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change depending on the membrane material. In this study, the aging of polyvinylidene fluoride (PVDF) and polyethersulfone (PES) membranes by NaClO at pH 3–11 was investigated
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blended in both membranes, was oxidized and dislodged due to NaClO aging at all inves-
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tigated pH values, but the oxidation products and dislodgement ratio of PVP varied with
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solution pH. For the PVDF membrane, NaClO aging at pH 3–11 caused a moderate increase
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in permeability and decreased retention due to the oxidation and release of PVP. The ten-
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sile strength decreased only at pH 11 because of the defluorination of PVDF molecules. For
the PES membrane, NaClO aging at all investigated pH resulted in chain scission of PES
molecules, which was favored at pH 7 and 9, potentially due to the formation of free radicals. Therefore, a decrease in tensile strength and retention ability, as well as an increase in
permeability, occurred in the PES membrane for NaClO aging at pH 3–11. Overall, the results
can provide a basis for selecting chemical cleaning conditions for PVDF and PES membranes.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
As a separation technology based on sieving, low-pressure
membrane filtration has a wide applicability in water and

∗

Corresponding author.
E-mail: huangtinglin@xauat.edu.cn (T. Huang).

wastewater treatment (Bu et al., 2019; Hu et al., 2016; Ma et al.,
2020; Mansas et al., 2020). However, the accumulation of organic matter and colloidal particles on the membrane surface
and within membrane pores decreases membrane productivity, and some of these foulants cannot be removed by physical
cleaning (Shao et al., 2019; Yan et al., 2021). Therefore, chemical cleaning is an indispensable step in the operation of membrane systems (Ding et al., 2020; Tang et al., 2019; Xie et al.,
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2020). Sodium hypochlorite (NaClO) is one of the most commonly used chemical cleaning agents for low-pressure membranes because of its good recovery effect on organic and biological fouling, low cost and easy availability (Cai et al., 2020;
Li et al., 2019a; Regula et al., 2014). However, NaClO can also
react with the membrane and can cause changes in its properties and performance. Such reactions can compromise the
operation of the membrane system and ultimately shorten
membrane lifespan (Regula et al., 2014; Robinson et al., 2016;
Robinson and Bérubé, 2020).
Many studies have been conducted to elucidate the reaction mechanisms between polymeric membranes and NaClO solutions and the consequent variations in the properties and performance of membranes (Regula et al., 2014;
Robinson et al., 2016; Tsehaye et al., 2018). Many influencing factors, such as NaClO concentration (Abdullah and
Bérubé, 2018; Rouaix et al., 2006), contact time (Abdullah and
Berube, 2013; Hanafi et al., 2014), exposure mode (Causserand
et al., 2015; Fu and Zhang, 2019; Robinson and Bérubé, 2021),
and membrane materials (Zhang et al., 2016), have been investigated. From this, the pH of the NaClO solution has been identified as one of the major factors affecting membrane aging.
HOCl and ClO− equilibrate in NaClO solution, with the highest quantities of HOCl and ClO− present at pH<5 and pH>10,
respectively (Li et al., 2019a; Pellegrin et al., 2013). For NaClO
solution with pH 5–10, HOCl and ClO− coexist, and the generation of free radicals has been reported in several studies
(Causserand et al., 2008; Hanafi et al., 2016; Regula et al., 2014;
Rouaix et al., 2006). It is important to investigate the reactivity
of these species with membrane materials to minimize membrane aging.
Improving hydrophilicity and tuning pore structures is
typically conducted by blending polymeric membranes with
additives, such as polyvinyl pyrrolidone (PVP) or polyethylene glycol (PEG) that have been found to be easily oxidized by NaClO exposure (Regula et al., 2014; Robinson et al.,
2016). Several degradation mechanisms of PVP by NaClO have
been proposed, including the formation of carboxylic groups
through the opening of the pyrrolidone ring in alkaline solution (Wienk et al., 1995), chain scission via radical reaction (Wienk et al., 1995), and the formation of succinimide
(Prulho et al., 2013). Wienk et al. (1995) investigated NaClO and
PVP reactions by dissolving PVP powder in NaClO solutions
with pH values of 3.9, 6.9, and 11.5. It was found that chain
scission of PVP was more significant at pH 11.5 than at the
other pH values, and the opening of the pyrrolidone ring was
minimal at all three pH values. Zhou et al. (2017) reported the
formation of succinimide and opening of the pyrrolidone ring
at pH 6, 8, and 10. Although the oxidation products of PVP at
different pH values have not been confirmed, it is known that
the oxidation and release of PVP leads to an increase in pure
water permeability (Pellegrin et al., 2013; Wienk et al., 1995;
Zhou et al., 2017).
Polyethersulfone (PES) and polysulfone (PSf) are widely
used membrane materials in the food and water industries
because of their excellent mechanical properties and heat
stability (Tsehaye et al., 2018). Their aging due to NaClO exposure has been extensively studied. Several studies have
reported the high stability of PES and PSf in NaClO solution and ascribed variations in membrane properties and
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performance solely to the degradation and release of additives (Pellegrin et al., 2013; Prulho et al., 2013; Wienk et al.,
1995; Xie et al., 2015). However, chain scission of the C–S
bonds in PES and PSf, and the formation of sulfonic acid
groups due to NaClO aging has been observed in many studies
(Arkhangelsky et al., 2007b; Fu and Zhang, 2019; Hanafi et al.,
2014; Li et al., 2019b; Yadav et al., 2009; Zhang et al., 2016).
Rouaix et al. (2006) found that NaClO aging at pH 8 and 10
caused a significant decrease in the mechanical properties
and chain scission of PSf, as evidenced by gel permeation
chromatography analysis. However, no decrease in molecular weight was observed for NaClO aging at pH 5 and 7.
Hanafi et al. (2016) found that NaClO aging at pH 6 and 8 resulted increased membrane permeability and decreased PEG
rejection. Conversely, NaClO aging at pH 11.5 exerted minor influence on permeability and rejection rate. An electrokinetic
analysis demonstrated that the PES chain scission by NaClO
was pH dependent, occurring at pH 6 and 8 rather than at
pH 11.5. Zhou et al. (2017) investigated the aging of a PES/PVP
membrane by NaClO at pH 6, 8, and 10. They found the most
substantial changes in infrared spectra, permeability, and pore
size at pH 8, followed by those at pH 6 and 10, and the enlargement of membrane pores was mainly ascribed to PES chain
scission. The discrepancy about whether PES chain scission
occurred due to NaClO aging might originate from the difference in exposure dose and solution pH values. Therefore, it is
essential to examine the influence of the pH on PES membrane
aging at equivalent doses of NaClO solution.
Polyvinylidene fluoride (PVDF) membranes are extensively
used in water and wastewater treatment owing to their
outstanding mechanical strength and chemical and thermal stability (Liu et al., 2011). Although defluorination of
PVDF molecules under strong alkaline conditions has been
reported by many researchers (Abdullah and Berube, 2013;
Awanis Hashim et al., 2011; Rabuni et al., 2013; Wu et al., 2018),
the aging of PVDF membranes by NaClO under various pH conditions has rarely been investigated. Ravereau et al. (2016) examined the aging of PVDF membranes at pH 6, 7.5, and 11.5,
and found that PVDF molecules suffered small but measurable chain scission. Although the PVDF degradation rate
was high at pH 6 and 7.5, significant variations in porosity, hydrophilicity, and retention ability were not observed
between different pH values. It seems that the properties
and performance of the PVDF membrane are not affected
by the pH of the aging solution, but further verification is
required.
The objective of this study was to deepen the understanding of the effects of NaClO aging on the physicochemical properties and performance of PVDF and PES membranes, with an
emphasis on the role of solution pH and membrane materials. Therefore, NaClO solution with a wide pH range of 3–11
was investigated at a fixed exposure dose of 500 g•hr/L, which
is relevant for practical applications (Robinson and Bérubé,
2021; Wu et al., 2018). The chemical composition, surface
zeta potential, surface morphology and wettability of pristine
and aged membranes were examined to reflect changes in
membrane properties and analyze the possible aging mechanisms. Tensile strength, membrane permeability, and retention ability were tested to evaluate changes in membrane performance.
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1.

