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Abstract

Although the tertiary amide bonds are quite stable to oxidants, the typical 

polypiperazine-amide (PPA) nanofiltration membranes (NFMs) were still reported to 

be susceptible to chlorine degradation. However, the understanding of the chlorination 

mechanism and the chlorine-induced separation performance evolution of the PPA 

NFMs still remains incomplete, significantly limiting the development of chlorine-

resistant NFMs. In this work, two types of self-made PPA NFMs with different 

physicochemical structures and separation performance were employed to investigate 
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the chlorination processes. The regeneration behaviour of the chlorinated PPA NFMs 

was studied for the first time. Our results showed that the deterioration of the PPA 

separating layer upon chlorine exposure follows two pathways: reversible chlorine 

substitution and oxidation of the un-crosslinked -NH groups. Part of the -NCl groups 

could be reduced to -NH groups during the regeneration process. No cleavage of 

tertiary amide bonds in the PPA polymer occurred. Separation performance evolution 

of the PPA NFMs after chlorination or regeneration was mainly induced by the 

variation of -NH group content in the PPA separating layer. The loss of -NH groups 

after chlorination and reformation of -NH groups after regeneration could not only 

affect the density of the PPA separating layer through hydrogen bonds but also the 

electrostatic interaction between the PPA separating layer and ions. Additionally, the 

regenerated PPA NFMs showed good stability under elevated pressure or continuous 

filtration.

Keywords: Chlorination; Polypiperazine-amide; Nanofiltration membranes; 

Regeneration

1. Introduction

Thin-film composite (TFC) polyamide (PA) membranes fabricated through 

interfacial polymerization (IP) on the porous substrate are widely used for 

desalination and water purification [1-3]. Most commonly, fully aromatic PA 

separating layer formed by IP of m-phenylenediamine (MPD) and trimesoyl chloride 



3

(TMC) is used for reverse osmosis (RO) (Fig. 1a), and semi-aromatic PA separating 

layer prepared by IP of piperazine (PIP) and TMC is used for nanofiltration (NF) (Fig. 

1b) [4-7]. 

Fig. 1. IP of MPD (a) and PIP (b) with TMC, respectively.

However, the PA-based TFC membranes are sensitive to degradation by 

chlorine, which is commonly used as a disinfectant or membrane-cleaning agent in 

pre-treatment processes [8]. Understanding the chlorination mechanism and the 

chlorine-induced separation performance evolution of the TFC PA membranes are 

therefore of paramount importance in chlorine-tolerance prediction of existing 

membranes and designing chlorine-resistant membranes. Over the past decades, 

numerous studies have focused on this issue and most of them used the fully aromatic 

PA TFC membranes as research objects [9-10]. Currently, it is generally accepted that 

the deterioration of PA separating layer upon chlorine exposure follows a two-step 

electrophilic substitution, including a reversible N-chlorination of the amide -NH 

group to -NCl group, and subsequently an irreversible ring-chlorination via Orton 
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rearrangement [11]. Since there is no amidic hydrogen in the tertiary amides (Fig. 1b), 

the polypiperazine-amide (PPA) nanofiltration membranes (NFMs) were thus 

considered have better chlorine resistance compared with the MPD-based TFC 

membranes [12-13]. 

However, the separation performance of PPA NFMs was still reported to be 

damaged by chlorine exposure but previous observations and explanations appeared 

to be divergent [14-20]. Some studies reported a decreasing rejection and increasing 

water permeation after the PPA NFMs being treated with hypochlorite. This was 

attributed to the chlorine attack on the residual -NH groups in the PPA separating 

layer, or amide bond cleavage [15-16]. In other studies, the decline of water 

permeation accompanied with an increase or decrease of rejection was observed 

depending on the chlorination intensity or type of solutes. Such separation 

performance degradation has been attributed to the decrease in surface hydrophilicity, 

the change in charge property, the conformational deformation and the chain 

tightening [14, 17-20]. Hence, a systematic study is needed to further understand the 

chlorination mechanism and the chlorine-induced separation performance evolution of 

the PPA NFMs.

The inconsistent research results on the chlorination of PPA NFMs are 

presumably caused by the raw membrane materials used in the experiment. According 

to the previous studies, the chlorine resistance performance of PA separating layers 

depends strongly on their physicochemical structure, such as chemical composition 

and degree of network crosslinking [21]. More specifically, the separation 
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performance evolution of PPA NFMs after chlorine exposure was reported to be 

triggered by the chlorine substitution of the hydrogen atom on the un-crosslinked -NH 

groups in the PPA separating layers [17-18]. Most of the previous studies used the 

commercial membranes like NF270 (Dow-Filmtec) or self-made membranes prepared 

under an optimised condition to investigate the chlorination process of PPA NFMs 

[15-19]. The preparation conditions and modification technologies would affect the 

final physicochemical structure of PPA separating layers, thus possibly affect the 

conclusions of PPA NFMs chlorination studies. 

