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A B S T R A C T   

Development of acid resistant nanofiltration membranes (ARNFMs) with high metal rejection, high flux and low 
molecule weight cut-off (MWCO) remains a big challenge. The separation performance of polyamine ARNFM is 
partially limited by the dense structure caused by the high concentration of organic phase solution. Herein, in 
this work, a novel effective post-treatment of citric acid (CA) was utilized to further improve the separation 
property of dually charged polyamine ARNFMs with low MWCO. An appropriate CA post-treatment (1.5 mol/L, 
30 min, 65 ◦C) could gently remove off the oligomers and CA molecules would react with the redundant 
protonated/non-protonated amino, imine and hydroxyl groups of the polyamine NFM. Therefore，after the post- 
treatment, the membrane flux was enhanced 7.1 times with a high MgCl2 rejection (97.6%) and a low MWCO 
around 220 Da. Furthermore, CA post-treatment not only had no significant influence on the acid stability of this 
membrane, but would also protect the membrane from the drastic effect of HCl (hydrolyze -Cl into –OH) in turn. 
All the results indicated that CA post-treatment has positive effects on polyamine ARNFMs, and the resulted 
dually charged polyamine ARNFMs have a good application potential for acidic wastewater treatment.   

1. Introduction 

In recent decades, nanofiltration (NF) technology has been consid-
ered as one of the most valuable separation technologies in water 
treatment [1]. However, there are still some limitations for nano-
filtration membranes (NFMs) application in extreme situations, such as 
acidic wastewater treatment, organic solvent wastewater treatment, 
alkaline wastewater treatment and high temperature wastewater treat-
ment, etc. [2–6]. In the past decade, the research on NF treatment for 
acidic wastewater has aroused lots of attention since the unique ad-
vantages of NF in this field [5,7]. Comparing with traditional treatment 
methods like neutralizational method [8] and sulfide precipitation [9], 
NF treatment has at least three advantages as follow:1) no demand for 
chemicals, 2) producing with no or just little waste residue and 3) being 
able to separate and recycle metals as well as acid synchronously [10, 

11]. However, most NFMs can’t meet the high acid resistant standard in 
acidic wastewater treatment (pH＜2). 

Thus, the development of acid resistant nanofiltration membranes 
(ARNFMs) has aroused more and more attention due to its considerable 
application value in the treatment of acidic wastewater. Some com-
mercial ARNFMs have been developed, like Duracid series membranes 
from SUEZ, A3012 and A3014 membranes from AMS, MPS-34 and MPS- 
36 membranes from Koch, HydraCoRe 70pHT membrane from Hydra-
nautics, as well as NP010P and NP030P membranes from Nadir. The 
characteristics of these commercial membranes are shown in Table S1. 
But there are still some room for them to enhance either membrane 
permeance (<2.5 L/(m2 h bar)) or rejection rates for metallic ions [12, 
13]. Generally, the development of high-performance ARNFMs is still on 
the way. So far, some researchers have fabricated ARNFMs, and the 
materials used are mainly polysulfonamide [14] [–] [17], polyamine [4, 
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18–21], poly(vinylidene difluoride) [22,23] and polyamide [24] as well 
as some membranes based on at least two of amide bond, sulfonamide 
bond, urea bond and/or C–N bond [25–27]. Among these reported 
membranes, the polyamine ARNFM is very attractive due to the cheap 
and easy attached monomers, facile fabrication method which is easy to 
scale up, excellent acid stability and high rejection rates for metal ions 
[13]. However, the membrane flux of this type of ARNFM is relatively 
low, especially when the membrane is with a low MWCO (<400 Da). It is 
mainly limited by the dense membrane structure resulted from the 
fabrication condition and procedure. In previous work [18], we devel-
oped a novel method to prepare the Janus polyamine ARNFM with 
opposite charge property (also can be called a dually charged mem-
brane) based on polyethyleneimine (PEI) and cyanuric chloride (CC), 
which exhibited relatively high water permeance (3.8–10.4 L/(m2 h 
bar)). The main strategy of this method was controlling the organic 
phase concentration to be low (0.05–2.0 g/L) and assisting with curing 
treatment (named LC-CT method). But the high permeability of this 
membrane was mainly attributed to the high MWCO (680–1400 Da), 
and the higher the MWCO was, the weaker acid stability the membranes 
exhibited. How to further enhance the water permeability of polyamine 
ARNFMs with good stability, high metal ion rejection and low MWCO in 
acid is still a crucial issue [13]. 

