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a b s t r a c t

Using Polysulfone (PSF) ultrafiltration (UF) membrane as porous support, a chlorine-tolerant nanofil-
tration (NF) membrane was prepared by interfacial polymerization of piperazine (PIP) and 2,2'-bis(1-
hydroxyl-1-trifluoromethyl-2,2,2-triflutoethyl)-4,4'-methylenedianiline (BHTTM) mixture with trimesoyl
chloride (TMC). The XPS, SEM, AFM and contact angle methods were employed to characterize the
physicochemical properties and morphology of the prepared NF membranes. The effects of preparation
conditions such as reaction time, monomers mixing ratio and oxidation treatment on NF membrane
performance were investigated. The salt rejection of the NF membrane met the order of
Na2SO44MgSO44NaCl, indicating the membrane possessed a negative surface charge. The results
showed the NF membrane prepared under the optimum conditions exhibited pure water flux (PWF) with
79.1 (L/m2 h) and Na2SO4 rejection of 99.5% under 0.6 MPa. The optimized post oxidation condition was
treated by 3000 ppm NaClO solution for 1 h. The best NF membrane had a molecular weight cut-off
(MWCO) less than 300 Da, corresponding to the pore size of 1 nm, which was calculated from the re-
jection of carbohydrates. The robustness of the NF membrane was proven by showing satisfactory sta-
bility in the long time running.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The demand for freshwater increases rapidly because of rapid
population growth and industrial development. To deal with water
scarcity, several methods have been developed to treat the waste
water and reuse it. As a rising technology, membrane technologies
have been demonstrated robust performances in reclamation,
water treatment and desalination [1,2]. Nanofiltration (NF) is a
membrane process between reverse osmosis (RO) and ultrafiltra-
tion (UF), which rejects solutes nominally 1 nm in dimension with
MWCO ranging from 200 to 1000 Da [3–5]. With the advantage of
high fluxes, low operating pressure, high rejection to divalent ions
and low retention of monovalent ions, low investment and op-
eration cost, the NF process has been widely applied in the soft-
ening of drinking water [6], the removal of heavy metals from
wastewater [7–9], the concentration of the natural compound [10],
and so on.

Nowadays, NF membrane material can be classified into two
groups: aromatic polyamides (PA) and cellulose acetate (CA). The
CA membrane has good resistance to chlorine while its drawbacks
.

are obvious: narrow pH range, susceptible to microbial erosion,
easy to creep under high pressure, thus leading to irreversible flux
decline. On the other hand, PA membrane was stable over a wider
pH range and had favorable transport property, which made PA a
very popular NF material [11].

However, the free chlorine tolerance of the routine PA is not
good. While free chlorine (such as: Cl2, NaClO and so on) is widely
used to disinfect or degrade the soluble organic matter during the
pretreatment of the raw water. There always are some residual
free chlorine in the pretreated water. When contacted with PA
membrane, PA membrane will be irreversible degraded. To remove
the residual free chlorine completely, will increase the running
cost and the process complexity.

To improve the chlorine resistance of PA membrane, many
methods have been developed. Such as: coating [12], grafting
polymerization [13], developing new type of monomer [14], in-
corporating nanomaterial (CNT, GO) [15,16]. The fluorinated
monomers are the arising materials [17]. The fluorine–containing
groups (such as :–F, –CF3) are the electron-withdrawing group,
which can minimize N-chlorination and reduce the ring chlor-
ination on the amine or the acid side. Murphy et al. [18] developed
a series of PA membranes made of the acid chloride which had
fluorine-containing groups (such as: monofluorotrimesoyl, nitro-
trimesoyl chloride, perfluorotrimesoylchoride, perchlorotrimesoyl
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chloride) or the amine modified with the electron-withdrawing
group(such as: 4-fluoro-m-phenylenediamine, 2-fluoro-m-diphe-
nylenediamine, 3,5-diaminobenzotrifluoride, 4,6-difluorobenzene-
1,5-diamine), and these PA membranes showed good resistance to
chlorine.

