN-M-A and TEN-M-O membranes have similar chlo-
rine stability. Therefore,it is possibility to improve the
chlorine resistance of the polyamide membrane via the
simple and feasible strategy by incorporating the MCM-
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Fig. 6. Normalized water flux (a) and salt rejection (b) with total
chlorine exposure of the prepared pristine TFC and TFN-M RO
membrane after chlorination with 100 ppm NaClO solution at
20 °C and pH 7.0 and tested with 2,000 ppm NaCl under 16 bar.

48 nanoparticles dispersed in organic and/or aqueous
phase simultaneously or singly.

3.2.3. Stability of the TFN-M RO membranes

The modified TFN membranes separation performance
were investigated for long-term stability at the operating
pressure of 16 bar for 120 h with 2,000 ppm NaCl aque-
ous solution. The TFN-M-O2, TEN-M-A2 and TEN-M-OA
membranes were used for the long-term test experiments
compared with pristine TFC membrane. The preparation
conditions of the above membranes are listed in Table 1. The
water flux and salt rejection of the membranes are shown in
Fig. 7. It can be seen that the separation performances of
the TEN-M-02, TEN-M-A2 and TFN-M-OA membranes are
stable in terms of water flux and salt rejection. The results
indicate that the MCM-48 nanoparticles can stably reside
in the resultant TFN membranes whether the nanoparti-
cles were dispersed singly into organic phase, or aqueous
phase, or simultaneously into the two phases. Therefore,
the TFN RO membrane prepared via the new strategy by
dispersing nanoparticles in the organic and aqueous phases
simultaneously of interfacial polymerization possess better
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Fig. 7. Stability of the resultant TFC and TFN-M membranes
during 120 h test with 2,000 ppm NaCl aqueous solution at 16
bar and 20 °C.

separation performance with higher water flux and similar
salt rejection and stability than the membrane prepared by
dispersing nanoparticles in singly phase.

3.3. The novel TFN membrane prepared with ZIF-8
nanoparticles

3.3.1. Characterization of the TFN-Z RO membranes
containing ZIF-8

In order to test the practicability of the new strategy,
hydrophobic ZIF-8 nanoparticles was used as nanofillers to
prepare the TEN RO membranes. The preparation condi-
tions of the membranes are listed in Table 1. Fig. 8 shows the
SEM images of the surface of TFC and TFN-Z membranes
formed with different adding method and amount of ZIF-8
nanoparticles. The TEN-Z-O1 membrane prepared by dis-
persing 0.025% (w/v) ZIF-8 in organic phase has a flatter
morphology with shorter ridges and shallower valleys (Fig.
8b) than the pristine polyamide TFC membrane with the
typical “ridge-and-valley”structure (Fig. 8a). With increas-
ing the loading of ZIF-8 to 0.05% (w/v), the surface of TFN-
Z-02 has become rough and traditional nodular structure
(Fig. 8c). Figs. 8d and 8e show the surface SEM images of
the TEN-Z-A1 and TFN-Z-A2 membranes prepared by dis-
persing 0.025% (w/v) and 0.05% (w/v) of ZIF-8 in aqueous
phase, respectively. The surface morphology of the TFN-
Z-OAl membrane (Fig. 8f) and TFN-Z-OA2 membrane
(Fig. 8g) is similar with TFN-Z-O1 membrane (Fig. 8b)
and TEN-Z-O2 membrane (Fig. 8c). The changing trend
of TFN-Z membrane is the same with TEN-M membrane.

Fig. 9 presents the SEM images of the cross-section of
the TFC and TFN-Z membranes. Notably, a dense PA active
film formed on top of the polysulfone substrate for all the
membranes. Images (Figs. 9 b-h) show the larger “ridge-
and-valley” on the surface of the TFN-Z membranes, which
is consistent with the “leaf-like” morphological structure.
The changing trend of TEN-Z membrane is the same with
the TFN-M membrane.