Materials and methods

1.1.

Chemical agents

All chemicals and reagents used in this study were in analytical grade. Commercial available NaClO (10% wt.) were purchased from Kermel Chemical Reagent Co. (Tianjin, China),
and its concentration was determined by iodometric titration method. The reported concentration was sum of all active species in the solutions. HCl and NaOH were both obtained from Chemical Reagent Co. (Tianjin, China). Humic acid
(HA) obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA) was used to evaluate the retention ability of pristine
and aged membranes. Ultrapure water prepared by PURELAB
Option-R system (ELGA Lab Water’s, High Wycombe, UK) was
used to prepare solutions.

1.2.

mg/L was prepared in the same way with our previous study
(Li et al., 2019b). 1 mmol/L of NaHCO3 , 1 mmol/L of CaCl2 , and 6
mmol/L of NaCl was added to simulate the solution chemistry
of natural waters. 200 mL of HA solution was filtered, and 180
mL permeate was collected with the first 20 mL discarded. HA
concentrations of feedwater (Cf ) and permeate (Cp ) were measured by determining UV absorbance at 254 nm by a UV/vis
spectrophotometer (Hitachi U-3900, Japan). HA retention rate
(RHA ) was obtained from the following equation:


Cp
RHA = 100 1 −
Cf

where, RHA is HA retention rate; Cp is the concentration of permeate; Cf is the concentration of feedwater.

Membranes and accelerated aging procedure

In this study, commercially available flat-sheet PVDF membrane with a molecular weight cutoff (MWCO) of 150 kDa and
PES membrane with the same MWCO were used. Before the
membrane aging experiments, the pristine membranes were
soaked in ultrapure water for 24 hr and at least 150 mL ultrapure water was filtered to ensure removal of preservative
agents.
For membrane aging procedure, membrane samples were
soaked in NaClO solutions with the concentration of 5000
mg/L at ambient temperature (25±2°C) in dark for 100 hr to
obtain an exposure dose of 500 g•hr/L. pH of NaClO solutions
was adjusted to 3, 5, 7, 9, and 11 using HCl or NaOH. Meanwhile, membrane samples were soaked in HCl or NaOH solutions with the corresponding pH and denoted as control membrane, to demonstrate the effect of acid or alkaline aging. To
avoid the variation of concentration and pH with time, all aging solutions were replaced every 25 hr.
In order to remove cleaning agents or possible soluble polymer degradation products, the aged membrane was rinsed
with ultrapure water after sampling and soaked for 24 hr before performance evaluation and characteristics analysis.

1.3.
Membrane permeability and retention ability
evaluation
Ultrafiltration (UF) experiments were carried out to evaluate pure water permeability and retention ability of pristine
and aged membranes. UF tests were conducted in constantpressure mode in Amicon 8400 (Millipore, USA) at room temperature (25±2°C). A trans-membrane pressure of 60 kPa was
maintained by high-purity nitrogen gas and permeate weight
of every five seconds was quantified by an electronic balance
connected to a computer.
For pure water permeability measurement, 300 mL of ultrapure water was filtered to obtain pure water permeability
of pristine and aged membranes, which were denoted as Lp0
and Lp , respectively.
HA was used to evaluate retention ability of pristine and
aged membranes. HA solution with a concentration of 10

1.4.