Recently, post-treatment like acid-catalysis hydrolysis and alkali- 
catalysis hydrolysis has been used for further enhancing membrane 
flux [28] [–] [31]. With an appropriate treatment of acid or alkali, the 
membrane flux would be enhanced without losing much salt rejection, 
mainly due to the partial hydrolyzation of amide groups and the 
increased amount of hydrophilic carboxyl and amino groups. In the 
previous work, researchers also found that the polyamine ARNFMs 
exhibited an increase on membrane flux after soaking in acid 
(HNO3/HCl), which was caused by the hydrolyzation of unreacted -Cl 
into –OH [4,18]. Since the polyamine NFMs are acid resistant, the acid 
had little influence on the C–N bonds. Hence, it is possible to utilize a 
gentle acid post-treatment to enhance the membrane flux without losing 
rejection for multivalent metal ions by hydrolyzing the unreacted -Cl 
into hydrophilic groups. So far, the previous work had verified the 
inorganic acid treatment would enhance the membrane flux, but the 
effect of organic acids post-treatment had never been reported. Gener-
ally speaking, organic acid like citric acid (CA) is much milder than 
inorganic acid like HCl and H2SO4, which is supposed to have less bad 
effects on membrane surface construction during the hydrolyzation of 
-Cl groups. Besides, CA has a weak volatility and one CA molecule can 
ionize three hydrogen ions, which could ensure the stability of solution 
pH. Therefore, CA post-treatment is supposed to enhance the hydro-
philicity of the membrane without negative influences on membrane 
integrity, which is also easy to scale up. To our best knowledge, there has 
no research about CA post-treatment for polyamine NFMs been reported 
before. 

In this work, CA post-treatment was applied on the tight dually 
charged polyamine ARNFM prepared via LC-CT method (MWCO <300 
Da), which had a separating layer with a negatively charged top side and 
a positively charged back side. Moreover, the effects of the CA concen-
tration, post-treatment time and post-treatment temperature on mem-
brane separation performance and the specific mechanisms were all 
further studied. 

2. Material and methods 

2.1. Chemicals and materials 

PES ultrafiltration membrane (30 kDa) was acquired from Advanced 
Membrane Technology INC. PEI (Mw = 1800 Da), glycerol (AR), D 

(+)-glucose monohydrate (AR), sucrose (AR), D(+)-raffinose pentahy-
drate (AR), α-cyclodextrin (AR) and magnesium chloride hexahydrate 
(MgCl2⋅6H2O, AR) were purchased from Rhawn. Sodium laurylsulfonate 
(SDS, AR) was bought from Aladdin. Cyanuric chloride (CC, AR) was 

purchased from J&K Scientific. Hydrochloric acid (HCl, CP), n-hexane, 
anhydrous magnesium sulfate (MgSO4, AR), anhydrous sodium sulfate 
(Na2SO4, AR), anhydrous sodium chloride (NaCl, AR), anhydrous po-
tassium chloride (KCl, AR) and citric acid monohydrate (AR) were all 
provided by Sinopharm Chemical Reagent. Deionized water produced in 
our own lab was used to prepare all the aqueous solution. 

2.2. Preparation of dually charged polyamine ARNFMs 

The polyamine ARNFMs were fabricated on the surface of PES ul-
trafiltration membrane with PEI and CC via LC-CT method, as shown in 
Fig. 1. At first, the PES membrane was put into the aqueous solution 
(PEI: 1 wt%; SDS: 0.05 wt%). After soaking for 10 min, the membrane 
was taken out and the extra solution on the membrane surface was 
wiped off by a soft rubber roller. Next, the membrane was dried in the air 
for 120 s and it was then dipped into the organic phase solution of CC in 
n-hexane (0.25 g/L) for another 120 s. Subsequently, the membrane was 
put in a ventilated oven at 70 ◦C for 5 min. After all that, the membrane 
was immersed into the CA solution and then rinsed with deionized 
water. Finally, the dually charged polyamine ARNFM was obtained, 
which was supposed to have a selective layer with a positively charged 
back side and a negatively charged top side. The ARNFM was preserved 
in deionized water for at least one day and it would be carefully washed 
with fresh deionized water before use. The CA concentration was be-
tween 0.5 mol/L and 2.5 mol/L, the post-treatment time was ranged 
from 5 to 60 min and the post-treatment temperature was changed from 
25 ± 1 ◦C to 75 ± 1 ◦C controlled by a water bath. 