The effect of ZIF-8 nanoparticle loadings and adding
mode on membrane separation performance in terms of
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Fig. 8. SEM images for the surfaces of (a) pristine TFC membrane and TFN-Z membranes fabricated by dispersing ZIF-8 nanopar-
ticles totally in organic phase singly (b) TEN-Z-O1 (0.025% w/v), (c) TFN-Z-O2 (0.050% w/v), totally in aqueous phase singly (d)
TFN-Z-A1 (0.025% w/v) and (e) TFN-Z-A2 (0.050% w/v), and in organic phase and aqueous phase simultaneously (f) TEN-Z-OA1
(0.025% w/v in organic phase and 0.025% w/v in aqueous phase) and (g) TEN-Z-OA2 (0.05% w/v in organic phase and 0.025% w/v

in aqueous phase).

water flux and salt rejection was investigated at 16 bar and
room temperature with 2,000 ppm NaCl as a feed solution,
and the results are listed in Table 3. The water flux of TFN-
Z-O membranes enhanced with the increase in ZIF-8 content
from 0.025% to 0.075% in organic phase, and the salt rejec-
tion keeps over 95.8%. When less amount of ZIF-8 nanopar-
ticles (0.025%) were added in the aqueous phase, the water

flux of TFN-Z-A1 membrane increase and the salt rejection
is 98%. However, the water flux sharply increase and the
salt rejection reduce to 91.8% for the TEN-Z-A2 membrane
when 0.05% of ZIF-8 nanoparticles were added in aqueous
phase. It is due to that the nanoparticles change the struc-
ture of the polyamide loose phase by dispersing in organic
phase, and changes the structure of the polyamide dense
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Fig. 9. SEM images for the cross-section of pristine TFC membrane (a) and TFN-Z membranes fabricated by dispersing ZIF-8
nanoparticles totally in organic phase singly (b) TFN-Z-O1 (0.025% w/v), (c) TEN-Z-O2 (0.050% w/v), (d) TEN-Z-O3 (0.075% w/v),-
totally in aqueous phase singly (e) TEN-Z-A1 (0.025% w/v) and (f) TEN-Z-A2 (0.050% w/v), and in organic phase and aqueous phase
simultaneously (g) TEN-Z-OA1 (0.025% w/v in organic phase and 0.025% w/v in aqueous phase) and (h) TEN-Z-OA2 (0.05% w/v in
organic phase and 0.025% w/v in aqueous phase).

phase by dispersing in aqueous phase. Therefore, the salt  the sum that of the TFN-Z-A1 and TFN-Z-O1 membrane,
rejection of TFN-Z-A membranes by dispersing of nanopar-  and the salt rejection is still high similar with the TEN-Z-A1
ticles in aqueous phase were greater change than that dis- and TFN-Z-O1 membrane. The TFN-Z-OA membrane has
persion in organic phase. The increased water flux value of  the higher water flux and higher salt rejection than TFN-
TEN-Z-OA1 membrane to the pristine TFC membrane is Z-O2 membrane prepared with same total amount ZIF-8
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Table 3

Effect of ZIF-8 loading and the adding mode on separation performance of membranes with ZIF-8 nanoparticles singly in organic
phase (TEN-Z-O) and aqueous phase (TEN-Z-A), and simultaneously in two phases (TFN-Z-OA)

Sample Total amount of ZIF-8 (%ow/v)? F (L/m?h) Increased F (L/m?h)¢ R (%)
TFC 0.0 16.6 - 97.5
TFN-Z-0O1 0.025 21.0 44 979
TFN-Z-02 0.050 23.0 6.4 98.0
TFN-Z-O3 0.075 27.2 10.6 95.8
TFN-Z-A1l 0.025 22.1 5.5 98.0
TFN-Z-A2 0.050 29.6 13.0 91.8
TFN-Z-OA1 0.050° 253 8.7 974
TFN-Z-OA2 0.075¢ 31.6 15.0 96.2

“The total amount of ZIF-8 were added during the interfacial polymerization process of preparation of each sample.
"In TEN-Z-OA1, the total amount of ZIF-8 of 0.050% (w/v) was added by dispersing 0.025% (w/v) in organic phase and 0.025% w/v in

aqueous phase.

In TFN-Z-OA2, the total amount of ZIF-8 of 0.075% (w/v) was added by dispersing 0.050% (w/v) in organic phase and 0.025% w/v in

aqueous phase.

9The value is increased water flux of the TFN membrane compared with the pristine TFC membrane in the first row.

nanoparticles in organic phase. Also, the TFN-Z-OA2 mem-
brane has the higher water flux and salt rejection than TEN-
Z-O3 membrane prepared with same total amount ZIF-8
nanoparticles in organic phase. And the increase of water
flux value of TFEN-Z-OA2 membrane to the pristine TFC
membrane is the sum that of the TEN-Z-O2 and TEN-Z-A1
membrane, and the salt rejection is still high similar with the
TFN-Z-O2 and TFN-Z-A1 membrane. It also indicates that
it is feasible to fabricate the TFN membrane with excellent
performance by simultaneously dispersing the less amount
of nanofillers in organic and aqueous phases to control the
polyamide asymmetric dense phase and loose phase simul-
taneously, which is similar with the result of TEN-M.