Analytical methods

Attenuated total reflectance-Fourier transform infrared (ATRFTIR) spectra were measured to monitor the changes in functional groups of the membranes using a Nicolet iS50 spectrometer (Thermo Scientific, USA). All spectra were recorded
over the range of 400–4000 cm−1 , and 32 scans at a resolution of 4 cm−1 were conducted for each sample. X-ray photoelectron spectroscopy (XPS) analysis was performed with a
XPS spectrometer (K-Alpha, Thermo Scientific, MA, USA). Water contact angle was measured by sessile drop method to
assess surface wettability of pristine and aged membranes. 5
μL of ultrapure water was dropped on dried membrane samples, and 5 s later the contact angle between the droplet and
membrane surface was captured and determined by a drop
shape analyzer (JC2000D4A, Zhongchen, Shanghai, China).
Scanning electron microscopy (SEM, Quanta 600, FEI, USA)
was used to observe variation of membrane surface morphology, and the samples were coated with a thin gold film before SEM observation. Membrane samples were freeze-dried
under a vacuum for 24 hr to remove residual water before
ATR-FTIR, XPS, water contact angle measurements and SEM
observation.
Surface charge of pristine and aged membranes was determined by a SurPASS electro kinetic analyzer (Anton Parr, Austria). 1 mmol/L KCl was used as the electrolyte solution and a
channel height of 100 ± 5 mm was used during measurement.
The pH of the electrolyte solution was adjusted from 3 to 10
by an automatic titrator with an interval of approximate 0.5.
For each condition, triplicate measurements were conducted
with parallel samples.
Tensile strength was measured using a universal testing machine (CMT4204, MTS, China), and the test condition
was selected according to Arkhangelsky et al. (2007a). Briefly,
membrane samples were carefully cut into pieces with dimensions of 5 mm × 76 mm, and the thickness of PVDF and PES
membrane were determined by a vernier caliper to be 0.216
and 0.231 mm, respectively. The tensile strength was calculated as the ratio of the load at the breaking point to the initial
cross-sectional area of the membrane sample.
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Table 2 – Atomic percentage of pristine PES membrane
and PES membranes aged with NaClO at different pH. NaClO 5000 mg/L, 100 hr.

Fig. 1 – ATR-FTIR spectra of pristine PVDF membrane and
PVDF membranes aged by NaClO at different pH. NaClO=
5000 mg/L, 100 hr.

Table 1 – Atomic percentage of elements (at%) of pristine
PVDF membrane and PVDF membranes aged with NaClO
at different pH. NaClO 5000 mg/L, 100 hr.
Element

pristine

pH 3

pH 5

pH 7

pH 9

pH 11

C
N
O
F
Cl

59.21
3.66
4.35
32.78
-

58.64
2.97
3.92
34.31
0.16

58.15
2.81
3.50
35.06
0.48

59.07
2.13
2.75
35.53
0.52

60.17
2.02
3.04
34.33
0.44

63.52
2.84
3.85
29.52
0.27

2.

Results and discussion

2.1.

Chemical composition and surface charge

The ATR-FTIR spectra of the pristine and aged PVDF membranes are shown in Fig. 1. For the pristine membrane, apart
from the characteristic peaks of PVDF (i.e., 1402, 1277, 1178 and
1072 cm−1 ), the peak at 1668 cm−1 , which is generally assigned
to the vibration of the amide bond, indicated the presence of
PVP (Ravereau et al., 2016; Zhang et al., 2016). The elemental
percentage obtained by XPS (Table 1) further confirmed that
the PVDF membrane contained some PVP. There was no apparent change in the characteristic peaks of PVDF after NaClO aging at different pH values, suggesting high resistance
of PVDF towards NaClO. Meanwhile, NaClO aging resulted in a
decrease in the peak intensity at 1668 cm−1 and a new peak at
1700 cm−1 , which can be attributed to oxidation and dislodgement of PVP (Abdullah and Bérubé, 2013; Zhou et al., 2017).
As shown in Table 1, NaClO aging led to a decrease in the
atomic percentage (at%) of N, indicating dislodgement of PVP
in the pH range of 3–11. The decrease in the at% of N was
more severe at pH 7 and 9, probably due to the generation of

