Separation and Purification Technology 250 (2020) 117245

Contents lists available at ScienceDirect

Separation and Puriﬁcation Technology
journal homepage: www.elsevier.com/locate/seppur

One step prepared Janus acid-resistant nanoﬁltration membranes with
opposite surface charges for acidic wastewater treatment

T

Ling Yua,b,c, Yong Zhanga,b,c, Lili Xua,b,c, Qinyi Liud, Baoleerhu Borjigina,b,c, Deyin Houa,b,c,
⁎
Jun Xianga,b, Jun Wanga,b,c,
a

State Key Laboratory of Environmental Aquatic Chemistry, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, 18 Shuangqing Road, Beijing
100085, China
b
National Engineering Laboratory for Industrial Wastewater Treatment, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, 18 Shuangqing
Road, Beijing 100085, China
c
University of Chinese Academy of Sciences, 19 Yuquan Road, Beijing 100049, China
d
College of Materials Science and Engineering, Wuhan Textile University, Wuhan 430200, China

A R T I C LE I N FO

A B S T R A C T

Keywords:
Polyamine
Low pH stable
Curing treatment
Dually charged surface

In order to enhance the membrane separation eﬃciency of multivalent metal ions and acid, high performance
Janus acid-resistant nanoﬁltration membranes (NFMs) with opposite charge properties (selective layer) were
fabricated by polyethyleneimine (PEI) and cyanuric chloride (CC) via interfacial polymerization. A novel and
facile method (named LC-CT) was developed to obtain the Janus acid-resistant NFMs in one step, by controlling
the organic phase (CC) concentration to be low followed by the curing treatment. It was found that CC concentration had a signiﬁcant eﬀect on the charge property of the membrane surface. Low CC concentration
endowed a loose selective layer with many unreacted –NH2 on the ﬂip side while curing treatment attributed to
the less defective layer. Thus, LC-CT method endowed the membrane Janus property with high salt rejection and
ﬂux. The new generated Janus NFMs exhibited better acid stability than NFM-1 (commercial, polyamide), and
higher MgCl2 rejection than NFM-1 and NFM-2 (commercial, acid-resistant) after soaking in 3 wt% HCl at 25 °C
for 1800 h or 50 °C for 72 h. Also, the ﬂux of this polyamine Janus NFM was 4.2 ~ 19 times higher than that of
previous reported polyamine acid-resistant NFMs, which indicated a good application potential of this membrane in acidic wastewater treatment.

1. Introduction
In recent years, acidic wastewater has aroused more and more attention due to its serious threat to the environment, such as corroding
structures, hindering the growth and production of animals and plants,
and being harmful to human health [1–4]. A large amount of acidic
wastewater was produced by various industry processes, such as the
waste streams of metal industry, the drainage of mining industry, the
wastewater from pulp and paper industry and the acidic pickling efﬂuents of steel industry, etc. [5–8]. The acidic wastewater is complex,
characterized by metal ions, sundry salts and high concentration acid
[9–11], which makes the treatment of the wastewater diﬃcult.
Some conventional approaches have been applied for the treatment
of acidic wastewater, including neutralization process [12,13], adsorption [1], chemical precipitation [14], microbiological method [15],
extraction [16] and other special treatments. Among them,