Furthermore, the solutes employed in membrane separation performance 

evaluation would also affect the research results. Unlike the dense RO membranes, 

the separation performance, particularly the salts rejection, of the relatively loose 

NFMs is significantly influenced by its charge properties, which are commonly 

determined by the content of -NH and -COOH groups in the separating layer [22-24]. 

The loss of the dangling -NH groups in the PPA separating layer results in a more 

negatively charged separating layer which tends to exhibit higher rejection to anions 

and lower rejection to cations [25]. Hence, opposite trends might be observed in the 

change of rejection when different salts were used in the separation performance tests. 

In addition, due to the reversible chlorine substitution on the -NH groups, the 

separation performance of the chlorinated PPA TFC membranes might be partially 

recovered [21]. However, to the best of our knowledge, the reversibility of the PPA 

NFMs chlorination process has never been investigated.

In light of the above issues, herein, two types of self-made PPA NFMs (NF-A 
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and NF-B) with different physicochemical structure (see part 2.2, membrane 

preparation) and separation performance were employed to investigate the 

chlorination processes of PPA NFMs. Continuous filtration experiments of the 

chlorinated PPA NFMs were conducted to study its regeneration behaviour. To clarify 

the chlorination mechanism, physicochemical structure and surface properties of the 

pristine membranes, chlorinated membranes, and chlorinated membranes after 

continuous filtration or regeneration were analysed by X-ray photoelectron 

spectroscopy (XPS), attenuated total reflection-fourier transform infrared 

spectroscopy (ATR-FTIR), zeta potential, water contact angle (WCA), field emission 

scanning electron microscopy (FESEM), and atomic force microscopy (AFM). To 

systematically elucidate the chlorine-induced membrane separation performance 

evolution, water flux and rejection variation to neutral solute (glucose) and four 

typical salts (Na2SO4, MgCl2, MgSO4, NaCl) after chlorine exposure and regeneration 

were determined and correlated with membrane chemical structure changes probed by 

the aforementioned characterization methods. The structural stability of the 

regenerated PPA NFMs was also evaluated. 

2. Experimental section

2.1. Chemicals and Materials

Poly (vinyl chloride) (PVC) hollow fibre ultrafiltration membrane (Shenzhen 

Chengdelai Industry Co. Ltd., China) with a molecular weight cut-off of ~100 kDa 

was used as substrate. Membrane modules (Fig. S1a) were prepared according to our 
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previous study [26]. Anhydrous PIP (99.0 %) was purchased from Tianjin Kemiou 

Chemical Reagent Co. Ltd. (China) and TMC (99.0 %) was obtained from J&K 

Scientific Co. Ltd. (China). n-Hexane obtained from Tianjin Yingda Rare Chemical 

Reagents Factory (China) was used as organic phase solvent. Sodium hypochlorite 

(NaClO) solution with 10.0 wt.% free chlorine was procured from Tianjin Fengchuan 

Chemical Reagent Science And Technology Co. Ltd. (China). Other chemicals, 

including hydrochloric acid (HCl, ~37.0 wt.%), glucose, Na2SO4, MgCl2, MgSO4, and 

NaCl were obtained from Tianjin Guangfu Technology Development Co. Ltd. 

(China). All the chemicals were used without further purification. Deionized (DI) 

water was produced by a water purification system (RO50-1, Qlife, China).

2.2. Membrane preparation

As aforementioned, chlorine resistance performance of the PPA separating layer 

could be significantly influenced by its physicochemical structure such as -NH group 

content and degree of network crosslinking. To avoid the influence of 

physicochemical structure difference of PPA layer on the chlorination research 

results, two typical PPA NFMs with different physicochemical structure were 

prepared via manipulating the monomer concentration according to our recent work 

[26]. The key preparation parameters are presented in Table 1. As shown in Fig. 2, 

NF-B prepared under relatively high concentration ratio of PIP/TMC possesses a PPA 

separating layer with Janus configuration. -NH group content in the back surface 

(facing the substrate) of PPA separating layer of NF-B is higher than that of NF-A. As 
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a result, NF-B has a dually charged PPA separating layer while that of NF-A is mono-

negatively charged. In addition, NF-B possesses a dense PPA separating layer with a 

higher degree of network crosslinking than that of NF-A (Table S1). The schematic 

diagram of the PPA NFMs preparation process is described in Fig. S1b, PIP aqueous 

solution was introduced through the lumen side of hollow fibre membrane for 5 min. 