In our previous work [19], a fluoropolyamide NF membrane
with perfect chlorine-resistant property was formed through IP
technique on the PES UF lab membrane with BHTTM and TMC
employed as the monomers in aqueous and organic phases. After
the oxidation treatment by NaClO, both the PWF and the salt re-
jection were improved greatly. However, if the PES UF lab mem-
brane used in our previous work was instead by more hydrophobic
basement membrane (such as PSF UF industrial membrane), the
PWF of the NF membrane would not improve such greatly after
NaClO oxidation treatment. The ideal NF membrane could not be
obtained. Mixing different aqueous monomers is a feasible way to
obtain the mixed polyamide NF membrane with high perfor-
mance. Fang et al. [20] developed a mixed polyamide-based
composite nanofiltration membrane.They found that because of
the synergetic effect of PEI and PIP, both the water flux and the salt
rejection improved. Shao et al. [21] fabricated a newly NF mem-
brane by mixing the PIP/MPD, which showed a high rejection to
dyes.

In this case, a mixed polyamide thin layer was synthesized by
using PIP and BHTTM mixture in the aqueous phase and TMC in
the organic phase through interfacial polymerization on the PSF
UF membrane. The relationships between membrane property and
the ratio of PIP and BHTTM were investigated thoroughly. Na2SO4,
NaCl and MgSO4 were used to characterize the rejections of
polyamide/PSF flat sheet NF membranes. Glucose, sucrose, and
raffinose were used to evaluate the MWCO and pore size of the NF
membrane. The membrane structure and the physicochemical
properties were analyzed by XPS, SEM, AFM and contact angle.
2. Experimental

2.1. Materials

Polysulfone (PSF) UF membrane (the MWCO and PWF are
50,000 Da and 125 L m�2 h�1 bar�1, respectively.) supplied from
the development center for water treatment technology (Hang-
zhou, China) was used as the support of the NF membrane. Tri-
mesoyl chloride (TMC, Z98%) was purchased from Qingdao Benzo
Chemical Company (China). 2,2'-bis(1-hydroxyl-1-trifluoromethyl-
2,2,2-triflutoethyl)-4,4'-methylenedianiline (BHTTM, Z98.5%) was
self-made in our lab. Piperazine (PIP, GR) was purchased from
Sigma-Aldrich. The monomer structure is shown in Fig. 1. Sodium
hydroxide (NaOH, AR), sodium hypochlorite (NaClO, CP) and
n-hexane (AR) were obtained from Sinopharm Chemical Reagent
Co. Ltd. (China).

2.2. Preparation of the composite NF membrane

The composite NF membranes were prepared with interfacial
polymerization method. A series of aqueous phase solutions
Fig. 1. The chemical structures of the monom
containing different ratios of PIP/BHTTM were prepared (the total
diamine concentration was 1% w/v and the concentration of NaOH
was 0.05 mol/L), whereas the organic phase solutions was com-
posed of 0.15%w/v TMC in n-hexane. The PSF UF membrane was
immersed into the deionized water for more than 5 h before using
as porous support. Then the PSF UF membrane was taken out from
the deionized water, air-drying until no visible droplet, and
clamped with two PTFE frames which thickness was 0.6 cm and
inner diameter was 12 cm. First, the aqueous solution was cast on
the top surface of the PSF support membrane, kept in contact with
the support membrane for 5 min before pouring the excess solu-
tion. An air knife was used to remove the residual droplet for 15 s.
Second, the top surface of the membrane was covered with the
organic solution for a few seconds to produce a thin PA layer on
the substrate by interfacial polymerization. After removing the
excess organic solution from the surface, the membrane was
placed in ambient temperature for 1 min to let residual n-hexane
evaporate completely. The newly formed membrane with the
frame was heated in the oven at 80 °C for 5 min for further poly-
merization, and then stored in the deionized water for future use.