⁎

neutralization process is the most common way for the acidic wastewater treatment. However, a large amount of sludge containing heavy
metal compounds was produced in this process, which requires further
treatment [16,17]. Furthermore, this method also consumes a large
amount of alkalis such as sodium hydroxide, lime and limestone, which
results in high chemical demand and unrecyclable acid. Chemical precipitation produces less sludge than neutralization, however, the sludge
is still an intractable issue to solve [18]. Microbiological method requires a long-term treatment and the bacterium are sensitive to the
environments (temperature and pH) [1]. In comparison with the conventional processes, membrane ﬁltration like nanoﬁltration (NF) has
attracted considerable attention due to its eﬃciency and environmentally friendly way to dispose acidic wastewater without extra
addition of agents [19,20].
Acid-resistant nanoﬁltration membrane (NFM), as a surface charged
membrane, can separate substances through both the steric size
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[25,33]. More importantly, we found a facile way to fabricate a Janus
acid-resistant NFM (negatively charged on the top side and positively
charged on the ﬂip side) with high water permeability without changing the reaction temperature and pressure. The main strategy was to
control the concentration of the organic phase (CC concentration in this
work) to a very low level (Table S1) and assisted with curing treatment
(called LC-CT method). In this method, low CC concentration was utilized to obtain the loose selective layer with more unreacted –NH2 left
on the ﬂip side of the selective layer (the closer part to the support) and
hence obtain the Janus property of the membrane, while curing treatment helped the membrane become a less defective NFM with large
pores. The Janus property endowed by LC-CT method contributed to
the high MgCl2 rejection. And based on this, a thin and loose selective
layer could be fabricated to achieve a high water ﬂux. Besides, CC
concentration played a crucial role in membrane surface charge property. Janus acid-resistant NFMs could only be obtained when CC concentration was between 0.05 g/L and 2.0 g/L (not included) in this
method. Therefore, low CC concentration and curing treatment were
key parameters to obtain a Janus acid-resistant NFM with high salt
rejection and membrane ﬂux. Also, the eﬀect of CC concentration on
the acid stability of the NFMs was studied. The acid stability test was in
3 wt% HCl at 25 ± 1 °C for 1800 h and 50 ± 1 °C for 72 h to further
examine the acid stability of the developed NFM.

exclusion and electrostatic exclusion eﬀect in acidic wastewater. It is
expected to separate acid and multivalent metal ions, and thus
achieving high recovery of acid and high rejection of multivalent metal
ions [21,22]. However, most of the conventional NFMs are polyamide
membranes, which can be easily hydrolyzed in an extreme acidic environment [6]. Therefore, it is of importance to develop an acid-resistant NFM. In recent years, some commercial acid-resistant NFMs
have already been developed, such as NP010, NP030 and NP-PES-10
membranes produced by Microdyn-Nadir, A3012 and A3014 membranes developed by Advanced Membrane System Technologies, and
NTR-7400 series membranes fabricated by Hydranautics-Nitto Denko.
All these membranes exhibit good acid stability, but there is still room
for further improvement regarding to the membrane ﬂux and multivalent metal ions rejection, which would extend the current range of
membrane applications [23]. Zeng et al [24]. used poly(s-triazineamine), 1,3,5-(tris-piperazine)-triazine (TPT) and trimesoyl chloride
(TMC) to interfacial polymerize on polysulfone (PSf) ultraﬁltration (UF)
membrane. The membrane can achieve a high water permeance of 8.68
LMH/bar but a low rejection of multivalent metal cations due to the
negatively charged surface. Lee et al [25]. prepared the NFM with
polyethyleneimine (PEI) and cyanuric chloride (CC) via interfacial
polymerization through suction ﬁltration. The membrane exhibited
good acid stability due to the stable triazine ring in CC and the stable CN bond in polyamine. Higher rejection of MgCl2 was achieved due to its
positively charged surface, but the low permeance was still the main
limitation because of the thick and dense separating layer. In terms of
this, it's very imperative to fabricate an acid-resistant NFM with high
permeability and multivalent cations rejection.
Membrane interface properties play crucial roles in membrane separating performance. And Janus membrane is an emerging advanced
material with opposing surface properties, which means the membrane
could directly take the advantages of opposing interfacial properties on
their two faces [26–29]. For example, Janus membranes exhibit eﬀective retention of multivalent cations and anions beneﬁtting from the
opposite surface charge properties [30–32]. For instance, Liu al. [32]
developed a Janus ﬁlm with high rejection of multivalent ions and
water permeability by a facile method. The core point was to slow down
the aqueous phase diﬀusion rate to the reaction zone by reducing the
reaction temperature to −10 °C. Since the PEI diﬀusion rate was very
low (due to its high molecule weight), it was expected to fabricate a
Janus acid-resistant NFM at room temperature by choosing PEI and CC
as membrane materials. One-step constructed Janus NFMs are supposed
to have higher rejection for multivalent cations than negatively charged
NFMs in acidic environment (more positively charged groups in the
selective layer) and higher water ﬂux than positively charged NFMs
(looser selective layer, the same material), which would contribute to
the high separation eﬃciency of metal ions and acid.
With this concern, PEI and CC were utilized as the monomers to
fabricate the polyamine Janus acid-resistant NFM due to the excellent
acid stability of the resulting membrane approved by the previous work