Element

pristine

pH 3

pH 5

pH 7

pH 9

pH 11

C
N
O
S
Cl

73.72
4.14
17.65
4.50
-

72.77
2.87
18.22
5.68
0.46

72.38
2.63
18.31
5.97
0.71

71.99
2.35
18.73
5.91
1.02

71.15
2.40
18.88
6.26
1.30

72.49
2.59
18.51
5.72
0.69

reactive radicals in the presence of HClO and ClO− species,
which caused chain scission and a more severe release of PVP
(Wienk et al., 1995; Hanafi et al., 2016; Touffet et al., 2015;
Zhou et al., 2017). The peak at 1700 cm−1 was ascribed to
succinimide groups generated by PVP oxidation (Prulho et al.,
2013). NaClO aging under acidic and neutral conditions resulted in a noticeable increase in the peak intensity at 1700
cm−1 . However, the peak was insignificant after NaClO aging
under alkaline conditions, especially at pH 11. Only part of the
PVP was oxidized by NaClO at pH 11, as indicated by the peak
intensity at 1668 cm−1 . It can also be speculated that PVP oxidation under alkaline conditions mainly resulted in the opening of the pyrrolidone ring and formation of carboxylic acid
groups (Wienk et al., 1995). This speculation was supported
by the evident increase in the negative surface charge after
NaClO aging at pH 9 and 11 (Fig. 3a). Moreover, XPS analysis
suggested a decrease in at% of F due to NaClO aging at pH 11,
possibly related to defluorination under strong alkaline conditions (Ravereau et al., 2016; Wu et al., 2018). The band for
the C=C, which was expected to be formed due to defluorination, was not observed in the ATR-FTIR spectra, possibly
because of the relatively low abundance or interference from
other bands.
The ATR-FTIR spectra of the PES membrane before and after aging are shown in Fig. 2. As for the pristine membrane,
the characteristic peaks of PES (i.e., 1580, 1486, 1320, 1292,
1241, 1150, and 1105 cm−1 ) were the same as those observed
in previous literature (Kourde-Hanafi et al., 2017; Zhou et al.,
2017). Moreover, the absorption peak at 1668 cm−1 indicated
PVP, which was demonstrated by the results of XPS analysis (Table 2). Similar to the PVDF membrane, the PES membrane also suffered oxidation and dislodgement of PVP due to
NaClO aging, and the reaction products depended on the pH
of the NaClO solution. NaClO aging under acidic and neutral
conditions mainly generated succinimide groups displayed by
the new absorption peak at 1700 cm−1 , while carboxylic acid
groups were formed through the opening of the pyrrolidone
ring under alkaline conditions.
As shown in Fig. 2b, NaClO aging resulted in the formation
of a new peak at 1032 cm−1 . The peak intensity was higher
after NaClO aging at pH 7 and 9. This peak indicated the generation of a sulfonic acid group due to chain scission of PES
molecules. The increased PES chain scission at pH 7 and 9
can be attributed to the generation of free radicals due to
the coexistence of HClO and ClO− species (Wienk et al., 1995;
Hanafi et al., 2016; Touffet et al., 2015; Zhou et al., 2017).
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Fig. 2 – ATR-FTIR spectra of pristine PES membrane and PES membranes aged with NaClO at different pH. (a) 1800–1000
cm−1 , (b) partial enlarged view of 1040–1020 cm−1 . NaClO 5000 mg/L, 100 hr.

The generation of both succinimide and carboxylic acid
groups resulted in increased at% of O. Meanwhile, partial dislodgement of PVP, which was composed of C, N, and O, led to
an increase of at% of S. Therefore, as shown in Table 2, the
at% of both O and S increased due to NaClO aging, and the
increase in S was more pronounced. This result is consistent
with previous reports on the aging of PES membranes by NaClO (Arkhangelsky et al., 2007b; Zhou et al., 2017).
The pH dependence of the zeta potential of pristine and
aged PVDF and PES membranes is shown in Fig. 3. For both
pristine PVDF and PES membranes, the surface was negatively
charged at an electrolyte solution pH of 3–10 and the zeta potential increased (in absolute value) with electrolyte solution
pH. These results indicate the presence of some weak acid
groups on the pristine membrane surface (Hanafi et al., 2014).
For the PVDF membrane (Fig. 3a), there was no obvious
change in the zeta potential of the pristine and aged membranes for an electrolyte solution pH of 3. Still, the negative
charge of the aged membranes was much higher than that
of the pristine membrane for an electrolyte solution pH of 4–
10. The increase in zeta potential can be attributed to the formation of carboxylic acid groups due to PVP oxidation. This
phenomenon was more pronounced for membranes aged by
NaClO at pH 9 and 11, potentially due to PVP oxidation by NaClO under alkaline conditions mainly through the formation
of carboxylic acid group, consistent with the relatively low intensity of the peak at 1700 cm−1 in the ATR-FTIR spectra.
As for the PES membrane (Fig. 3b), the zeta potentials of the
aged membranes were higher than those of the pristine membrane for an electrolyte solution pH of 3, indicating the formation of strong acid groups by NaClO aging. This phenomenon
can be explained by sulfonic acid groups generated by chain
scission of PES molecules, consistent with the formation of
an absorption peak at 1032 cm−1 in the ATR-FTIR spectra. It
can be observed that the PES chain scission and generation of
sulfonic acid groups occurred at all investigated pH, although

it was more apparent at pH 7 and 9. The results suggested
that both HClO and ClO− can lead to chain scission of PES
molecules, and the generation of free radicals can facilitate
the process. In some previous studies, PES chain scission was
not observed at some pH, possibly because of the relatively
low exposure dose (Hanafi et al., 2016; Pellegrin et al., 2015;
Pellegrin et al., 2013). Moreover, because of the carboxylic acid
groups generated by PVP degradation, the electrolyte solution
pH- zeta potential curve of aged membranes became steeper
than that of the pristine membrane.
In general, NaClO aging resulted in a similar degradation
and release behavior of PVP in the two membranes. The degradation product was mainly succinimide under acidic and neutral conditions, while the opening of the pyrrolidone ring and
formation of carboxylic acid groups dominated under alkaline conditions. Some PVP was released from the membrane,
and the dislodgement percentage was slightly higher for NaClO aging at pH 7 and 9 due to chain scission of PVP under
the attack of free radicals. PVDF molecules were stable in NaClO solutions except for defluorination at pH 11, whereas PES
molecules suffered chain scission at all investigated pH values.

2.2.

Membrane surface morphology and wettability

The effects of NaClO aging on the surface morphology of
PVDF and PES membranes were investigated by SEM. SEM images of the PVDF membrane before and after NaClO aging are
shown in Fig. 4. Compared with the pristine PVDF membrane
(Fig. 4a), NaClO aging at pH 3–11 did not result in apparent
change in the membrane pore structure. PVP dislodgement revealed by XPS analysis did not cause visible changes in membrane morphology, suggesting that the change in pore structure caused by PVP release was too subtle to be observed by the
SEM (Zhou et al., 2017). Meanwhile, the results further demonstrated the high resistance of PVDF towards NaClO.
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contact angle, which was higher at pH 7 and 9. The extent of
the increase in water contact angle was consistent with the
decrease in at% of N in Table 1, indicating that the increase in
water contact angle was associated with the dislodgement of
PVP.
For the PES membrane, NaClO aging led to a decrease in
the water contact angle, which seemed to contradict the hydrophilic additive (i.e., PVP) loss. In fact, apart from hydrophilic
additives, surface chemical properties, pore size and capillary
effect are also important factors that affecting the water contact angle (Rabuni et al., 2013; Zhang et al., 2017). The generation of sulfonic group (as shown in Fig. 3) enhanced ionization of membrane surface, and increased pore size (as shown
in Fig. 5) promoted capillary effect, which ultimately led to
decrease in water contact angle despite the loss of PVP. The
result is consistent with those reported in previous studies
(Arkhangelsky et al., 2007b; Levitsky et al., 2011; Zhang et al.,
2017).