2.3. Membrane characterization 

The surface morphologies of the membranes were observed by the 
scanning electron microscopy (SEM, Nova Nano SEM 450, FEI Company, 
America) and atomic force microscopy (AFM, NanoScope IIIa, Digital 
Instruments, America). Attenuated total reflectance Fourier transform 
infrared spectroscopy (ATR-FTIR, Nicolet 8700, Thermo Fisher Scienti-
fic, America) was utilized to characterize the functional groups and 
bonds of the membrane surfaces. Besides, the chemical structure of the 
separating layer was carefully analyzed with X-ray photoelectron spec-
troscopy (XPS, ESCALAB250Xi, Thermo Fisher scientific, America), and 
the binding energy was calibrated based on C1s = 284.8 eV of C–C. A 
Zetasizer (ZS90, Malvern, England) was employed to determine the 
surface zeta potentials of the membranes in 1 mmol/L KCl at 25 ± 1 ◦C. 
The contact angle meter (OCA20, Dataphysics, Germany) was utilized to 
measure the water contact angles of the membrane surfaces. 

2.4. MWCO and pore distribution of the membranes 

The MWCO of membrane was measured with five different neutral 
molecules listed in Table 1. The rejection rates for the neutral solutes 
(50 mg/L) of the membranes were tested by a customized flat-sheet 
cross-flow NF setup, and the effective membrane area was 22.9 cm2. 
The membrane was firstly preconditioned in the feed for half an hour at 
10 bar, then the feed and permeation solutions were collected and the 
concentrations of them were determined through a total organic carbon 
analyzer (TOC-L/CPH, SHIMADZU, Japan). The rejection rate was 
calculated according to equation (1). Subsequently, a fitting curve was 
obtained according to the molecule weights of neutral solutes and their 
corresponding rejection rates. The MWCO of the membrane is the cor-
responding molecule weight of the solute when the rejection rate is 
above 90%. Since the solution concentration was low, the effect of 
concentration polarization was ignored. The relation between rejection 
rate and the stokes radius (rs) of neutral solute can be expressed by 
equation (2) [32], and the relation between rs and the molecule weight 
of neutral solute can be expressed by equation (3), [33]. After fitting the 
experiment data according to equation (2), the constant B and C were 
obtained. Then, the pores distribution of the membrane can be obtained 
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from the graph drawn according to equation (4), [32]. 

R=

(

1 −
CP

Cf

)

× 100% (1)  

where Cp, Cf and R correspond to the concentration of permeate solution 
(mg/L), the concentration of feed solution (mg/L) and the rejection rate 
of the target solute (%), respectively. In this work, the concentration 
polarization phenomenon of membrane separation procedure was 
neglected, and the rejection rate was referred to the observation rejec-
tion rate. 

F(rs)=R =
1

1 + (rs/B)C (2)  

logrs = − 1.3363 + 0.395logMw (3)  

f (rP)=
dR
drp

= −
C
B

(rP

B

)C− 1 1
(

1 +
(
rp
/

B
)C
)2 (4)  

where rs, Mw and rp refer to the stokes radius (nm) of the neutral solute, 
the molecule weight (Da) of the neutral solute and the radius (nm) of 
membrane pore, respectively. B and C are both constants. 

2.5. Membrane separation performance 

The membrane flux and rejection rate were tested by the NF setup 
mentioned in 2.4. After the membranes were preconditioned under 10 
bar for half an hour, the separation performances of all the membranes 
became steady and then the data were recorded under 6 bar. The 
rejection rate of MgCl2 was used to represent the multivalent cations 
rejection ability of the NFM while rejection rates of MgSO4, Na2SO4 and 
NaCl were also tested as comparisons. The feed concentration of NaCl 
was 1000 mg/L while that of other salts were all 2000 mg/L. An elec-
trical conductivity meter (DDSJ-308A, Shanghai Leici Instrument 
Works, China) was utilized to determine the salt concentrations, and the 

salt rejection rate was calculated following equation (1) while the 
membrane flux and the permeance were calculated through equations 
(5) and (6), respectively. 

F =
V

A × t
(5)  

P=
F

ΔP
(6)  

where F, V, A and t refer to the water flux of membrane (L/(m2⋅h)), feed 
volume (L), the effective area of the membrane (m2) and the time (h) to 
filtrate a certain volume feed, respectively. ΔP (bar) represents the 
pressure difference of the two sides of the membrane, and ΔP is the 
operating pressure when ignoring the permeate pressure difference. P 
represents the permeate flux of the membrane (L/(m2⋅h⋅bar)). 

2.6. Acid stability test 

Since the real acidic wastewater always had a high temperature, the 
evaluation of the acid stability of the ARNFM was performed in 3 wt% 
HCl at 50 ± 1 ◦C for 72 h. Additionally, the influence of this soaking 
condition on the ARNFMs was considerable with soaking in 3 wt% HCl 
at 25 ± 1 ◦C for 1800 h. After soaking in acid, the membrane was 
washed with deionized water for several times, and then the membrane 
separation performance and the membrane structures were evaluated 
and analyzed as mentioned in 2.3–2.5. 