Then the excess PIP solution and droplets on the membrane inner surface were 

removed by air sweeping. After that, the impregnated PVC support membrane module 

was carefully placed in TMC-hexane solution and left to stand for 2 min. The 

prepared membranes were dried at 25 °C for 15 min and then rinsed with and 

preserved in DI water.

Table 1 Key preparation parameters of the NFMs used in this work.

Membranes
PIP concentration 

(%)
TMC concentration 

(%)
Reaction time 

(s)
Organic phase 

temperature (°C)

NF-A 0.3 0.3 120 0

NF-B 1.0 0.1 120 0

Fig. 2. Configurations of NF-A and NF-B.
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2.3. Membrane chlorination and regeneration

The chlorination was performed by soaking the membrane modules (rinsed by 

DI water before) in NaClO solutions (25±1 °C) for 1 hour. An extremely high NaClO 

concentration of 2000 mg·L-1 was chosen to accelerate the degradation process in the 

laboratory. Since the PPA NFMs are commonly used in a neutral circumstance, the 

NaClO solutions were adjusted to pH=7 with HCl and NaOH. Samples after 

chlorination were rinsed by DI water to remove the absorbed chlorine prior to further 

treatments or measurements.

In order to investigate the regeneration behaviour of the chlorinated PPA NFMs, 

continuous filtration experiments were performed. Water flux and rejection were 

measured and normalized by the initial value at certain time intervals until the water 

flux reached a steady state. It is worth noting that regenerated membrane samples for 

characterization were all prepared upon continuous filtration with DI water for 5 

hours under an operation pressure of 0.35 MPa. 

2.4. Membrane characterization

ATR-FTIR and XPS analysis were carried out to study the chemical information 

changes after chlorination and regeneration. The XPS (K-alpha, Thermo Fisher, USA) 

measurements were performed on a Quanta 200 spectrometer using monochromatized 

Al Kɑ radiation at 1486.6 eV. ATR-FTIR spectra were collected using a Vector-22 

spectrometer (Nicolet iS50, Thermo Fisher, USA) with Zinc Selenide (ZnSe) as an 

internal reflection element at an incident angle of 45°. Each spectrum was collected 
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by the accumulation of 16 scans at a resolution of 4 cm-1. It should be noted that the 

ATR-FITR analyses in previous studies were performed on the composite membranes 

rather than the PPA separating layers [27-28]. To clearly determine the variation of -

NH groups and hydrogen bonds in the PPA polymer after chlorination and 

regeneration, free-standing PPA films were prepared by IP at the bulk liquid surface 

and used to conduct the ATR-FTIR measurements. Detailed preparation and treatment 

processes of the samples were described in the supplementary material (Fig. S2). 

Charge properties of samples were detected using an electrokinetic analyser 

(SurPASS, Anton Paar, Austria) [24]. Fibres were immobilized in a module in 

advance to analyse the charge properties of membrane inner surface. WCA was 

measured by a contact angle instrument (SPCA, Hake Test Instrument, China) at 

room temperature. DI water droplets (about 5.0 μL) were deposited on the membrane 

surface and the images were captured 3 seconds later. For the measurement, at least 

five parallel membrane samples were selected, and five random locations were tested 

for each sample to get a reliable value. Morphologies and roughness of membrane 

surface were observed and analysed via FESEM (Gemini SEM500, ZEISS, Germany) 

and AFM (Agilent, S5500, USA), respectively. All hollow fibre samples were cut 

open and then flattened before the two measurements. The samples were sputter-

coated with gold prior to the FESEM observation.

2.5. Separation performance test

Separation performance of the hollow fibre NFMs was evaluated using a cross-
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flow nanofiltration system (Fig. S3). All water flux and rejection data were obtained 

under 0.35 MPa at 25 °C. The water flux (F, L·m-2·h-1) was calculated as follows:

                                                           (1)
tA

VF




where V, A, and t are the volume of permeated water (L), the valid membrane 

filtration area (m2), and the permeation time (h), respectively. Solute rejection (R, %) 

was calculated by using the following equation:

                                                 (2)%1001 
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where  and  (mg·L-1) are the solute concentration of the feed and permeate fC pC

solution, respectively. The concentration of electrolyte and neutral organic solute 

were measured with a conductivity meter (DDS-11A, Rex, China) and TOC analyzer 

(TOC-VCSH, Shimadzu, Japan), respectively.