A series of certain concentration NaClO aqueous solutions were
prepared. The composite NF membrane was immersed into the
NaClO aqueous solution for different concentrations with some
given time periods at room temperature. Finally, the oxidized NF
was rinsed by the deionized water for 1 min, and stored in the
deionized water until it was tested.

2.3. Characterization of the NF membrane

A series of standard characterization equipments were used to
study the NF membranes physiochemical properties. To give more
information and comparison with the membrane using PIP/
BHTTM as the aqueous phase, two reference membranes were
prepared by single component of PIP or BHTTM.

2.3.1. XPS analysis
The chemical compositions of top surfaces of the NF mem-

branes were obtained by an X-ray photoelectron spectroscopy
analysis (XPS; VG-miclab II, UK).

2.3.2. SEM analysis
The morphologies of the cross section and top surface of the NF

membrane were observed by a scanning electron microscope
(SEM, NOVA NANOSEM450) with the magnification times of
50,000.

2.3.3. AFM analysis
The topographic images and the roughness of top surface of the

membrane were determined by AFM (Veeco, Nanoscope IIIa
Multimode AFM), with 5 μm�5 μm scanning range. The software
Nanoscope was used to analyze the roughness of the membranes,
Rms means the root mean square roughness, while Ra means the
arithmetic mean roughness.

2.3.4. Dynamic water contact angle
The dynamic water contact angle (θ) of the NF membranes was
ers used in this study.A-BHTTM; B-PIP.
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investigated by contact angle meter (JC2000A, Shanghai Zhong
Cheng Digital Equipment Co., Ltd., China) at 25 °C. The total
monitored time was 40 s and each point was collected in interval
of 1 s. Each sample was measured 3 times and averaged.

2.4. Evaluation of the separation property of the NF membrane

Membrane performance was conducted with a label-scale
cross-flow filtration stainless steel module, which had an effective
area of 4.9�4.9�π cm2. The operating pressure was 0.6 MPa at
room temperature about 20 °C. After compacting the NF mem-
brane with DI water for 1 h, pure water flux was measured pre-
cisely. A series of salt solution (Na2SO4, MgSO4 and NaCl,
2000 ppm) were used to characterize the NF membrane retention
property and water permeation. Meanwhile the pore size and the
MWCO of the membrane were measured by the neutral organic
Fig. 2. XPS wide-scan spectra of the NF membranes.A1 – BHTTM only before oxidization;
Mixed BHTTM/PIP after oxidization; C1 – PIP only before oxidization; C2 – PIP only afte
solution (gluceso, sucrose and raffinose, 300 ppm). The flux was
calculated based on the formula as:

J
V

A T 1=
× ( )

Where J is the membrane flux (L/(m2 h)), V is the volume of col-
lected permeate liquid(L), A is the effective membrane area(m2),
T is the time to collect V permeate liquid(h).The rejection property
was calculated by following formula:

R
C

C
% 1 100
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Where Cf and Cp are the solute concentration in feed and permeate
solutions, respectively.

For salt solution, the concentration was measured by DDS-11A
A2 – BHTTM only after oxidization; B1 – Mixed BHTTM/PIP before oxidization; B2 –

r oxidization.



Table 1
Elemental compositions of the NF membranes analyzed by XPS.

Sample Atom percent (%)

C1s N1s O1s F1s Cl2p Na1s

A1 70.93 8.74 15.11 5.22 0.00 0.00
A2 72.00 8.09 14.33 4.95 0.00 0.63
B1 66.76 11.42 12.01 9.82 0.00 0.00
B2 68.54 12.75 12.86 5.02 0.32 0.51
C1 70.18 14.04 15.78 0.00 0.00 0.00
C2 72.37 12.24 14.90 0.00 0.49 0.00

Note: A1-BHTTM only before oxidization; A2-BHTTM only after oxidization; B1-
Mixed BHTTM/PIP before oxidization; B2-Mixed BHTTM/PIP after oxidization; C1-
PIP only before oxidization; C2-PIP only after oxidization.