3. Results and discussion 

3.1. Membrane characterization 

As shown in Fig. 2, there were many observed pores in PES ultra-
filtration membrane. But after interfacial polymerization of PEI and CC, 
the pores were obviously covered by the polyamine selective layer, 
which indicated the successful fabrication of polyamine NFM. As shown 
in Fig. 2b, the membrane surface was relatively clean. But after CA post- 
treatment, all the membrane morphologies obviously changed 
(Fig. 2c–f). It seemed that the surfaces of the membranes were all 
covered by something, which distributed unevenly. It was because one 
CA molecule contains three carboxyl groups and one hydroxyl group, 
which could react with the NH2

+/NH3
+, –NH/-NH2 and –OH groups of 

the NFM, forming compounds through ionic bond and/or proton-amine- 
carboxylic ligand complexes [34–36] and/or esters [37,38] under the 
certain conditions, as shown in Fig. 1. What’s more, the CA treatment at 

Fig. 1. The fabrication process of dually charged polyamine ARNFM based on PEI and CC with CA post-treatment.  

Table 1 
The characteristics of five different neutral solutions under 25 ◦C.  

Neutral solutions Glycerol Glucose Sucrose Raffinose α-cyclodextrin 

Molecule weight 
(Da) 

62.07 180.16 342.30 504.44 972.86 

rs (nm) [32] 0.235 0.358 0.449 0.575 0.693  
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high temperature would not only affect the morphology of the substance 
(higher polymerization degree), but also make the substance distribute 
more unevenly. It was because the high temperature environment 
accelerated the activity of CA molecules, resulting in the more violently 
reaction between CA and the groups of membrane surface, and hence 
leading to the unevenly distribution of the substances. When CA treat-
ment temperature reached 75 ◦C, the surface of the ARNFM appeared 
some defects (under the chemical substance). The defects would lead to 
the salt rejection decline of the membrane. 

As shown in the FTIR spectra in Fig. 3, after the interfacial poly-
merization, it was quite obvious that a wide peak at 3100–3500 cm− 1 

appeared. This wide peak was ascribed to the stretching vibration of 
N–H in PEI and the stretching vibration of O–H from hydroxyl group in 
CC [39]. Besides, the absorption peak in 1538 cm− 1 was corresponding 
to the bending vibration of N–H in amino and the stretching vibration of 
C–N [30,40]. What’s more, the typical absorption peaks of CC could also 
be observed at 720 cm− 1 and 1417 cm− 1 [4,19]. These observations can 
definitely illustrate the successful fabrication of the polyamine ARNFM 
based on PEI and CC. After the post-treatment with CA at 55 ◦C and 
75 ◦C, the absorption peak at 1735 cm− 1 appeared, which was assigned 

to the C––O ester bond [37,41,42]，and at the same time, the typical 
character peak of esters at 1040 cm− 1 was also strengthened [43]. But 
due to the short reaction time and the relatively low temperature, the 
content of esters was very low, leading to the weak adsorption peak in 
FTIR. It illustrated that there were esters covered on the membrane 
surface after the CA post-treatment. 

The C1s and N1s XPS spectra of membranes are shown in Fig. 4 and 
Fig. 5. It was obvious that the C1s spectra of the membranes could be 
divided into four or five peaks with different binding energy. The 
binding energies of C1, C2, C3, C4 and C5 were 284.8 eV, 285.5 eV, 286.3 
eV, 287.8 eV and 289.0 eV, respectively, which represented the C in 
C–C/C–H, C–N, C–O, N–C––N/N–C––O and O–C––O, respectively. Be-
sides, as shown in Fig. 5, the N1s spectra of PES ultrafiltration membrane 
was a single peak (C–N–H), while the N1s spectra of all the dually 
charged polyamine ARNFMs could be divided into two or three peaks. 
The binding energies of N1, N2 and N3 were 398.5 eV, 399.6 eV and 
401.2 eV, respectively, which represented the N in C–N––C, C–N–H and 
NH2

+/NH3
+, respectively. 