2. Material and methods
2.1. Chemicals and materials
Polyethyleneimine (PEI, molecular weight of 1800) and sodium
laurylsulfonate (SDS) were purchased from Aladdin. Cyanuric chloride
(CC), anhydrous sodium sulfate (Na2SO4) and anhydrous magnesium
chloride (MgCl2) were purchased from Macklin. Hydrochloric acid
(HCl) and n-hexane were acquired from Sinopharm Chemical Reagent.
Polyethersulfone (PES) UF support membrane with molecular weight
cutoﬀ around 30 kDa was provided by Advanced Membrane
Technology INC. All aqueous solutions were prepared with deionized
water.
2.2. Fabrication of acid-resistant NFMs
The NFMs were prepared through interfacial polymerization between PEI and CC on the surface of PES UF support membrane (Fig. 1).
Firstly, the support membrane was dipped into SDS solution (0.5 wt%)
for 10 min, and then it was put into the PEI solution (10 g/L) for another 10 min. After that, a soft rubber roller was used to wipe oﬀ the
extra solution on the membrane surface. When the membrane was
dried, it was immediately immersed in the organic solution (CC in nhexane) for 3 min. After draining of n-hexane, the membrane was cured
in a ventilated oven to enhance the crosslinking reaction. The membrane was kept immersed in deionized water at room temperature for at

Fig. 1. The polymerization reaction between PEI and CC.
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resistant NFMs (Table 1). Beneﬁtting from this, the membranes fabricated in this work exhibited 4.2 ~ 19 times higher water ﬂux than the
reported polyamine acid–resistant NFMs with comparable salt rejection
at the same time.
XPS analysis results also prove that PEI and CC were successfully
polymerized onto PES support membrane [36]. As shown in Fig. 4a-d,
PES UF support membrane had no Cl element in it, and the O/N ratio
was high to 4.41 as shown in Table 2. After the interfacial polymerization of PEI and CC on the PES, the O/N ratio immediately decreased below 1.0 and the Cl element appeared. Besides, it is obvious
that the content of Cl element increased with the growth of CC concentration, suggesting that more CC reacted with PEI and more unreacted –Cl left in the membrane surface. It is also shown in Table 2 that
O/N ratio increased and Cl/N ratio decreased after soaking in HCl. It
was because that HCl would accelerate the hydrolysis of the unreacted
–Cl of CC into –OH [33,37], which would enhance the hydrophilicity
and negatively charged property of the membrane surface (Fig. 5),
leading to the increase of membrane permeate ﬂux and the augment of
the negativity of the top side of the selective layer.
Furthermore, the top side of the membrane surface charge property
was evaluated by surface Zeta potential. The results in Fig. 5 show that
when the CC concentration was low to 0.05 g/L, the membrane was
positively charged on both sides due to the unreacted –NH and –NH2.
With the growth of CC concentration (≤1.0 g/L), there were more and
more –Cl and –OH on the top side of the selective layer, leading to a
negatively charged surface, but the ﬂip side was still positively charged
in terms of the salt rejection order (Fig. 6a MgCl2 > Na2SO4). It suggested that these NFMs were Janus NFMs, and it would be further
discussed in 3.2 (Fig. 7). After soaking in HCl, the negativity of the
membrane surfaces increased due to the hydrolysis of incompletely
reacted –Cl into –OH. This was also conﬁrmed by the negative value of
surface Zeta potential of the membrane made at 0.05 g/L CC concentration (Fig. 5) and the change of elements content (Table 2). The
membranes made with higher CC concentration displayed more negative membrane surfaces. The reason was that there were more –Cl redundant (leading to more –OH) on the membrane surface with the
growth of CC concentration, leading to a more negatively charged
membrane surface.