2.3.

Fig. 3 – Effects of NaClO aging on zeta potential of PVDF (a)
and PES (b) membranes. NaClO 5000 mg/L, 100 hr, 1 mmol/L
KCl was used as the electrolyte solution and the solution
pH was adjusted by an automatic titrator.

SEM images of the PES membrane before and after NaClO
aging are shown in Fig. 5. Compared with the pristine membrane, NaClO aging at all investigated pH values resulted in
an increase in membrane pore size and porosity. Among them,
the changes were most significant for NaClO aging at pH 7 and
9. This trend was consistent with the increase in peak intensity at 1032 cm−1 (Fig. 2b) and the presence of strong ionizable
acid groups on the membrane surface (Fig. 3b), indicating that
chain scission of PES molecules was the main reason for the
change in membrane surface morphology.
The surface wettability of the pristine and aged PVDF and
PES membranes was investigated using water contact angle
measurements, and the results are shown in Fig. 6. The water contact angles of the pristine PVDF and PES membranes
were 51.7° and 44.7°, respectively. The water contact angles of
the control membranes were similar to those of the pristine
membranes, implying that HCl or NaOH aging did not alter the
wettability of both PVDF and PES membranes. For the PVDF
membrane, NaClO aging resulted in an increase in the water

Mechanical properties

Mechanical properties are vital for the integrity and lifespan
of a membrane (Robinson et al., 2016). Tensile strength measurements were used to investigate mechanical properties of
pristine and aged membranes, and the results are shown in
Fig. 7.
The tensile strength of the pristine PVDF membrane was
26.14±0.40 MPa. In addition, a decrease in tensile strength was
not observed for PVDF membranes aged by NaClO at pH 3–9,
suggesting that the oxidation and release of PVP did not influence the mechanical properties of the membrane. However,
the tensile strength of the PVDF membrane aged by NaClO at
pH 11 decreased by 17.5% compared with that of the pristine
membrane. Meanwhile, the membrane aged by the control solution (i.e., NaOH solution with pH 11) resulted in a similar decrease in tensile strength as the membrane aged by NaClO at
pH 11. This suggests that the decrease in tensile strength may
be attributed to the defluorination of PVDF molecules. These
results suggest that the mechanical properties of membranes
depend on bulk material rather than additives, which is consistent with results from previous studies (Arkhangelsky et al.,
2007a; Pellegrin et al., 2013).
As for the PES membrane, NaClO aging caused a decrease
in tensile strength to various extents. The mechanical properties of the PES membrane were substantially compromised by
NaClO aging at pH 7 and 9. Compared with the pristine membrane, the tensile strength decreased by 62.8% and 55.6%, respectively. For PES membranes aged by NaClO at pH 3, 5, and
11, the decline was in the range of 15%–30%. The degree of mechanical degradation was consistent with the intensity of the
peak at 1032 cm−1 and variation of the pore structure (Fig. 5),
which was related to the chain scission of PES molecules. The
results further demonstrated the decisive role of bulk material
on membrane mechanical properties.

2.4.

Membrane permeability and retention ability

Permeability reflects the inherent resistance of a membrane
to water flow, and it is a widely used performance fac-
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Fig. 4 – SEM images of pristine PVDF membrane and PVDF membranes aged with NaClO at different pH: (a) pristine; (b) pH
3; (c) pH 5; (d) pH 7; (e) pH 9; (f) pH 11. NaClO5000 mg/L, 100 hr.

tor for evaluating membrane aging (Robinson et al., 2016).
The permeability of the control and NaClO-aged membranes
(Lp ) normalized to that of the pristine membrane (Lp0 ) is
presented in Fig. 8. For both PVDF and PES membranes,
the normalized permeability of the control membranes was
in the range of 0.97–1.14, suggesting that HCl or NaOH
aging did not lead to substantial changes in membrane
permeability.
For the PVDF membrane (Fig. 8a), NaClO aging at pH 3–11
resulted in a similar increase in membrane permeability. The
normalized permeabilities of NaClO-aged membranes were
between 1.58–1.81, and permeabilities of membranes aged at

pH 7 and 9 were slightly higher than those aged at other pH
values.
As for the PES membrane (Fig. 8b), NaClO aging resulted in
a substantial increase in membrane permeability, and the pH
of the NaClO solution played an important role in the degree of
permeability increase. NaClO aging at pH 7 led to the most significant increase in permeability, followed by NaClO aging at
pH 9. In contrast, the normalized permeability was relatively
low for membranes aged by NaClO at pH 3 and 11, with values
of 3.39 and 3.84, respectively.
Retention ability is an important performance factor for
UF membranes. HA, which is ubiquitous in natural water, was
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Fig. 5 – SEM images of pristine PES membrane and PES membranes aged with NaClO at different pH: (a) pristine; (b) pH 3; (c)
pH 5; (d) pH 7; (e) pH 9; (f) pH 11.NaClO 5000 mg/L, 100 hr.