3. Results and discussion

3.1. Chemical structure changes of PPA NFMs after chlorination and regeneration

Changes in chemical composition and bonding at the surfaces of the two selected 

PPA NFMs aroused by chlorination and regeneration were studied by XPS (Table 2). 

Newly uptake of chlorine after chlorination and apparent dechlorination after 

regeneration were observed for both two selected NFMs. The Cl/N ratio of the two 

chlorinated membranes was much less than 1, which was consistent with previous 

reports [17-18]. The small amount of incorporated chlorine should be attributed to the 

chlorine substitution of the un-crosslinked -NH groups in the PPA separating layer to 

-NCl groups. Dechlorination after regeneration is ascribed to that some -NCl groups 
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were reduced to -NH groups [21]. As aforementioned, NF-B membrane prepared 

under relatively high PIP concentration and low TMC concentration possesses a PPA 

separating layer with a higher content of -NH groups [26], which was supposed to be 

more vulnerable to chlorine attack. Interestingly, however, the amount of incorporated 

chlorine to the NF-B membrane was slightly smaller than that of NF-A membrane. 

This is due to that high levels of crosslinking improve the chlorine resistance (Table 

S1) [12]. 

Table 2 chemical composition changes of the surfaces of the two selected NFMs aroused by 
chlorination and regeneration.

Atomic composition (%)
Membranes

C N O Cl
O/N O/C

NF-A (Pristine) 73.60 9.70 16.70 0.00 1.72 0.23

NF-A (After chlorination) 69.90 10.20 17.70 2.20 1.73 0.25

NF-A (After regeneration) 71.80 10.20 17.30 0.70 1.70 0.24

NF-B (Pristine) 73.60 10.90 15.50 0.00 1.42 0.21

NF-B (After chlorination) 70.40 9.50 18.30 1.80 1.93 0.26

NF-B (After regeneration) 72.00 10.00 17.20 0.80 1.72 0.24

In addition to chlorine content variation, the content of oxygen, O/N and O/C 

ratio increased after chlorination. Moreover, the oxygen content, O/N and O/C ratio 

exhibited distinct tendency of recovery after regeneration. For the polyamide layer, 

the increase of O/N ratio is commonly ascribed to the decrease of degree of network 

crosslinking. However, the tertiary amide bonds of the PPA layer are quite stable at 
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neutral pH levels [12]. Even if the amide bonds were hydrolysed to carboxyl and 

amine groups, polymerization reaction between these two groups is unlikely to occur 

in the ambient temperature DI water [29]. Hence, the amide bond cleavage is not a 

plausible mechanism to explain the oxygen content changes [18]. 

A possible mechanism accounting for the variation of oxygen content was 

described as follows (Fig. 3). Based on the oxidation mechanism of organic amine, 

the secondary amine would be oxidized to hydroxylamine, which increased the 

oxygen content in the PPA separating layer [30]. However, the hydroxylamine is 

unstable and tends to lose water to form imine-like species leading to the decrease of 

oxygen content [12, 31-32]. It should be noted that the oxidation would result in the 

cleavage of secondary amine linkages but not the tertiary amide bonds. 

Fig. 3. Possible chlorination mechanism of PPA NFMs.

The bulk chemistry changes occurring in the PPA polymer after chlorination and 

regeneration were studied via ATR-FTIR using the free-standing PPA film as analysis 

object. As shown in Fig. 4, the band intensity at 1608 cm-1 and 3390 cm-1 representing 
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the hydrogen-bonded C=O and -NH stretching [21], respectively, decreased after 

chlorination and partially recovered after regeneration. This result suggests that 

hydrogen bonds between -NH and C=O were damaged or weakened resulting from 

the chlorine substitution and oxidation of the un-crosslinked -NH groups after 

chlorination. Due to the reversibility of the chlorine substitution, part of the -NCl 

groups could be reduced to -NH groups and thus the -NH groups based hydrogen 

bonds would be partially reformed after regeneration. 

Fig. 4. ATR-FTIR spectra of Film-A and Film-B after chlorination and regeneration. The 
preparation parameters and treatment processes of Film-A and Film-B (Fig. S2) are similar to that 
of NF-A and NF-B, respectively. It was believed that the free-standing PPA film had similar 
physicochemical structure to the PPA separating layer prepared on support membrane.