least 24 h and then rinsed with fresh water before use. The CC concentration was changed from 0.01 g/L to 2.0 g/L. All the membranes
were cured at 70 ± 1 °C for 5 min except for the membranes in Fig. S4,
in which the curing temperature was set at 60 ± 1 °C, 70 ± 1 °C and
80 ± 1 °C, respectively, while the curing time was changed from 1 min
to 7 min.
2.3. Membrane characterization
The functional groups and bonds on the near-surface region of the
acid-resistant NFMs were characterized by attenuated total reﬂectance
Fourier transform infrared spectroscopy (ATR-FTIR, Thermo Fisher
scientiﬁc, Nicolet 8700, America). X-ray photoelectron spectroscopy
(XPS, Thermo Fisher scientiﬁc, ESCALAB250Xi, America) was employed to analyze the chemical structure of the selective layer. The
membrane morphologies were imaged by using the scanning electron
microscopy (SEM, SU-8020, Hitachi Ltd, Japan) and atomic force microscopy (AFM) (NanoScope III a, Digital Instruments, America).
Besides, surface zeta potentials of the membranes were measured by an
Electro Kinetic Analyzer (SurPASS, Anton Paar Co., Austria) in a
background electrolyte (1 mM KCl) at 25 ± 1 °C, pH = 5.7 ± 0.1.
2.4. Membrane separation performance
In this experiment, a customized ﬂat-sheet cross-ﬂow NF setup with
an eﬀective membrane area of 22.9 cm2 was used to test the membrane
permeability and rejection. The data was recorded in a steady-state
operation. All the membranes were preconditioned for 30 min at
10 bar, except NFM-2 was preconditioned for 360 min at 10 bar until
the membrane separating performance was stable. Since MgCl2 rejection is a typical sample to represent the multivalent cations rejection
ability, it was used to evaluate the membrane performance while
Na2SO4 rejection was used for comparison. The rejection of MgCl2 and
Na2SO4 were tested respectively, and the salt concentrations in the feed
were both at 2.0 g/L. All the salt concentrations were measured by an
electrical conductivity meter (DDSJ-308A, Shanghai Leici Instrument
Works, China).
2.5. Acid stability evaluation of membranes

3.2. Separation performance of the Janus acid-resistant NFM
In order to evaluate the acid stability of the membranes, the
membranes were soaked in 3 wt% HCl at 50 ± 1 °C for 72 h, or at
25 ± 1 °C for 1800 h. The solution temperature was controlled by a
water bath (DFD-700, Zhongxing, China). After that, the membranes
were intensively washed by deionized water to remove the extra acid.
The membrane properties were evaluated by following the procedures
in Section 2.3 and 2.4. Commercial NFM-1 and NFM-2 were also used to
compare with the prepared membranes in this study.

As mentioned before, low CC concentration and curing treatment
play crucial roles in fabricating this Janus acid-resistant NFM by LC-CT
method. Therefore, the eﬀect of CC concentration and curing treatment
on membrane separation performance were further studied.
It was found that CC concentration had a signiﬁcant inﬂuence on
membrane surface charge property. As shown in Fig. 6, the rejection of
Na2SO4 kept rising while the water permeance kept decreasing with the
increase of CC concentration from 0.01 to 2.0 g/L. However, the rejection of MgCl2 rapidly increased from 1.8% to 90.6% with the increase of CC concentration from 0.01 to 0.05 g/L, and then slowly increased to 97.0%. When CC concentration arrived at 2.0 g/L, the
rejection of MgCl2 rapidly declined to 32.7%, which was lower than
Na2SO4. It was obvious that the salt rejection order was changed with
the increasing of CC concentration, which demonstrated CC concentration had a signiﬁcant inﬂuence on membrane surface charge
property. In other words, CC concentration was of importance in fabricating a Janus acid-resistant NFM. Considering with the surface Zeta
potential results in Fig. 5, it was suggested the NFMs were Janus NFMs
only when CC concentration was higher than 0.05 g/L and lower than
2.0 g/L (not included).
When the CC concentration was low to 0.05 g/L, the resulting
membrane was positively charged (Fig. 5), which led to the lower rejection of Na2SO4 (20.1%) than that of MgCl2 (90.6%). The reason was
that CC amount was insuﬃcient at this fabrication condition, leading to
redundant primary and secondary amine positive groups on the