used as a model organic matter to evaluate the retention ability of pristine and aged PVDF and PES membranes. The results
are shown in Fig. 9. The HA retention rates of pristine PVDF
and PES membranes were 68.4% and 59.2%, respectively. The
control membranes exhibited similar retention rates as the
pristine membranes, implying that HCl or NaOH aging under
the investigated conditions did not alter the retention ability
of either membrane.
The HA retention rates of PVDF membranes aged with NaClO were reduced to the range of 46.9%–53.4%, and there was
no obvious difference between the membranes aged with Na-

ClO under different solution pH. For the PES membrane, NaClO
aging at pH 7 and 9 resulted in a substantial decrease in HA
retention rates to 23.3% and 19.9%, respectively, while NaClO
aging at other pH led to much a lower extent of decrease.
An increase in membrane permeability and a decrease in
retention ability are generally related to increased pore size
(Robinson et al., 2016; Tsehaye et al., 2018). For the PVDF membrane, an apparent change in pore structure could not be observed from the SEM images (Fig. 4). The moderate increase
in membrane permeability and the decrease in retention rate
might be ascribed to the dislodgement of PVP and subsequent
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Fig. 6 – Effects of NaClO aging on water contact angle of
PVDF (a) and PES (b) membranes. NaClO 5000 mg/L, 100 hr,
control membrane indicates membrane samples aged in
HCl or NaOH solution with corresponding pH values.

pore size enlargement, undetectable through SEM observation. For the PES membrane, the degree of permeability increase and retention decrease at various pH values were generally consistent with the change in pore size and porosity
(Fig. 5). Those results suggest that the variation in permeability and retention rate can be attributed to chain scission of PES
molecules.
This study examined the aging of PVDF and PES membranes by NaClO over a wide pH range of 3–11 through singlesoak aging mode. The influence of foulant accumulation and
mechanical stress was not included (Robinson and Bérubé,
2021; Touffet et al., 2015). Therefore, the degree of variations
in physical-chemical properties and performance factors obtained in this study cannot be used directly to predict membrane aging in full-scale systems (Robinson and Berube, 2020).
However, the results reflect the difference in reactivity of various species in NaClO solution with PVDF and PES membranes and their influence on membrane properties and performance. The findings are of great significance for selecting
cleaning procedures for PVDF and PES membranes. Specifically, defluorination of PVDF molecules result in an apparent
decrease in the mechanical properties of the PVDF membrane,
and changes in membrane properties and performance were
similar for pH 3–9. Therefore, exposure of the PVDF membrane to NaClO under strong alkaline conditions should be

Fig. 7 – Effects of NaClO aging on tensile strength of PVDF
(a) and PES (b) membranes.NaClO 5000 mg/L, 100 hr, control
membrane indicates membrane samples aged in HCl or
NaOH solution with corresponding pH values.

avoided. For the PES membrane, although chain scission of PES
molecules occurs at all investigated pH values, it can be significantly promoted by the generation of free radicals. Therefore,
cleaning the PES membrane by NaClO under neutral and weak
alkaline conditions should be avoided.

3.

Conclusions

The effects of NaClO aging at pH 3–11 on the chemical composition, surface properties and performance factors of PVDF
and PES membranes were investigated in this study. The following conclusions can be drawn:
(1) Both PVDF and PES membranes were blended with PVP as
an additive, which is liable to oxidation and release during
NaClO aging. The oxidation behaviors of PVP in these two
membranes were similar: succinimide was the main oxidation product for NaClO aging at pH 3–7, while the formation of carboxylic acid groups through the opening of the
pyrrolidone ring dominated after NaClO aging at pH 9–11.
(2) For the NaClO dose investigated in this work (500 g•hr/L),
PVDF molecules were stable at pH 3–9, but they suffered
defluorination at pH 11, which resulted in a decrease in
the mechanical properties of the PVDF membrane. Oxidation and dislodgement of PVP from the PVDF membrane
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Fig. 8 – Effects of NaClO aging on permeability of PVDF (a)
and PES (b) membranes. NaClO 5000 mg/L, 100 hr, control
membrane indicates membrane samples aged in HCl or
NaOH solution with corresponding pH values, Lp0
represents permeability of the pristine membrane).

resulted in an increase in membrane permeability and a
decrease in retention of humic acid, although no obvious change in membrane morphology could be observed
through SEM.
(3) For the PES membrane, NaClO aging at a dose of 500 g•hr/L
resulted in chain scission of PES molecules at all investigated pH values, suggesting that all species in the NaClO
solution can cause PES degradation. However, the degree of
PES chain scission was higher for NaClO aging at pH 7 and
9 because of the presence of free radicals. Degradation of
the bulk material led to significant changes in the properties and performance factors of PES membranes, including
an increase in pore size and porosity a decrease in tensile
strength and retention ability.
(4) Bulk material degradation, which significantly compromises membrane properties and performance, should be
avoided during membrane chemical cleaning. For the PVDF
membrane, exposure to NaClO under strong alkaline conditions should be avoided to prevent defluorination, while
cleaning the PES membrane should not be conducted under neutral and weak alkaline conditions to avoid significant chain scission of PES molecules.
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Fig. 9 – Effects of NaClO aging on humic acid (HA) retention
rates of PVDF (a) and PES (b) membranes. NaClO 5000 mg/L,
100 hr, control membrane indicates membrane samples
aged in HCl or NaOH solution with corresponding pH
values.