3.2. Changes in NFMs surface charge property

The surface charge of NF-A and NF-B membranes before and after chlorination 

and regeneration is presented in Fig. 5. Both the NF-A and NF-B became more 

negatively charged after chlorination, which could be attributed to the decrease of -

NH group content caused by chlorine substitution and oxidation of the un-crosslinked 

-NH groups [21]. After regeneration, however, both the two membranes became more 
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positively charged at high pH value, which could be attributed to the reduction of -

NCl groups to -NH groups as described in Fig. 3. It is worth noting that zeta potential 

variation magnitudes with pH of the two regenerated membranes are different from 

that of pristine and chlorinated ones. This phenomenon might be ascribed to the 

formation of imine species after regeneration. 

Fig. 5. Zeta potential for pristine, chlorinated and regenerated PPA NFMs as a function of pH.

3.3. Surface morphology changes of PPA NFMs after chlorination and regeneration

Surface morphology of the pristine, chlorinated and regenerated PPA NFMs was 

examined by FESEM, as shown in Fig. 6. No physical damage like cracks or ruptures 

presented on the surfaces of chlorinated and regenerated PPA NFMs, further 

confirming that the tertiary amide bonds of PPA are quite stable upon chlorine 

exposure. However, notable morphology changes after chlorination and regeneration 

could be observed from the SEM images. For the NF-A membrane, wrinkled 

morphology appeared after chlorination and the wrinkles disappeared after 

regeneration. The chlorine-induced morphology changes might be explained by the 
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enhanced ductility of the PPA separating layer after chlorination due to the breakage 

of hydrogen bonds between polymer chains as confirmed by the ATR-FTIR 

measurement (Fig. 4) [18, 33-34]. After regeneration, some of the -NCl groups were 

reduced to -NH groups and thus new hydrogen bonds formed leading to the 

morphology recover. For the NF-B membranes, however, there are no observable 

wrinkled morphologies after chlorination which could be attributed to its dense PPA 

separating layer with a higher degree of network crosslinking (Table S1) [12].

Fig. 6. Top down SEM images of NFMs.
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3.4. Changes in NFMs surface wettability

WCA data presented in Table 3 shows that WCA of both the two NFMs 

decreased after chlorination and recovered after regeneration. The chlorine 

substitution process incorporated chlorine into the membrane surface which should 

lead to a more hydrophobic surface [35]. However, since hydroxyl group is more 

hydrophilic than amine groups due to its stronger electronegativity, the oxidation of 

secondary amine to hydroxylamine would increase the hydrophilicity of membrane 

surface [36]. In addition, according to the Wenzel model, for a hydrophilic surface, 

the hydrophilicity will be enhanced by the increased surface roughness (Fig. 6 and 

Fig. S5) [37]. After regeneration, the dechlorination and morphology recovery will 

lead to the recovery of surface wettability. Hence, the variation of wettability could be 

explicated by the competing effects of oxidation and reversible chlorine substitution 

of the -NH groups, and the induced surface roughness change.

Overall, changes of membrane surface physicochemical structure and property 

after chlorination and regeneration are well consistent with the proposed chlorination 

mechanism described in Fig. 3. 

Table 3 Water contact angle for pristine, chlorinated and regenerated PPA NFMs.

WCA (°) Pristine After chlorination After regeneration

NF-A 27.6±1.3 22.6±2.4 25.1±1.1

NF-B 48.7±2.8 36.6±3.5 53.0±3.9
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3.5. Separation performance evolution

Separation performance of the two pristine NFMs towards salts and neutral 

solute were evaluated, as shown in Table 4. The salts rejection order of NF-A 

membrane is Na2SO4 > MgSO4 > MgCl2 > NaCl, which indicates that the NFM 

surface is mono-negatively charged. In sharp contrast, The NF-B membrane exhibits a 

different salts rejection order of MgSO4 > MgCl2 > Na2SO4 > NaCl, which reveals 

that the PPA separating layer of this NFM is dually charged with a negatively charged 

top surface and a positively charged back (facing the substrate) surface [24, 26]. In 

addition, compared with NF-A membrane, the NF-B membrane shows higher 

rejection to glucose indicates that its PPA layer has a smaller pore size than that of 

NF-A membrane [38]. 

Table 4 Original separation performance of the two selected NFMs in this work.

R (%) F (L·m-2·h-1)
Solutes

NF-A NF-B NF-A NF-B

Na2SO4 95.4±0.9 89.4±1.9 50.4±1.1 38.5±0.3

MgCl2 25.0±1.8 97.8±0.8 56.9±1.2 40.7±3.2

MgSO4 91.4±1.9 99.0±0.5 57.5±0.5 42.1±1.8

NaCl 20.5±0.7 60.7±3.1 61.1±1.0 48.7±2.7

Glucose 67.9±2.0 84.6±2.5 57.5±1.5 45.5±1.2

Test conditions: Glucose concentration = 200 mg·L-1, divalent salts concentration = 1000 mg·L-1, 
NaCl concentration = 500 mg·L-1, 25 °C, 0.35 MPa.