3. Results and discussion
3.1. Characterization
The surface morphologies of the NFMs are showed in the SEM
images (Fig. 2) and the AFM images (Fig. 3). As shown in Fig. 2, the PES
support membrane had visible pores. After the interfacial polymerization procedure, the visible pores were covered by the selective layer,
which indicates that the NFMs were successfully fabricated. It was also
testiﬁed by the smoother membrane surface of the NFMs than that of
the PES support membrane [34] (Fig. 3). Besides, it’s obvious that with
the growing of CC concentration, the selective layer became denser and
denser, which led to the decrease of the water permeability. The MWCO
results (Fig. S1) of the NFMs fabricated under diﬀerent CC concentration also veriﬁes it. As the CC concentration increased, the MWCO of
the membrane decreased, which meant the membrane pores became
smaller. However, the pores were still larger than most of the acid3
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Fig. 2. SEM pictures of a) PES support membrane; b) the NFM fabricated with 0.05 g/L CC; c) the NFM fabricated with 0.15 g/L CC; d) the NFM fabricated with
0.25 g/L CC.

polymers with positively charged groups. As the CC concentration increased, the negativity of the membrane surface was enhanced due to
the augment of –OH and reduction of –NH and –NH2. However, the CC
concentration was still not high enough (below 1.0 g/L) to react with all
the PEI polymers, which led to the redundant –NH and –NH2 of PEI in
the ﬂip side (closer to the PES support membrane). Therefore, the ﬂip
side of the selective layer was positively charged while the top side was
negatively charged (Fig. 7). This structure was similar to the Janus
polyamide nanoﬁlms published in recent research [32]. The Janus
membrane was fabricated with piperazine (PIP) and TMC by interfacial
polymerization at a low temperature of −10 °C to decrease the diﬀusion rate of diamine to the reaction zone, resulting in a high rate of –NH
in the ﬂip side than the top side. The control of diﬀusion rate was the
core point to fabricate a Janus NFM. Also, the organic phase concentration (TMC concentration) in their work was low (0.1%). In our
work, PEI had a lower diﬀusion rate to the reaction zone than PIP due
to its larger molecule weight [39], and CC concentration was controlled
to be low enough to leaving more unreacted –NH and –NH2 on the ﬂip
side than the top side, which attributed to the forming of the Janus
acid-resistant NFM.
The Janus property of the membrane selective layer also endowed
high rejection of MgCl2 and Na2SO4 [30]. Firstly, SO42- could be rejected by the negatively charged top side due to the electrostatic exclusion eﬀect, and the higher rejection of SO42- would also leading to
higher rejection of Na+ due to the Donnan exclusion eﬀect. Similarly,
Mg2+ could be rejected by the positively charged ﬂip side, leading to

membrane surface (Fig. 7). The positively charged NFM exhibited a
high water permeance of 10.4 LMH/bar with a high MgCl2 rejection,
which suggested that it was feasible to fabricate a loose NFM with high
salt rejection through the LC-CT method. But the acid stability of this
membrane was a little poorer than other Janus NFMs (Fig. 9).
When CC concentration grew from 0.05 g/L to 1.0 g/L, the Na2SO4
rejection increased from 20.1% to 71.7%, and the surface Zeta potential
of the membrane surface turned to negative (Fig. 5). One reason was
that a denser selective layer was formed under higher CC concentration,
which was consistent with the SEM images in Fig. 2 and the MWCO
results in Fig. S1. The other reason was the growing of CC amount
would bring in more incompletely reacted –Cl redundant on the
membrane surface, resulting in more negative groups like –OH hydrolyzed from –Cl on the membrane surface, and thus formed the negatively charged membrane surface (Fig. 5), which would strengthen the
eﬀect of electrostatic exclusion eﬀect. However, it was obvious in
Fig. 6a that the resulting membrane had a much higher rejection of
MgCl2 (90.6 ~ 97.0%) than the rejection of Na2SO4 (20.1 ~ 71.7%),
which was contrary to the salt rejection order of other reported negatively charged membranes [38,39]. Based on these, it was suggested
that these resulting membranes were Janus membranes, which all had a
negatively charged top side and a positively charged ﬂip side as shown
in Fig. 7.
During the interfacial polymerization process, PES support membrane was ﬁrstly immersed into PEI solution, which implied that the
surface and pores of the support membrane were fully covered by PEI