As shown in Fig. 4a, PES ultrafiltration membrane was mainly con-
sisted of C–C/C–H. But after interfacial polymerization, the content of C2 
and C4 increased obviously due to the introduction of PEI (C–N) and CC 
(N–C––N). Moreover, the N/C ratio of the membrane surface also rose 
after interfacial polymerization (Table S2), corresponding to the previ-
ous work results. After CA post-treatment, the C2/C4 ratio of the ARNFM 
surface decreased because of the CA treatment washed out some oligo-
mers. Additionally, the oligomers were mainly consisted of PEI, since N/ 
C ratio increased after CA treatment (PEI: N/C = 0.5, CC: N/C = 1). 
Besides, after CA post-treatment at 25 ◦C, the N2/N1 ratio of the mem-
brane decreased a lot from 2.81 to 2.05, it further verified the losing of 
the low molecule weight polymers. In addition, the CA treatment would 
introduce many H+ ions, attributing to the protonation of imine and 
amino, which led to the appearance of N3 peak (Fig. 5). After CA 
treatment at high temperature (55 ◦C and 75 ◦C), C5 peak (O–C––O) 
appeared on the membrane surface. It was because high temperature 
would accelerate the esterification reaction between –COOH of CA and 
–OH hydrolyzed from -Cl of CC [4,38], which was corresponding to the 
FTIR results (Fig. 3). Furthermore, the effect of high CA post-treatment 
temperature on the membrane was twofold. On the one hand, the pores 
of the ARNFM became larger, making the CA molecules to diffuse into 
the inner part of the selective layer more easily, and then making more 
imine and amino groups to be protonated (N3 content rosed with the 
increasing of CA treatment temperature). The protonated imine and 
amino (NH2

+ and NH3
+) groups would have electrostatic effect with the 

Fig. 2. SEM pictures PES ultrafiltration membrane and ARNFMs before and after treated with 1.5 mol/L CA under different temperature: a) PES; b) without CA 
treatment and treated with CA c) at 25 ◦C; d) at 55 ◦C; e) and f) at 75 ◦C. 

Fig. 3. FTIR spectrum of PES ultrafiltration membrane and dually charged 
polyamine ARNFMs. 
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carboxyl groups of CA molecules to form ionic bond and coordination 
bond [34,35,44]. On the other hand, the high temperature would pro-
mote the reaction between carboxyl and hydroxyl groups. As a result, 
more CA molecules were introduced onto the membrane surface, which 
also accounted for the higher C5 content at higher post-treatment tem-
perature. Moreover, the contents of -Cl had no significant difference 
before and after CA post-treatment (Table S2), suggesting that the CA 
would not induce the hydrolyzation of -Cl into –OH, which was quite 
different from the effects of HCl and HNO3 on the polyamine ARNFM [4, 
18]. 

As shown in Fig. 6, the pristine dually charged ARNFM was nega-
tively charged in 1 nmol/L KCl, and the surface zeta potential was 
around − 11 mV. After the CA post-treatment, the negativity of the 
membrane surface increased, and the increase extent was related to the 

post-treatment temperature. Higher post-treatment temperature intro-
duced more CA molecules as previously mentioned, each of which 
contains three carboxyl groups and one hydroxyl group that signifi-
cantly intensified the negativity of the membrane surface. The IEP of the 
ARNFM also lowered down after the CA post-treatment (Fig. S1). Be-
sides, the CA post-treatment enhanced the membrane hydrophilicity, 
since carboxyl and hydroxyl groups were both hydrophilic groups. The 
contact angle test results also proved that (Fig. S2). 

3.2. The effects of CA treatment on membrane separation performance 

3.2.1. The effects of CA concentration and treatment time 
As shown in Figs. 7–8, the rejection order for four inorganic salts of 

this polyamine ARNFM was as follow: MgCl2 > MgSO4 > NaCl >

Fig. 4. C1s XPS spectra of PES and dually charged polyamine ARNFMs before and after CA post-treatment.  

Fig. 5. N1s XPS spectra of PES and dually charged polyamine ARNFMs before and after CA post-treatment.  
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Na2SO4, which was the same as the reported positively charged NFMs 
[45,46]. Combining with this salt rejection result and the negatively 
charged membrane surface (Fig. 6), it can be concluded that this ARNFM 
was a dually charged ARNFM, which owned a selective layer with 

opposite charged sides [18]. As the dually charged ARNFM prepared via 
this method had a much looser outside layer, the positively charged side 
(inner part) of this ARNFM played a dominant role in separating inor-
ganic salts. Because of the electrostatic interaction, the ions near the 
inner side of the selective layer were anions (Cl− and SO4

2− ). Since a 
SO4

2− ion has two negative charges while a Cl− ion only has one 
negative charge, the ARNFM had a stronger attraction to SO4

2− than Cl− . 
Hence, this membrane exhibited lower rejection rates for sulfates than 
chlorides (MgSO4 < MgCl2 and Na2SO4 < NaCl). In a similar way, since 
Mg2+ ion has two positive charges while Na + ion only has one positive 
charge, the membrane had a stronger repulse force for magnesium salts 
than sodium salts (MgCl2 > NaCl and MgSO4 > Na2SO4). Therefore, this 
dually charged polyamine ARNFM exhibited the salt rejection order as 
MgCl2 > MgSO4 > NaCl > Na2SO4, finally. 