After chlorination and regeneration, a series of interesting phenomena about 
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separation performance variation were observed. Change rate of rejection after 

regeneration were employed to demonstrate the rejection performance variation 

induced by chlorination and regeneration, as shown in Fig. 7. 

Fig. 7. Change rate of rejections of the selected PPA NFMs after chlorination and regeneration.

From Fig. 7 we can see, rejections to Na2SO4 and glucose increased while 

rejections to MgCl2 decreased for both the two PPA NFMs after chlorination and 

regeneration. This phenomenon can be explained as follows: after chlorination, 

content of -NH groups in the PPA separating layer decreased and thus the hydrogen 

bonds based on the -NH groups destroyed (Fig. 4) leading to the structural 

compression of the PPA chain network under relatively high pressure, which could be 

confirmed by the increased glucose rejection. In addition, the decrease of -NH group 

content would weaken the electrostatic repulsion effect between the PPA separating 

layer and cations leading to the decrease of MgCl2 rejection, although the PPA 

separating layer became denser. Meanwhile, the decrease of -NH group content would 

also weaken the electrostatic attraction effect between the PPA layer and anions, thus 

contributing to the increase of Na2SO4 rejection [39-40]. It is worth noting that 
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proceeding proper chlorination treatment to the PPA NFMs might be a facile method 

to improve both the divalent anions rejection and the separation ratio of divalent 

anions to cations.

More interestingly, there are some different separation performance changes 

between NF-A and NF-B membranes. The rejection order of NF-B membrane after 

chlorination changed to MgSO4 > Na2SO4 > MgCl2 > NaCl which could be attributed 

to that the dually charged PPA separating layer of NF-B became mono-negatively 

charged after chlorination [24]. Additionally, rejection of NF-A membrane to MgSO4 

and NaCl increased after chlorination and regeneration while that of NF-B decreased. 

As aforementioned, the chlorinated PPA separating layers of both the two membranes 

are easy to be compressed, which would enhance the size sieving effect and lead to 

the increase of solutes rejection. However, the electrostatic repulsion between cations 

and -NH groups in the PPA separating layer plays a crucial role in cations rejection of 

NF-B membrane [26]. Hence, the disappearance of the -NH groups would decrease 

the rejection of NF-B membrane to cations especially to the monovalent cations with 

small hydrated ionic radius like Na+.

Next, we investigated the separation performance evolution during the 

regeneration process of the chlorinated PPA NFMs. To identify the variation of 

separation mechanism of the chlorinated PPA NFMs including electrostatic 

interaction and size sieving during the regeneration process, water flux and solutes 

rejection (Na2SO4, MgSO4, MgCl2, NaCl and glucose) of chlorinated NF-A and NF-B 

membranes were measured and normalized by the initial value at certain time 



21

intervals. As shown in Fig. 8, water flux of both NF-A and NF-B membranes 

decreased after chlorination which should be attributed to the compression of PPA 

layer as described above. During the regeneration process, water flux of the two 

chlorinated PPA NFMs increased with increasing operation time and finally reached a 

stable value, while the variation of solutes rejection with operation time strongly 

depended on the types of membranes and solutes. The rejections of chlorinated NFMs 

to glucose are higher than that of pristine membranes indicates that the chlorinated 

NFMs possess denser separating layers. The glucose rejection of the chlorinated 

NFMs showed an overall decrease trend during the regeneration processes with 

increasing operation time until reaching stable values which are still higher than that 

of pristine membranes. This result indicates that the chlorinated PPA separating layer 

would recover loose step by step until reaching a stable state which still denser than 

the pristine one, further confirming that the hydrogen bonds between polymer chains 

could be partially reformed during the regeneration process. Meanwhile, as 

aforementioned, the reduction of -NCl groups to -NH groups would also affect the 

electrostatic interactions between ions and the PPA separating layer and thus affect 

the rejection to salts. Rejection to MgCl2 and MgSO4 of both the chlorinated NF-A 

and NF-B membranes increased gradually during the regeneration process due to the 

increasing electrostatic repulsion between Mg2+ and the PPA separating layer. For the 

salt of NaCl, rejection of both the membranes decreased during the regeneration 

process, which should be attributed to the recovery of conformation based on the -NH 

groups. Interestingly, rejection to Na2SO4 of both the two membranes almost 
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unchanged during the regeneration process, which could ascribe to the relatively large 

hydrated radius of SO4
2- [41]. In summary, the evolution of salts rejection of the 

chlorinated PPA NFMs during the regeneration process should be attributed to the 

variation of separation mechanism including the electrostatic interaction and size 

sieving effect, which is induced by the regeneration of -NH groups.