Acknowledgment
This work was supported by the National Natural Science
Foundation of China (No. 51608427), the Natural Science Foundation of Shaanxi Province (No. 2020JQ-672), the Key Research and Development Program of Shaanxi province (No.
2019ZDLSF06-01), and the Youth Innovation Team of Shaanxi
Universities Funded by Education Department of Shaanxi
Province.

references

Abdullah, S.Z., Bérubé, P, 2018. Filtration and cleaning
performances of PVDF membranes aged with exposure to
sodium hypochlorite. Sep. Purif. Technol. 195, 253–259.
Abdullah, S.Z., Bérubé, P.R., 2013. Assessing the effects of sodium
hypochlorite exposure on the characteristics of PVDF based
membranes. Water Res. 47, 5392–5399.
Arkhangelsky, E., Kuzmenko, D., Gitis, N.V., Vinogradov, M.,
Kuiry, S., Gitis, V., 2007a. Hypochlorite cleaning causes
degradation of polymer membranes. Tribol. Lett. 28, 109–116.

454

journal of environmental sciences 104 (2021) 444–455

Arkhangelsky, E., Kuzmenko, D., Gitis, V., 2007b. Impact of
chemical cleaning on properties and functioning of
polyethersulfone membranes. J. Membr. Sci. 305, 176–184.
Awanis Hashim, N., Liu, Y., Li, K., 2011. Stability of PVDF hollow
fibre membranes in sodium hydroxide aqueous solution.
Chem. Eng. Sci. 66, 1565–1575.
Bu, F, Gao, B.Y., Yue, Q.Y., Shen, X., Wang, W.Y., 2019.
Characterization of dissolved organic matter and membrane
fouling in coagulation-ultrafiltration process treating
micro-polluted surface water. J. Environ. Sci. 75, 318–324.
Cai, W.W., Han, J.R., Zhang, X.R., Liu, Y., 2020. Formation
mechanisms of emerging organic contaminants during
on-line membrane cleaning with NaOCl in MBR. J. Hazard.
Mater. 386, 121966.
Causserand, C., Pellegrin, B., Rouch, J.C., 2015. Effects of sodium
hypochlorite exposure mode on PES/PVP ultrafiltration
membrane degradation. Water Res. 85, 316–326.
Causserand, C., Rouaix, S., Lafaille, J.P., Aimar, P., 2008. Aging of
polysulfone membranes in contact with bleach solution: Role
of radical oxidation and of some dissolved metal ions. Chem.
Eng. Process. 47, 48–56.
Ding, J.Q., Wang, S.L., Xie, P.C., Zou, Y.J., Wan, Y., Chen, Y.S., et al.,
2020. Chemical cleaning of algae-fouled ultrafiltration (UF)
membrane by sodium hypochlorite (NaClO): characterization
of membrane and formation of halogenated by-products. J.
Membr. Sci. 598, 117662.
Fu, W.Y., Zhang, W., 2019. Chemical aging and impacts on
hydrophilic and hydrophobic polyether sulfone (PES)
membrane filtration performances. Polym. Degrad. Stab. 168,
108960.
Hanafi, Y., Loulergue, P., Ababou-Girard, S., Meriadec, C.,
Rabiller-Baudry, M., Baddari, K., et al., 2016. Electrokinetic
analysis of PES/PVP membranes aged by sodium hypochlorite
solutions at different pH. J. Membr. Sci. 501, 24–32.
Hanafi, Y., Szymczyk, A., Rabiller-Baudry, M., Baddari, K., 2014.
Degradation of poly(ether sulfone)/polyvinylpyrrolidone
membranes by sodium hypochlorite: insight from advanced
electrokinetic characterizations. Environ. Sci. Technol. 48,
13419–13426.
Hu, Y.S., Wang, X.C., Yu, Z., Ngo, H.H., Sun, Q.Y., Zhang, Q.H., 2016.
New insight into fouling behavior and foulants accumulation
property of cake sludge in a full-scale membrane bioreactor. J.
Membr. Sci. 510, 10–17.
Kourde-Hanafi, Y., Loulergue, P., Szymczyk, A., Van der
Bruggen, B., Nachtnebel, M., Rabiller-Baudry, M., et al., 2017.
Influence of PVP content on degradation of PES/PVP
membranes: insights from characterization of membranes
with controlled composition. J. Membr. Sci. 533, 261–269.
Levitsky, I., Duek, A., Arkhangelsky, E., Pinchev, D., Kadoshian, T.,
Shetrit, H., et al., 2011. Understanding the oxidative cleaning
of UF membranes. J. Membr. Sci. 377, 206–213.
Li, K., Li, S., Huang, T.L., Dong, C.Z., Li, J.W., Zhao, B., et al., 2019a.
Chemical cleaning of ultrafiltration membrane fouled by
humic substances: comparison between hydrogen peroxide
and sodium hypochlorite. Int. J. Environ. Res. Public Health 16
(14), 2568.
Li, K., Li, S., Su, Q., Wen, G., Huang, T.L., 2019b. Effects of hydrogen
peroxide and sodium hypochlorite aging on properties and
performance of polyethersulfone ultrafiltration membrane.
Int. J. Environ. Res. Public Health 16 (20), 3972.
Liu, F., Hashim, N.A., Liu, Y.T., Abed, M.R.M., Li, K., 2011. Progress in
the production and modification of PVDF membranes. J.
Membr. Sci. 375, 1–27.
Ma, B., Wu, S.Q., Wang, B.D., Qi, Z.L., Bai, Y.H., Liu, H.J., et al., 2020.
Influence of floc dynamic protection layer on alleviating
ultrafiltration membrane fouling induced by humic
substances. J. Environ. Sci. 90, 10–19.
Mansas, C., Mendret, J., Brosillon, S., Ayral, A., 2020. Coupling