Fig. 3. AFM pictures of a) PES support membrane; b) the NFM fabricated with 0.05 g/L CC; c) the NFM fabricated with 0.15 g/L CC; d) the NFM fabricated with
0.25 g/L CC.
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Table 1
Separation performance of some acid-resistant NFMs.
Membrane

Surface charge

Nadir NP030
Koch MPS-34
GE Duracid
AMS-A3014
Polysulfonamide [36]
Poly(amide-s-triazine-amine) [24]
Polysulfonamide [35]
Polyamine [25]
Polyamine [33]
Polyamine (this work)

–
–
–
–
–
–
+
+
+
Janus

Salt rejection
a

80–95%
35%b
98%c
> 92%c
86.7%a
98.6%a
88.3%d
60 ~ 95%b
82 ~ 88% b
88 ~ 94% d

Flux(LMH)

Test pressure

MWCO(Da)

Acid stabilitytest conditions

> 40
59.9
17–32
~95
28.6
59.9
~38.6
2–25
~15
38 ~ 104

40 bar
30 bar
15.5 bar
40 bar
5 bar
100 psi/6.9 bar
5 bar
10 bar
10 bar
10 bar

520 [25]
200
150–200
400 [25]
5000
/
720
450–550
220–330
680–1400
(Fig. S1)

/
/
/
/
20% (w/v) H2SO4, 25 °C, 1440 h
0.05 M H2SO4, 25 °C, 720 h
20% (w/v) H2SO4, 25 °C, 720 h
0.1 M HNO3, 25 °C, ~840 h
0.1 M HNO3, 25 °C, ~1008 h
3 wt% HCl, 25 °C, 1800 hOr 3 wt% HCl, 50 °C, 72 h

Note: If not speciﬁed, the data is obtained from product speciﬁcation. Besides, a refers to Na2SO4 rejection, b refers to NaCl rejection, c refers to MgSO4 rejection and
d refers to MgCl2.

Fig. 4. XPS of a) PES; and the NFMs fabricated at diﬀerent CC concentration before and after soaking in 3 wt% HCl at 50 ± 1 °C for 72 h: b) 0.05 g/L; c) 0.15 g/L;
and d) 0.25 g/L.

the high rejection of MgCl2. Additionally, when CC concentration increased from 0.20 g/L to 1.0 g/L, the rejection of MgCl2 slightly decreased from 97.0% to 93.9%. This was due to the decreased positively
charged groups on the ﬂip side, which weakened the electrostatic exclusion eﬀect of Mg2+. When the CC concentration achieved 2.0 g/L,
the membrane had already turned into a fully negatively charged
membrane, with higher rejection of Na2SO4 (82.2%) than that of MgCl2
(32.7%). More work is underway to study and understand the detailed
mechanism of membrane surface charge performance under diﬀerent
operational parameters. In terms of fabricating a high quality NFM,
NFMs fabricated under low CC concentrations between 0.05 and
0.25 g/L were studied in the following study. Moreover, the eﬀect of
low CC concentration on the acid stability of the developed NFMs was

Table 2
Surface atomic composition and O/N and Cl/N ratio of the NFMs fabricated at
diﬀerent CC concentrations.
Membrane

C (%)

O (%)

N (%)