At room temperature, with the CA post-treatment time increasing, 
the Na2SO4 rejection rate of the ARNFM kept going down and the NaCl 
rejection rate of the ARNFM decreased at first and then tend to be stable 
(Fig. 7). It was because the CA treatment would clear away some olig-
omers covered on the membrane surface, enlarging the membrane small 
pores and hence strengthened the effect of size exclusion. That was also 
proved by the change of membrane pores distribution before and after 
CA post-treatment (Fig. S3). Though the CA post-treatment would 
enhance the negativity of the membrane surface and strengthen the 
electrostatic repulse force to SO4

2− , the Na2SO4 and NaCl rejection rate 
of the NFM still decreased due to the loose outer separating layer and the 
increase number of large pores. In addition, enlarging of the membrane 
pores and enhancing of membrane hydrophilicity resulted in the in-
crease of membrane permeance. After treated with 1.5 mol/L CA for 30 
min, the membrane flux in 2000 mg/L MgCl2 enhanced from 1.7 to 5.5 

Fig. 6. The surface Zeta potential of the dually charged polyamine ARNFMs 
treated with CA under different temperature. 

Fig. 7. The effects of CA treatment time on dually charged polyamine ARNFM separation performance: a) salt rejection and b) membrane flux.  

Fig. 8. The effects of CA treatment concentration on dually charged polyamine ARNFM separation performance: a) salt rejection and b) membrane flux.  
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L/(m2⋅h) and the magnesium salts rejection of the membrane was also 
improved. On the one side, it was because the CA post-treatment at room 
temperature have little impact on the inner part of the separating layer 
(positively charged). The positively charged layer contributed to the 
high rejection rates for magnesium salts (a low salt permeance), and the 
enlarged pores contributed to a higher water permeance, which led to 
the higher objective rejection rates for magnesium salts. On the other 
side, the outer part of the separating layer became looser due to the CA 
post-treatment (washed out some oligomers), and hence weakened the 
concentration polarization phenomenon in the inner part of the sepa-
rating layer, which led to the little increase of rejection rates of mag-
nesium salts in the reverse. 

As shown in Fig. 8, the CA post-treatment concentration also affected 
the separation performance of the dually charged polyamine ARNFMs. 
As the CA concentration increased, the ARNFM had a little increase in 
rejection for four inorganic salts. It was because in the condition of low 
CA concentration and room temperature, CA molecules were difficult to 
diffuse into the inner part of separating layer. When the CA concentra-
tion increased, CA molecules would have more opportunities to react 
with the imine and amino groups on the separating layer. Moreover, 
high CA concentration would promote CA molecules to diffuse into the 
inner layer of the membrane separating layer and react with more 
groups, shrinking the membrane pores. In addition, due to the dense 
separating layer (MWCO <300 Da), the enhancement of water per-
meance was more than that of salt permeance, which may also 
contribute to the increase of the rejection rates of four inorganic salts to 
some extent. 

3.2.2. The effect of CA post-treatment temperature 
The post-treatment temperature of CA had a big influence on the 

dually charged ARNFM separation performance (Fig. 9). When CA post- 
treatment increased from 25 ◦C to 75 ◦C, MgCl2 and MgSO4 rejection 
rate kept stable at first and then decreased a little, but NaCl and Na2SO4 
rejection rate kept decreasing. At the same time, the membrane flux in 
all salt solutions kept increasing with the rosing of treatment tempera-
ture. It was because with the treatment temperature increasing, CA 
molecules were easier to diffuse into the inner part of the separating 
layer, removing off most of the oligomers, and hence enlarged the 
membrane pores (Fig. S3c). But meanwhile, the high temperature con-
dition would promote CA molecules to react with the groups on the 
membrane surface, and the reactant covered some pores of the mem-
brane, which would result in the increase of the membrane hydrophi-
licity. In conclusion, the salt rejection rate and flux of the dually charged 
ARNFM would be affected by these two synergistic effects in the high 
temperature condition. When the CA post-treatment temperature was 
too high (75 ◦C), the integrity of membrane would be damaged (Fig. 2f), 
leading to the decline of all the salts rejection rates and the rise of the 
membrane flux. In addition, this ARNFM exhibited different change 

trend in rejection for magnesium salts and sodium salts, which was 
mainly linked to the different dominant ion of these four salts. The 
dominant ion of a symmetry salt is the one had the same charge with the 
membrane surface (co-ions), and the dominant ion of asymmetry salt is 
the one had a higher valence [47]. Thus, when the inorganic salt passed 
the outer layer of the separation layer to the inner layer (positively 
charged), the governed ion of MgCl2, MgSO4, Na2SO4 and NaCl was 
Mg2+, Mg2+, SO4