The results are also similar with the TFN membranes
incorporated with MCM-48 and ZIF-8. It indicates that the
strategy to fabricate the TFN membranes by dispersing less
amount nanofillers in organic and aqueous phase simulta-
neously is feasible to obtain the TFN membrane with excel-
lence separation performance (higher water flux and higher
salt rejection) compared with the conventional method by
dispersing nanofillers in singly phase.

3.3.2. Chlorine resistance of the TFN-Z RO membranes

The experiments of chlorine stability of the TFN-Z
membranes are same with the TFN-M membranes. The
variations of water flux and salt rejection of the membranes
with total chlorine exposure of ppm h NaClO at pH 7.0 are
shown in Fig. 10. With the increasing total chlorine expo-
sure, a significant increase of water flux and a sharp decline
of salt rejection occurred for the pristine TFC membrane,
while the variations of water flux and salt rejection of the
TFN-Z membranes are relatively slow, indicating that the
ZIF-8 incorporated TFN membranes possess better chlorine
stability than the pristine TFC membrane. The TEN-Z-AO,
TFN-Z-A and TEN-Z-O membranes have similar chlorine
stability. Therefore, it is possibility to improve the chlorine
resistance of the polyamide membrane via the simple and
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Fig. 10. Normalized water flux (a) and salt rejection (b) with total
chlorine exposure of the prepared pristine TFC and TEN-Z RO
membrane after chlorination with 100 ppm NaClO solution at
20 °C and pH 7.0 and tested with 2,000 ppm NaCl under 16 bar.
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Fig. 11. Stability of the resultant TFC and TFN-Z membranes
during 120 h test with 2,000 ppm NaCl aqueous solution at 16
bar and 20 °C.

feasible strategy by incorporating the ZIF-8 nanoparticles
dispersed in organic and/or aqueous phase simultaneously
or singly.

3.3.3. Stability of the TEN-Z RO membranes

The modified TFN membranes separation performance
were investigated for long-term stability at the operating
pressure of 16 bar for 120 h with 2,000 ppm NaCl aque-
ous solution. The TFN-Z-O2, TEN-Z-A2 and TFN-Z-OA1
membranes were used for the long-term test experiments
compared with pristine TFC membrane. The preparation
conditions of the above membranes are listed in Table 1. The
water flux and salt rejection of the membranes are shown
in Fig. 11. It can be seen that the separation performances
of all the membranes are stable in terms of water flux and
salt rejection. The results indicate that the ZIF-8 nanopar-
ticles can stably reside in the resultant TEN-Z membranes
whether the nanoparticles were dispersed singly into
organic phase, or aqueous phase, or simultaneously into the
two phases. Therefore, the TFN RO membrane prepared via
the new strategy by dispersing nanoparticles in the organic
and aqueous phases simultaneously of interfacial polymer-
ization possess better separation performance with higher
water flux and similar salt rejection and stability than the
membrane prepared by dispersing nanoparticles in singly
phase.

4. Conclusion

The nanoparticles incorporated thin film nanocomposite
membrane has successfully been synthesized via interfacial
polymerization method by dispersing the nanoparticles in
organic phase and aqueous phase simultaneously. The new
strategy allow the nanofillers to modify the structure of the
loose phase and dense phase of polyamide layer simultane-
ously. The novel TEN membrane has the enhanced perfor-
mance compared with the TEN prepared by dispersing the
nanoparticles in singly phase with higher water flux and salt
rejection. Furthermore, the new strategy is realized by dis-
persing less amount nanofillers in both phases at the same

time, which is possible to avoid the aggregation of nanopar-
ticles and maximize the effect of nanoparticles. The hydro-
philic MCM-48 and hydrophobic ZIF-8 nanoparticles can
both enhanced the desalination performance by dispersed in
organic phase and aqueous phase simultaneously, indicating
that the new strategy has certain universality for nanomateri-
als with different properties to fabricate the TFN membrane.
This method may also be applicable to the TFN membrane
prepared by interfacial polymerization with different nano-
fillers not only for the RO application but also for NF and FO.
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