Fig. 8. Water flux and solutes rejection of the two chlorinated PPA NFMs varied with operation 
time. Test conditions: Glucose concentration = 200 mg·L-1, divalent salts concentration = 1000 
mg·L-1, NaCl concentration = 500 mg·L-1, 25 °C, 0.35 MPa.
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Fig. 8. (continued).

3.6. Structural stability evaluation of the regenerated PPA NFMs

The structural stability of the regenerated PPA NFMs was evaluated by examining 

its separation performance variation under improved operation pressure and 

continuous filtration. As shown in Fig. 9, water flux of the regenerated NF-A and NF-

B increased proportionally with increasing the operating pressure and the Na2SO4 

rejection also increased slightly. In the continuous filtration experiments, no obvious 

change of water flux and salt rejection was observed. These results indicate that both 

the two regenerated PPA NFMs possess good structural stability [42]. 
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Fig. 9. Structural stability evaluation of the regenerated NF-A and NF-B. Test conditions: Na2SO4 
concentration = 1000 mg·L-1, 25 °C, 0.35 MPa.

4. Conclusions

Two types of self-made PPA NFMs with different chemical composition, degree 

of network crosslinking, and separation performance were employed to investigate the 

chlorination mechanism and the chlorine-induced separation performance evolution of 

the PPA NFMs. The regeneration process of the chlorinated PPA NFMs was 

investigated for the first time. The data presented in this study suggest that the 

deterioration of PPA separating layer upon chlorine exposure mainly follows two 

pathways: reversible chlorine substitution and oxidation of the un-crosslinked -NH 

groups. Part of the -NCl groups could be reduced to -NH groups during the 
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regeneration process. No cleavage of tertiary amide bonds of the PPA polymer was 

observed in our study. Water flux of both the two PPA NFMs decreased after 

chlorination and partially recovered after regeneration, while rejection performance 

evolution depended on the types of NFMs and solutes, which was attributed to the 

following two reasons: 1) Hydrogen bonds based on -NH groups destroyed after 

chlorination and partially reformed after regeneration, resulting in ductility variation 

of the PPA separating layer, which affected the density or steric hindrance of the 

separating layer under pressure; 2) Variation of -NH group content in the PPA 

separating layer after chlorination or regeneration would affect the electrostatic 

repulsion effect between the PPA separating layer and cations and the electrostatic 

attraction effect between the PPA layer and anions. The findings in this work could 

possibly explicate the inconsistent research results on PPA NFMs chlorination 

reported in the literature. 
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Figures

Fig. 1. IP of MPD (a) and PIP (b) with TMC, respectively.

Fig. 2. Configurations of NF-A and NF-B.
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Fig. 3. Possible chlorination mechanism of PPA NFMs.

Fig. 4. ATR-FTIR spectra of Film-A and Film-B after chlorination and regeneration. The 
preparation parameters and treatment processes of Film-A and Film-B (Fig. S2) are similar to that 
of NF-A and NF-B, respectively. It was believed that the free-standing PPA film had similar 
physicochemical structure to the PPA separating layer prepared on support membrane.
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Fig. 5. Zeta potential for pristine, chlorinated and regenerated PPA NFMs as a function of pH.

Fig. 6. Top down SEM images of NFMs.
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Fig. 7. Change rate of rejections of the selected PPA NFMs after chlorination and regeneration.

Fig. 8. Water flux and solutes rejection of the two chlorinated PPA NFMs varied with operation 
time. Test conditions: Glucose concentration = 200 mg·L-1, divalent salts concentration = 1000 
mg·L-1, NaCl concentration = 500 mg·L-1, 25 °C, 0.35 MPa.
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Fig. 8. (continued).
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Fig. 9. Structural stability evaluation of the regenerated NF-A and NF-B. Test conditions: Na2SO4 
concentration = 1000 mg·L-1, 25 °C, 0.35 MPa.
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Tables

Table 1 Key preparation parameters of the NFMs used in this work

Membranes
PIP concentration 

(%)
TMC concentration 

(%)
Reaction time 

(s)
Organic phase 

temperature (°C)

NF-A 0.3 0.3 120 0

NF-B 1.0 0.1 120 0

Table 2 chemical composition changes of the surfaces of the two selected NFMs aroused by 
chlorination and regeneration