Fig. 3. The schematic diagram for the coordinate bond between BHTTM and PIP.

Y.-J. Tang et al. / Journal of Membrane Science 498 (2016) 374–384 377
conductance meter (Shanghai Neici Instrument Company, China),
and matched with the measured salt standard curve. For neutral
organic solution, the concentration was measured by a TOC ana-
lyzer (Shimadzu, Model TOCVPN, Japan).
3. Results and discussion

3.1. The chemical composition of top surface of the NF membrane

The surface chemical compositions of the NF membranes were
analyzed by XPS shown in Fig. 2. The results are summarized in
Table 1. From the spectra shown in Fig. 2, the NF membrane pre-
pared from pure BHTTM has no evidence of chlorine after the
post-oxidization. Whereas, the membrane prepared from PIP
contains 0.49% chlorine after oxidization, which chlorine content
is highest in all membranes. For the common polyamide mem-
branes, the chlorination usually started with the amide N–Cl re-
place [22], so the content of Cl is the mainly factor to evaluate the
chlorination. For the PIP, the lack of amide protons accounts for the
low chlorine incorporation into PIP membranes. But the chlor-
ination still occur at the low abundance noncross-linked nitrogen
atoms [23,24]. And for the BHTTM, even in rich of amide protons,
Fig. 4. The morphology of the PSF supporting mem
but for the existence of –CF3, no Cl can be detected. So the BHTTM
has more chlorine resistance ability. Compared with the pure PIP
membrane, the NF membrane incorporating BHTTM/PIP after
oxidization has much lower level of chlorine about 0.32%. In par-
ticular, its fluorine content is 5.02%, which is basically the same as
the NF membrane prepared by the pure BHTTM after oxidization.
These demonstrate the NF membrane prepared by mixed BHTTM/
PIP has a certain ability for chlorine resistance.

For A2 and B2 has a little content of Na, this is mainly due to the
existence of fluorine, Wang et al. [25] cleaned the PVDF membrane
with NaOH or NaClO, and the XPS result shows the membrane will
have the Na after the chemical clean. An interesting phenomenon
is sample B1 has the highest content of F and after the post-oxi-
dation treatment, the F content decreased significantly. A hy-
pothetical explanation was arise to figure out the abnormal phe-
nomenon. For the hydrophobicity of –CF3, the reactivity of –NH2

and the steric hindrance, the exposure of F for the BHTTM was low.
But as Fig. 3 shows, PIP and BHTTM would form the coordinate
bond, and for the low molecular mass of PIP, PIP can permeate
though the membrane easily, so more F would exposure on the
membrane surface. While on the BHTTM/PIP membrane top sur-
face, the content of PIP was high, and the PIP will degrade in the
oxidation treatment. As the SEM shown, the thickness of BHTTM/
PIP and top surface will change after the post-oxidation, the de-
gradation of PIP will also cause the decrease of F on the membrane
surface.

3.2. NF membrane morphologies

SEM and AFM were used to characterize the structure and
surface roughness of the NF membranes. Fig. 4 shows the SEM
images of the surface morphology and the cross-section of the PSF
support membrane. And Fig. 5 represents the morphologies of the
NF membrane made by pure BHTTM, mixed BHTTM/PIP (50%
BHTTMþ50%PIP) and pure PIP, respectively. The left is the mem-
brane prepared before oxidation while the right is the membranes
prepared after oxidation by the NaClO aqueous solution
(3000 ppm, 1 h). In Fig. 5 A1, the NF membrane prepared from
BHTTM has a polyamide layer of 100 nm with smoothest surface
before oxidation. A2 reveals that the thickness of NF membrane is
reduced to 91 nm, and the surface becomes rougher after oxida-
tion. While the increased surface roughness and decreased
membrane thickness can finally enhance the permeate flux [26]. In
B1, NF membrane prepared from the mixed BHTTM/PIP has a
thickness of 440 nm, and the membrane surface is rougher than in
A1. After oxidation, the thickness of the membrane is reduced to
brane. A1 – Top surface; A2 – Cross-section.