Cl (%)

O/N

Cl/N

PES
0.05-b
0.05-a
0.15-b
0.15-a
0.25-b
0.25-a

75.18
68.27
67.55
67.14
65.39
67.28
63.08

16.74
10.40
14.06
9.58
11.61
7.58
9.90

3.80
18.21
15.39
20.10
20.33
21.48
25.11

0.00
1.08
0.39
1.55
0.97
2.74
1.09

4.41
0.57
0.91
0.48
0.57
0.35
0.39

0.00
0.06
0.03
0.08
0.05
0.13
0.04

Note: 0.05, 0.15 and 0.25 refers to the CC concentration (g//L), b refers to
before acid soaking and a refers to after acid soaking.
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was enhanced by 261%, 81% and 64% under 70 ± 1 °C curing
treatment, respectively. It was because that with the increase of CC
concentration, there’s more opportunity for CC to react with PEI during
the same time, which results in a denser and thicker selective layer
(Fig. 2b-d) with smaller pores (Fig. S1).
More importantly, when the CC concentration was 0.20 g/L, the
MgCl2 rejection of the resulting NFM was 57.7% while the permeance
was only 2.62 LMH/bar without curing treatment. But with the curing
treatment, the Janus NFM fabricated with lower CC concentration
(0.10 g/L) could achieve a higher MgCl2 rejection of 92.3% with a
permeance of 5.2 LMH/bar. That suggested LC-CT method could endow
the membrane a high salt rejection without sacriﬁcing a lot of water
ﬂux. In a word, low concentration of CC that determined the loose selective layer (high ﬂux), assisted with curing treatment and the resulting Janus charge property of the selective layer, gave rise to the
high salt rejection of the fabricated NFMs without losing too much
water ﬂux.
Fig. 5. Surface Zeta potential of the top side of the NFMs fabricated at diﬀerent
CC concentrations (before and after soaking in 3 wt% HCl at 50 ± 1 °C for
72 h, pH = 5.7 ± 0.1).

3.3. Acid stability
In order to evaluate the acid resistant ability of the Janus NFM, the
membrane fabricated under 0.15 g/L CC concentration was soaked in
3 wt% HCl at 25 ± 1 °C for 1800 h, and the commercial polyamide
NFM-1 and the commercial acid-resistant NFM-2 were also soaked in
the same condition to be compared. As shown in Fig. 9a, the prepared
NFM in this work and NFM-2 remained high rejection of MgCl2 after
immersion in 3 wt% HCl at 25 ± 1 °C for 1800 h, while the MgCl2
rejection of NFM-1 reduced from 76.5% to 8.1%. This indicated that
this polyamine NFM had an equivalent acid-resistant ability with
commercial acid stable membrane NFM-2. Considering that the practical acidic wastewater generally has high temperature, the membranes
were immersed in 3 wt% HCl at 50 ± 1 °C [41,42]. The MgCl2 rejection of NFM-1 has similar change trend in Fig. 9b with that in Fig. 9a.
Therefore, the eﬀect of low CC concentration on the acid stability of the
NFMs was studied by soaking in 3 wt% HCl at 50 ± 1 °C.
After 72 h soaking in HCl, NFM-1 lost 82.8% salt rejection and its
permeance kept rapid rising, while NFM-2 had no signiﬁcant change in
permeance but a little rise in salt rejection. The MgCl2 rejection of the
membranes fabricated with 0.05, 0.10, 0.15, 0.20 and 0.25 g/L CC
reduced 5.2%, 4.6%, 3.5%, 2.7% and 2.1%, respectively. The rejection
of the polyamine NFM fabricated with 0.05 g/L CC had dropped most.
That was because this membrane had the largest pores among these
membranes, which meant that the dominant eﬀect to reject salts was
electrostatic exclusion. High concentration of HCl would accelerate the
speed of hydrolysis of the incompletely reacted –Cl in CC into –OH,
leading to a more negatively charged membrane surface which was
proved by Zeta potential in Fig. 5 and XPS analysis in Fig. 4. The