2− and Na+, respectively. 
When the CA post-treatment temperature was not higher than 65 ◦C, 

the ARNFM had a strong electrostatic repulsion to Mg2+ ions. Thus, the 
rejection rate for MgCl2 and MgSO4 had no significant change though 
the membrane pores became larger due to the post-treatment. In addi-
tion, the enlarged membrane pores and the increase of membrane hy-
drophilicity greatly contributed to the enhancement of membrane flux. 
With the CA post-treatment temperature rose from 25 ◦C to 65 ◦C, the 
membrane flux in 2000 mg/L MgCl2 increased from 5.5 to 13.8 L/ 
(m2⋅h), which was 8.1 times of the pristine ARNFM (1.7 L/(m2⋅h)). 
However, since Na+ ion is a monovalent ion (dominate in NaCl), the 
inner layer of the separating layer had a weaker electrostatic repulsion 
to Na + ion than that to Mg2+. Moreover, the inner separating layer also 
had a relatively strong electrostatic attraction to SO4

2− (dominate in 
Na2SO4), hence the size exclusion effect exhibited a bigger influence on 
the rejection performance for sodium salts than magnesium salts. 
Therefore, with the CA treatment temperature rising, the effect of size 
exclusion became more and more obvious, leading to the decline 
rejection rates for NaCl and Na2SO4 of the ARNFM. Additionally, the 
separation performance in acidic condition of the polyamine ARNFMs 
and two commercial ARNFMs (AMS-A3012 and Vontron-Acidstab) were 
further compared (Fig. S9). The ARNFMs exhibited a comparable sep-
aration performance with the commercial ARNFMs. The ARNFM post- 
treated with CA at 65 ◦C exhibited a high Fe(II) rejection rate of 
91.2% and the highest membrane permeability, which was because of 
the existence of large pores in membrane. 

When the CA post-treatment temperature reached at 75 ◦C, the 
rejection rates of the ARNFM for the four salts were all declined and the 
membrane flux rose up largely. It was because high treatment temper-
ature damaged the NFM surface structure, resulting in some defects on 
the membrane surface (Fig. 2f). As shown in Figs. S3–S4, the MWCO of 
the ARNFM treated with 75 ◦C CA increased and the amounts of large 
pores were more than other ARNFMs, which further proved the above 
conclusion. However, there still were a large amount small pores in the 
separating layer (Fig. S3c). It suggested that high CA post-treatment 
temperature resulted in the defects of the membrane, but the reactant 
generated by carboxyl groups of CA and hydroxyl/amino groups would 
cover on the membrane pores, which lessened the damage caused by the 
excessive high temperature. 

Fig. 9. The effects of CA treatment temperature on dually charged polyamine ARNFM separation performance: a) salt rejection and b) membrane flux.  
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3.3. The influence of CA post-treatment on the acid stability of membrane 

To further understand the influence of CA post-treatment on the 
dually charged polyamine ARNFM, the acid resistant ability, salt rejec-
tion performance and membrane flux of the ARNFMs before and after 
CA post-treatment under different temperature were investigated 
mainly. 

As shown in Fig. 10, except for the ARNFM post-treated with CA at 
75 ◦C, the salt rejection of the ARNFMs post-treated with CA had a 
similar descend trend and extent with the pristine ARNFM as the soaking 
time grew in 3 wt% HCl at 50 ◦C. Meantime, all the ARNFMs treated 
with CA exhibited a higher flux than the pristine ARNFM. Moreover, it 
was obvious that soaking in HCl for 72 h had little effect on the salt 
rejection rates of the ARNFMs with and without being treated in CA 
solution. After soaking in acid for 72 h, the MgCl2 rejection rates of the 
ARNFMs descended a little after the CA post-treatment, which were still 

all higher than 93.8% as well as higher than the pristine ARNFM 
(92.7%). At the meantime, the rejection rates for other salts of the 
ARNFMs after CA treatment were all a little lower than the pristine 
ARNFM, among which, the ARNFM post-treated with 65 ◦C CA exhibited 
the lowest salt rejection rates (76.2% for MgSO4, 74.5% for NaCl and 
38.4% for Na2SO4). Compared with other ARNFMs, the ARNFM treated 
with 75 ◦C CA exhibited the largest decline in salt rejection rates and a 
markedly rise in flux. It was caused by the excessive high treatment 
temperature as mentioned before. But as shown in Fig. 10f, the 
normalized flux of the pristine ARNFM had the biggest increase among 
the NFMs, which suggested that the CA post-treatment would weaken 
the influence of the HCl on membrane surface and protect the membrane 
to some extent. 