Fig. 5. SEM images of the cross-section and surface of NF membranes.A1 – BHTTM before oxidization; A2 – BHTTM after oxidization; B1 – BHTTM/PIP before oxidization; B2
– BHTTM/PIP after oxidization; C1 – PIP before oxidization; C2 – PIP after oxidization.
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Fig. 5. (continued)
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236 nm, and those bumps on membrane surface become smaller,
shown in B2. In C1, the NF membrane fabricated from PIP has the
thickness of 170 nm. After oxidation, the thickness of NF mem-
brane significantly decreases from 170 nm to 132 nm, and some
obvious defect can be seen in C2. This means that the membrane
prepared from PIP has a very low tolerance to active chlorine. For
the electron-withdrawing fluorine–containing group of BHTTM,
the membranes with single BHTTM and mixed BHTTM/PIP after
being treated by the NaClO (3000 ppm, 1 h) still maintain com-
plete structures without any obvious defect. The AFM result is il-
lustrated in Fig. 6. A is the PSF membrane, which surface is as
smooth as the appearance in SEM picture. B1 is the membrane
prepared by pure BHTTM (before oxidation), which is smooth and
with some small prominent bumps, while the prominent bumps in
B2 atrophy a little after oxidation. C1 and C2 are the membranes
incorporated with BHTTM and PIP before oxidation and after
oxidation, the roughness and the prominent bumps experience
slightly change. The NF membrane using PIP alone undergo ob-
servably change during oxidization, which is demonstrated in D1
and D2. And the roughness Ra and Rms is shown in Table 2.

For the poly(piperazine-amide) cannot tolerant the free chlor-
ine, and it will degrade in the existence of NaClO. The same con-
clusion can be seen in the following Ref. [24,27]. The Figs. 5 C-1,C-2
and 6D-1,D-2 show the poly(piperazine-amide) NF membranes
surface changed a lot after NaClO post treatment, and the poly-
amide layer become thin and obvious defect can be seen. For the
BHTTM/PIP NF membrane, during the IP process, PIP can easy
permeate though the interface for its low molecule weight, so the
top surface of the BHTTM/PIP NF membrane is mainly PIP. For the
lack chlorine tolerance of PIP, the top polyamide layer of BHTTM/
PIP NF membrane will degrade during the post-oxidation process,
so the thickness was declined and the membrane surface specific
surface area was enlarged. For the BHTTM NF membrane, the
thickness of the polyamide was not changed a lot, but the mem-
brane surface specific surface area was enlarged.

3.3. The hydrophilicity of the NF membrane

The dynamic contact angles are measured to evaluate the hy-
drophilicity of the NF membrane in Fig. 7. NF membrane prepared
from pure PIP has the smallest dynamic contact angle of 16.5°
compared with the dynamic contact angles (around 25°) of the
membranes prepared from BHTTM or BHTTM/PIP mixture. More-
over, the oxidation process by NaClO (3000 ppm, 1 h) has a sig-
nificant influence on the dynamic contact angles of the mem-
branes. All membranes showed that the dynamic contact angles
are increased after the oxidation process, from 16.5° to 20° for PIP
membrane, from 25° to 30° for BHTTM/PIP membrane and from
58° to 67° for BHTTM membrane, respectively. An increase of
BHTTM ratio leads to a higher dynamic contact angle due to the
hydrophobic property of BHTTM [17].

3.4. Effect of reaction time on the NF membrane performance

The reaction time is an important factor affecting the interfacial
polymerization reaction process. The reaction time of interfacial



Fig. 6. AFM images of NF membranes.A – PSF membrane supporter; B1 – BHTTM before oxidization; B2 – BHTTM after oxidization; C1 – BHTTM/PIP before oxidization; C2 –

BHTTM/PIP after oxidization; D1 – PIP before oxidization; D2 – PIP after oxidization.
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Table 2
The roughness of the NF membrane.