Atomic composition (%)
Membranes

C N O Cl
O/N O/C

NF-A (Pristine) 73.60 9.70 16.70 0.00 1.72 0.23

NF-A (After chlorination) 69.90 10.20 17.70 2.20 1.73 0.25

NF-A (After regeneration) 71.80 10.20 17.30 0.70 1.70 0.24

NF-B (Pristine) 73.60 10.90 15.50 0.00 1.42 0.21

NF-B (After chlorination) 70.40 9.50 18.30 1.80 1.93 0.26

NF-B (After regeneration) 72.00 10.00 17.20 0.80 1.72 0.24
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Table 3 Water contact angle for pristine, chlorinated and regenerated PPA NFMs

WCA (°) Pristine After chlorination After regeneration

NF-A 27.6±1.3 22.6±2.4 25.1±1.1

NF-B 48.7±2.8 36.6±3.5 53.0±3.9

Table 4 Original separation performance of the two selected NFMs in this work

R (%) F (L·m-2·h-1)
Solutes

NF-A NF-B NF-A NF-B

Na2SO4 95.4±0.9 89.4±1.9 50.4±1.1 38.5±0.3

MgCl2 25.0±1.8 97.8±0.8 56.9±1.2 40.7±3.2

MgSO4 91.4±1.9 99.0±0.5 57.5±0.5 42.1±1.8

NaCl 20.5±0.7 60.7±3.1 61.1±1.0 48.7±2.7

Glucose 67.9±2.0 84.6±2.5 57.5±1.5 45.5±1.2

Test conditions: Glucose concentration = 200 mg·L-1, divalent salts concentration = 1000 mg·L-1, 
NaCl concentration = 500 mg·L-1, 25 °C, 0.35 MPa.
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Fig. S1. (a) Digital photograph of hollow fiber membrane module used in this study. (b) Schematic 

diagram of preparation process of hollow fiber nanofiltration membrane (NFM) via low temperature 

interfacial polymerization (IP). 

(a) (b)
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(2) (3)

(1)

Fig. S2. (1) Schematic diagram of the fabrication and treatment processes of the free-standing 

polypiperazine-amide (PPA) film. The preparation parameters and treatment processes of Film-A 

and Film-B are similar to that of NF-A and NF-B, respectively. TMC-hexane solution with a 

temperature of 0 °C was carefully poured on the surface of PIP aqueous solution (25 °C). After 

reacting for 120 s, the fabricated free-standing film was collected from the interface by a pre-

submerged strainer mesh with a mesh number of 400. The prepared film was dried at 25 °C for 15 

min and then transferred into a centrifuge tube containing DI water. The PPA films were conserved 

in DI water for 3 days and renewed fresh DI water every day. After that, the PPA films were 
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transferred into a centrifuge tube containing 2000 mg·L-1 NaClO solution for 1 hour to conduct the 

chlorination process. Then, the chlorinated PPA films were rinsed by DI water to remove the 

absorbed NaClO. To conduct the regeneration process, the chlorinated PPA films were then 

immersed in DI water for 5 days and renewed fresh DI water every day. Fig S2 (2) Digital photograph 

of the PPA films in centrifuge tube and the dried samples for ATR-FTIR analysis. 

Fig. S3. Schematic diagram of the cross-flow nanofiltration system for hollow fiber modules used in 

this study.
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Table S1. Chemical composition and degree of network cross-linking of NFMs surfaces

Atomic composition (%)
Membranes

C N O
O/N

Degree of network 
cross-linking (%)

NF-A 73.60 9.70 16.70 1.72 20.6 

NF-B 73.60 10.90 15.50 1.42 47.9

These chemical composition results were acquired from XPS measurements, and the degree of 

network cross-linking of the NFMs surface were calculated by using the following equation S1 and 

S2.

Fig. S4. IP of PIP and TMC and the resultant polymer with liner cross-linked part and network cross-linked part. 

 

                       
                     Equation S1

3Y2X
3Y4XO/N






                                      Equation S2%100
YX

YDNC 
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NF-A (Pristine)
Sa = 10±2.5 nm

NF-A (After chlorination)
Sa = 16±4.8 nm

NF-A (After regeneration)
Sa = 13±2.9 nm

NF-B (Pristine)
Sa = 21.5±3.7 nm

NF-B (After chlorination)
Sa = 23.1±4.2 nm 

NF-B (After regeneration)
Sa = 21.7±2.9 nm

Fig. S5. AFM images of top surface of NFMs. These inserted average roughness data were acquired 

from AFM measurements over a scanning area of 1 μm by 1 μm. Reported are the averages and 

standard deviations. 