further studied in part 3.4.
Furthermore, curing treatment also played a signiﬁcant role in
fabricating a high performance Janus acid-resistant NFM, since only
one –Cl in CC can easily react with the –NH2 in PEI while the other two
has less reactivity [24] and the CC concentration was quite low in this
case. It’s very necessary to use curing treatment to help –Cl to react with
the redundant –NH2. In addition, diﬀerent curing temperatures and
curing time were studied as shown in Fig. S4. The optimal curing
treatment condition in this study was at 70 ± 1 °C for 5 min considering MgCl2 rejection and water ﬂux.
As shown in Fig. 8a, when CC concentration was 0.05 g/L, the rejection of MgCl2 markedly increased from 10.0% to 90.6% and the
permeance declined from 56.5 to 10.4 LMH/bar after curing treatment
at 70 ± 1 °C for 5 min. The reason was that the curing treatment could
further accelerate the polymerization rate between PEI and CC and
promote the degree of crosslinking between PEI and CC, and thus
forming a denser selective layer with fewer defects [40]. However, the
water ﬂux (shown in Table 1) was still higher compared to other acidresistant NFM due to the large MWCO of the membranes (shown in Fig.
S4) as mentioned before. High MgCl2 rejection of the NFMs with large
pores indicated that electrostatic exclusion eﬀect was dominant in rejecting salts, which was beneﬁted from the Janus charge property of the
selective layer. In addition, the inﬂuence of curing treatment became
less obvious with the growth of CC concentration from 0.05 to 0.20 g/L.
When CC increased to 0.10, 0.15 and 0.20 g/L, the rejection of MgCl2

Fig. 6. The eﬀect of CC concentration on the membrane performance: a) Rejection of MgCl2 and Na2SO4; b) water permeance.
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Fig. 7. Illustration of the eﬀect of CC concentration on the membrane surface charge property.

enhancement of the negativity of the top side would reduce the eﬀect of
electrostatic exclusion with Mg2+, which resulted in the decrease of
MgCl2 rejection. However, the ﬂip side was still positively charged and
hence the membrane still exhibited 85.9% rejection of MgCl2. Moreover, the augment of –OH hydrolyzed from –Cl formed a more hydrophilic membrane, leading to the increase of water permeability [25,33].
When the CC concentration increased to 0.15 g/L, the selective layer of
the resulting membrane was denser, thicker and the pores were smaller.
Therefore, HCl had less eﬀect on the unreacted –Cl in the deeper selective layer, and hence the little loss of positive charge of the membrane surface had less inﬂuence on the MgCl2 rejection. The membrane
fabricated with 0.25 g/L CC was much denser than the former, on
which HCl had less inﬂuence. It shows in Fig. 9b-c, MgCl2 rejection had
no signiﬁcant change, and the permeance rose from 1.4 to 3.3 LMH/bar
at the ﬁrst 24 h and then kept stable for the other 48 h. Besides, the
surface characters of polyamine NFMs had no signiﬁcant change as
shown in AFM pictures of Fig. S2 and FTIR spectrums of Fig. S3. These
results suggest that these polyamine NFMs had good acid resistant
ability in HCl. And the higher the CC concentration it was, the better
acid resistant ability the resulting NFM obtained.

commercial NFMs, which were supposed to have a good application
value in separating acid and multivalent metal ions.

4. Conclusion
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Fig. 8. The eﬀect of curing treatment: a) MgCl2 rejection and b) the permeance of resulting membranes fabricated at diﬀerent CC Concentration before and after
curing treatment at 70 ± 1 °C for 5 min;
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Fig. 9. Long term acid stability test of the NFMs fabricated at diﬀerent CC concentrations and two commercial membranes (polyamide NFM-1, acid-resistant NFM-2):
a) MgCl2 rejection after prolonged treatment in 3 wt% HCl at 25 ± 1 °C for 1800 h (fabricated with 0.15 g/L CC); b) MgCl2 retention eﬃciency and c) water
permeance after prolonged treatment in 3 wt% HCl at 50 ± 1 °C for 72 h.
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