Membranes Ra (nm) Rms (nm)

Support membrane 4.39 5.57
BHTTM(before oxidization) 14.6 23.8
BHTTM(after oxidization) 9.84 19.1
BHTTM-PIP(before oxidization) 66.0 79.2
BHTTM-PIP(after oxidization) 46.7 57.5
PIP(before oxidization) 85.6 104
PIP(after oxidization) 34.3 47.8

Fig. 8. The effect of reaction time on the NF membranes performance.

Fig. 9. The effect of BHTTM/PIP mixing ratio on the composite NF membranes
performance before oxidation.
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polymerization from 5 s to 30 s was investigated. The effect of
reaction time on the NF membrane performance is shown in Fig. 8.
It can be seen that with the reaction time increases, the pure water
flux decreases, 53.9 L/(m2 h) for 5 s and 52.1 L/(m2 h) for 15 s, re-
spectively. The salt rejection increased from 97.9% to 99.5%. The
reason should be related to the change of the thickness of poly-
amide layer. After the reaction time prolongs from 15 s to 30 s, no
obviously change is observed. This means the reaction time of 15 s
is the optimized reaction time.

3.5. Effect of BHTTM/PIP ratio on the NF membrane performance

Effect of BHTTM/PIP ratio on NF membrane performance is
shown in Fig. 9. It can be seen that the NF membrane prepared
from pure BHTTM possesses the water flux 8.14 L/ (m2 h) and the
salt rejection 95.7%. It has much difference with the NF membrane
fabricated by BHTTM alone on the PES UF membrane in our pre-
vious work [19]. The NF membrane prepared on the PES UF
membrane had a higher flux with 10.1 L/ (m2 h) and a lower salt
rejection with 85.3%, this is mainly ascribed to the nature of the
different support membranes. The NF membrane made of PSF UF
membrane has a higher crosslinking degree and the polyamide
layer becomes more compact [28]. As the proportion of PIP in-
creased from 0% to 20%, it leads to the improvement in water flux
and the decrease in salt rejection. The decline of the rejection is
due to the competing effect between the two monomers
[20,29,30]. According to the discussion in Section 3.2, the im-
provement of the flux could be explained as the increased surface
roughness with the addition of PIP into the aqueous phase
solution.

When PIP content increases from 20% to 50%, both the salt
rejection and flux increase. It could be explained that the addition
of PIP might improve the cross-linking density and the roughness
just as the SEM result is shown in Fig. 3.

Nevertheless, a further increased ratio of PIP from 50% to 100%
causes a decreased flux of NF membrane. This could be attributed
to the reduced effective membrane surface. As the SEM result
shows, the PIP-BHTTM membrane surface is more uniform, while
the pure PIP membrane surface suffered serious conglomeration,
Fig. 7. The dynamic contact angles of PSF memb
leading the effective membrane surface reduced.
The above is the effect of BHTTM/PIP mixing ratio on composite

membrane performance before oxidation. Fig. 10. illustrates how
the mixing ratio of diamine monomer influences the performance
of membrane after oxidation by NaClO (3000 ppm, 1 h). The fluxes
of the membranes after oxidation all are improved greatly, and the
salt rejection has still kept on a high level (the pure PIP cannot
tolerant the active chloride, so it is not shown in the figure). The
phenomenon is probably that the membrane layer becomes
thinner and the surface prominent bumps become more uniform
after oxidation, which is consistent with the SEM pictures. In other
words, the mass transfer resistance becomes smaller and the ef-
fective membrane area increases. Hence, the PIP ratio of 50% is the
rane support and prepared NF membranes.



Fig. 10. The effect of BHTTM/PIP mixing ratio on the composite NF membranes
performance after oxidation. (Oxidation condition: 3000 ppm NaClO, 1 h).