As shown in Fig. S5, after soaking in HCl for 72 h, the pristine 
ARNFM had a significant change in membrane pores distribution, and 
the mean value of the membrane pore radius was increased from 0.2 to 

Fig. 10. The effects of soaking time on the separation performance of the ARNFMs before and after CA post-treatment under different temperature (3 wt% 
HCl, 50 ◦C). 
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0.3 nm. The ARNFMs post-treated with CA had a little change in 
membrane pores distribution and MWCO. It was obvious that the 
number of large pores increased, and at the same time, there also existed 
some smaller pores in the membrane separating layer than the pristine 
membrane. On the one hand, the presence of smaller pores was because 
CA molecules would react with reactive groups to form some reactant 
covered or in the membrane pores, which would weaken the influence 
on membrane structure from HCl. The FTIR spectra (Fig. 3) and XPS 
results (Figs. 4–5) also proved that. On the other hand, HCl with high 
temperature would accelerate the hydrolysis of the coordination com-
pounds and esters, leading to the expose of the membrane pores, which 
was further proved by the SEM images in Fig. 11. After soaking in HCl 
for 72 h, the membrane surface was much clearer than the pristine 
membrane, suggesting CA treatment would remove off the oligomers on 
the membrane surface. In addition, typical peaks of ester compounds at 
1735 cm− 1 and 1040 cm− 1 were both weakened (Fig. 12), which sug-
gests the hydrolysis of the ester substances among the acidic environ-
ment. As a result, the C–N bond and the amine groups in the polyamine 
membrane were exposed, leading to the strengthen of the absorption 
peaks of N–H and C–N stretching vibration at 1538 cm− 1 and 1620 
cm− 1, respectively. However, the typical peak of polyamine NFM at 720 
cm− 1, 1417 cm− 1, 1538 cm− 1 and 3100–3500 cm− 1 all had no signifi-
cant change, which indicates the CA post-treatment had no negative 
effects on the membrane acid stability. What’s more, the XPS results 
(Figs. S6–S7 and Table S2) also further proved the hydrolysis of esters 
and proton-amine-carboxylic ligand complexes and hence led to the 
losing of CA molecules, resulting in a concrete manifestation of the 
descend of C5 content, the narrowed of N3 FWHM and the decreased N/C 
ratio. Moreover, the losing of CA molecules also led to the descend of the 
membrane surface zeta potential (Fig. S8) and the increase of membrane 
surface contact angle (Fig. S2). 

In conclusion, due to the synergy of these two effects (removing of 
oligomers and reacting with active groups of the ARNFM), the mem-
brane flux was markedly enhanced. After soaking in acid, the membrane 
flux of pristine dually charged polyamine ARNFM was enhanced to 13.6 
L/(m2⋅h) while that of the ARNFM treated with 65 ◦C CA solution 
reached 32.1 L/(m2⋅h). It stated that an appropriate CA post-treatment 
could further enhance the membrane flux without sacrificing the acid 
stability and the rejection ability for multivalent metallic ions of the 
ARNFM. And the tight dually charged polyamine ARNFMs prepared in 
this work exhibited good characteristics compared with reported poly-
amine ARNFMs (Table S3). 

4. Conclusion 

In this study, the effects of CA post-treatment on the dually charged 
polyamine ARNFM was investigated. CA post-treatment had different 
effects on polyamine ARNFM with inorganic acid like HCl and HNO3. It 
helped to remove off oligomers and hence enlarge the membrane pores, 
but meanwhile, CA molecules reacted with active groups and the re-
actants would cover on the membrane surface leading to the shrinking of 
the membrane pores. The introducing of hydrophilic CA molecules and 
the enlarged pores contributed to the enhancement of membrane flux. 
The reactants weakened the bad impact of HCl on polyamine NFM. The 
higher the post-treatment temperature was, the more obvious the in-
fluence of CA on ARNFM separation performance were. Appropriate CA 
post-treatment improved the dually charged polyamine ARNFM flux 
without affecting the membrane rejection for multivalent metal ions and 
acid stability. After a 30-min post-treatment in 1.5 mol/L CA solution at 
65 ◦C, the MWCO of the dually charged polyamine ARNFM was still 
around 220 Da, but the membrane flux was enhanced from 1.7 to 13.8 L/ 
(m2⋅h) with high rejection rates for MgCl2 (97.6%) and MgSO4 (90.8%). 
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Fig. 11. SEM images of dually charged polyamine ARNFMs after soaking in 
acid (3 wt% HCl, 50 ◦C, 72 h). 

Fig. 12. FTIR spectra of dually charged polyamine ARNFMs after soaking in 
acid (3 wt% HCl, 50 ◦C, 72 h). 
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