Fig. 11. The effect of oxidation treatment by different concentration of chlorine
solutions on Na2SO4 rejection and water flux of NF membrane.

Fig. 12. The effect of oxidation treatment by different oxidation times of chlorine
solution on Na2SO4 rejection and water flux of NF membrane.

Table 3
The rejections of different neutral solutes of the NF membrane (BHTTM-PIP after
oxidization by 3000 ppm NaClO 1 h).

Solute Molecular weight (Da) Stokes radius (nm) Solute rejection (%)

Glucose 180 0.359 71.671.5
Sucrose 342 0.462 94.971.7
Raffinose 504 0.538 96.971.0

Table 4
The rejections of different salts and permeate flux of the NF membrane (BHTTM-PIP
after oxidization by 3000 ppm NaClO 1 h).

Salt Rejection (%) Permeate flux (L/m2 h)

Na2SO4 99.570.4 72.072.8
MgSO4 95.071.3 65.872.0
NaCl 30.071.2 72.471.7
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optimized mixing ratio.

3.6. Effect of the oxidization condition on the NF membrane
performance

Different NaClO concentration (1000 ppm, 3000 ppm,
5000 ppm; 60 min) and oxidization time (3000 ppm; 30 min,
60 min, 120 min) are used to investigate their effect on the NF
membrane in Figs. 11 and 12. When the concentration of chlorine
solution is 1000 ppm, the water flux is increased from 52.1(L/m2 h)
to 74.3(L/m2 h), and the salt rejection is improved from 99.5% to
99.7%. After the concentration of chlorine solution reaches
3000 ppm, the salt rejection is not the obvious change from 99.7%
to 99.5%. But the water flux is increased from 74.3(L/m2 h) to 79.1
(L/m2 h). The flux change could be related to the membrane
thickness and surface roughness. The salt rejection change could
be explained by tightening up effect [19,31]. At low NaClO con-
centration, the oxidation effect could increase the crosslink degree
of the polyamide chains.

When the oxidation time is 0.5 h, the flux increases from 52.1
(L/m2 h) to 67.3 (L/m2 h) and the salt rejection is improved from
99.5% to 99.7%; And when the oxidation time continues to 1 hour,
the salt rejection declines a bit from 99.7% to 99.5%, and the water
flux is improved from 67.3 (L/m2 h) to 79.1 (L/m2 h). A little dif-
ference between the two figures is the last point. This could be
explained that oxidation time has a greater impact than NaClO
concentration on NF membrane. Over long oxidation time is likely
to cause irreversible damage to the NF membrane. Therefore, the
optimized oxidation condition is 3000 ppm-h.

3.7. The separation property of the NF membrane

In this section, the BHTTM-PIP NF membrane prepared with
the optimized conditions was investigated to evaluate its potential
application. The optimum condition is as follows: 0.5% (w/v)
BHTTMþ0.5% (w/v) PIP in the aqueous phase; 0.15%TMC in the
organic phase; reaction time for 15 s; curing temperature at 80 °C
for 5 min, and finally oxidized by 3000 ppm NaClO solution for 1 h.
The testing condition was using 300 ppm neutral organic solution
(Gluceso, sucrose and raffinose) to confirm the NF pore size and
the MWCO, and using 2000 ppm salt solution (Na2SO4, MgSO4 and
NaCl) to characterize the NF membrane retention property and
water permeation.

Table 3 shows the rejection of the NF membrane for various
neutral solutes. Obviously, the MWCO of the NF membrane is
under 300 Da, and the corresponding effective pore size is about
1 nm, which is a typical NF characteristic number. The rejections of
different salt solutions and the permeate fluxes are shown in
Table 4. It can be seen that the salt rejection of the NF membrane
decreased in the following order: Na2SO44MgSO44NaCl, which
indicates the NF membrane is a negatively charged membrane. In
addition, the rejections of divalent anions are much higher than
mono-valent anions.

The NF membrane developed in the current work are compared
with several commercially available NF membranes in Table 5. The
performance of the BHTTM/PIP (after oxidization) NF membranes



Table 5
Comparison of the current NF membranes to various commercially available NF membranes.

Membrane PWF (l/
m2 h bar)

MWCO(Da) Stabilized salt rejection (%) Salt concentration
(ppm)

Operating pressure
(bar)

References

Na2SO4 MgSO4 NaCl

BHTTM/PIP(Before
oxidation)

8.7 – 99.5 – – 2000 6 Current work

BHTTM/PIP(After
oxidation)

13.2 o300 99.5 95 30 2000 6

Synder NFW 5.4 300–500 – 97 20 2000 8.3 [3,32]
Synder NFX 2.4 150–300 – 99 40 2000 8.3 [3]
GE-Osmonics HL 6.9 150–300 – 97 33 1000 7.6 [20,3]
GE-Osmonics DL 10 150–300 – 96 o40 5000 30 [3,33]
DOW-Filmtec NF90 6.7 200–400 – 98 90 2000 4.8 [20,3]
DOW-Filmtec NF70 7.2 200–400 – 97 70 2000 4.8 [34]

Table 6
The chlorine tolerance of the commercial NF membranes.

Brand Products Chlorine tolerance References

DOW FILMTECTM NF245-3838 Non-detectable [35]
FILMTECTM NF245-3840 Non-detectable [35]
FILMTECTM NF270-400/34i o0.1 ppm [35]
FILMTECTM NF90-400/34i o0.1 ppm [35]

GE DK Series 500 ppm h [36]
DL Series 500 ppm h [36]

Toray SU610 Non-detectable [37]
SU620 Non-detectable [37]
SU620F Non-detectable [37]

Hydranautics DairyNFTM Non-detectable [38]
ESNA1-4040 Non-detectable [38]
ESNA1-K1 Non-detectable [38]
ESNA1-LF2 Non-detectable [38]

Fig. 13. Long-term testing of the NF membrane during 10 h (0.6 MPa, 2000 ppm
Na2SO4).
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appears to be superior to all the commercial membranes. Fur-
thermore, the chlorine tolerance of the commercial NF membranes
(seen in Table 6) is much lower than the NF membrane developed
in this work (3000 ppm h).

3.8. The stability of the NF membrane in long-time running

The performance stability is very important for the NF mem-
brane practical application. The long-time running test is under
the following condition: the operating pressure is 0.6 MPa, the
Na2SO4 concentration is 2000 ppm and the operating temperature
is 2070.5 °C. Fig. 13 shows that the long-time running for the NF
membrane is very well in 10 h. Both the rejection and the flux are
a little increasing in the initiative two hours. Then, the rejection
remains the stable value with 99.5%. And the water flux is varied
from 65 (L/m2 h) to 70 (L/m2 h). Therefore, the NF membrane
shows robust performance in the long-time running.
4. Conclusion

NF membrane with good chlorine resistance and desalination
performance was prepared by using the mixed diamine of PIP/
BHTTM in interfacial polymerization process. The effects of inter-
facial polymerization reaction time, BHTTM/PIP mixing ratio, and
oxidation condition on the NF membrane performance were stu-
died thoroughly. The optimized NF membrane was prepared by
the following conditions: 0.5% (w/v) BHTTMþ0.5% (w/v) PIP in the
aqueous phase; 0.15% (w/v) TMC in the organic phase; the reaction
time was 15 s; the curing temperature was 80 °C for 5 min; and
finally oxidized by 3000 ppm NaClO solution for 1 h. The MWCO of
the optimized NF membrane was below 300 Da, the correspond-
ing effective pore size was about 1 nm, and the pure water flux
was 79.1 (L/m2 h). The rejections of the optimized NF membrane
for Na2SO4, MgSO4 and NaCl were 99.5%, 95% and 30%, respec-
tively. The order of different salt rejections indicated the NF
membrane was a typical negatively charged membrane.
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