catalytic ozonation and membrane separation: a review. Sep.
Purif. Technol. 236, 116221.
Pellegrin, B., Mezzari, F., Hanafi, Y., Szymczyk, A., Remigy, J.C.,
Causserand, C., 2015. Filtration performance and pore size
distribution of hypochlorite aged PES/PVP ultrafiltration
membranes. J. Membr. Sci. 474, 175–186.
Pellegrin, B., Prulho, R., Rivaton, A., Thérias, S., Gardette, J.L.,
Gaudichet-Maurin, E., et al., 2013. Multi-scale analysis of
hypochlorite induced PES/PVP ultrafiltration membranes
degradation. J. Membr. Sci. 447, 287–296.
Prulho, R., Therias, S., Rivaton, A., Gardette, J.L., 2013. Aging of
polyethersulfone/polyvinylpyrrolidone blends in contact with
bleach water. Polym. Degrad. Stab. 98, 1164–1172.
Rabuni, M.F, Nik Sulaiman, N.M., Aroua, M.K., Hashim, N.A., 2013.
Effects of alkaline environments at mild conditions on the
stability of PVDF membrane: an experimental study. Ind. Eng.
Chem. Res. 52, 15874–15882.
Ravereau, J., Fabre, A., Brehant, A., Bonnard, R., Sollogoub, C.,
Verdu, J., 2016. Aging of polyvinylidene fluoride hollow fiber
membranes in sodium hypochlorite solutions. J. Membr. Sci.
505, 174–184.
Regula, C., Carretier, E., Wyart, Y., Gésan-Guiziou, G., Vincent, A.,
Boudot, D, et al., 2014. Chemical cleaning/disinfection and
aging of organic UF membranes: a review. Water Res. 56,
325–365.
Robinson, S., Abdullah, S.Z, Bérubé, P., Le-Clech, P., 2016. Aging of
membranes for water treatment: Linking changes to
performance. J. Membr. Sci. 503, 177–187.
Robinson, S., Bérubé, P.R., 2020. Membrane aging in full-scale
water treatment plants. Water Res. 169, 115212.
Robinson, S.J, Bérubé, P.R., 2021. Seeking realistic membrane
aging at bench-scale. J. Membr. Sci. 618, 118606.
Rouaix, S., Causserand, C., Aimar, P., 2006. Experimental study of
the effects of hypochlorite on polysulfone membrane
properties. J. Membr. Sci. 277, 137–147.
Shao, S.L., Fu, W.W., Li, X.J., Shi, D.T., Jiang, Y., Li, J.Y., et al., 2019.
Membrane fouling by the aggregations formed from
oppositely charged organic foulants. Water Res. 159, 95–101.
Tang, S.Y., Zhang, L.X., Peng, Y., Liu, J., Zhang, Z.H., 2019. Fenton
cleaning strategy for ceramic membrane fouling in
wastewater treatment. J. Environ. Sci. 85, 189–199.
Touffet, A., Baron, J., Welte, B., Joyeux, M., Teychene, B., Gallard, H.,
2015. Impact of pretreatment conditions and chemical aging
on ultrafiltration membrane performances. Diagnostic of a
coagulation/adsorption/filtration process. J. Membr. Sci. 489,
284–291.
Tsehaye, M.T, Velizarov, S., Van der Bruggen, B., 2018. Stability of
polyethersulfone membranes to oxidative agents: a review.
Polym. Degrad. Stab. 157, 15–33.
Wienk, I.M., Meuleman, E.E.B., Borneman, Z., Boomgaard, T.,
Smolders, C.A., 1995. Chemical treatment of membranes of a
polymer blend: mechanism of the reaction of hypochlorite
with poly (vinyl pyrrolidone). J. Polym. Sci. Part A Polym.
Chem. 33, 49–54.
Wu, Q.L., Zhang, X.H., Cao, G.D., 2018. Impacts of sodium
hydroxide and sodium hypochlorite aging on polyvinylidene
fluoride membranes fabricated with different methods. J.
Environ. Sci. 67, 294–308.
Xie, A.T., Cui, J.Y., Yang, J., Chen, Y.Y., Lang, J.H., Li, C.X., et al., 2020.
Photo-Fenton self-cleaning PVDF/NH2-MIL-88B(Fe)
membranes towards highly-efficient oil/water emulsion
separation. J. Membr. Sci. 595, 117499.
Xie, P.C., de Lannoy, C.-F., Ma, J., Wiesner, M.R., 2015. Chlorination
of polyvinyl pyrrolidone–polysulfone membranes: organic
compound release, byproduct formation, and changes in
membrane properties. J. Membr. Sci. 489, 28–35.
Yadav, K., Morison, K., Staiger, M.P., 2009. Effects of hypochlorite
treatment on the surface morphology and mechanical

journal of environmental sciences 104 (2021) 444–455

properties of polyethersulfone ultrafiltration membranes.
Polym. Degrad. Stab. 94, 1955–1961.
Yan, Z.S., Qu, F.S., Liang, H., Yu, H., Pang, H.L., Rong, H, et al., 2021.
Effect of biopolymers and humic substances on gypsum
scaling and membrane wetting during membrane distillation.
J. Membr. Sci. 617, 118638.
Zhang, Y., Wang, J., Gao, F., Chen, Y.S., Zhang, H.W., 2016. A
comparison study: the different impacts of sodium
hypochlorite on PVDF and PSF ultrafiltration (UF) membranes.
Water Res. 109, 227–236.

455

Zhang, Y., Wang, J., Gao, F., Tao, H., Chen, Y.S., Zhang, H.W., 2017.
Impact of sodium hypochlorite (NaClO) on polysulfone (PSF)
ultrafiltration membranes: The evolution of membrane
performance and fouling behavior. Sep. Purif. Technol. 175,
238–247.
Zhou, Z.B., Huang, G.C., Xiong, Y., Zhou, M.H., Zhang, S.Q.,
Tang, C.Y., et al., 2017. Unveiling the susceptibility of
functional groups of poly(ether sulfone)/polyvinylpyrrolidone
membranes to NaOCl: a two-dimensional correlation
spectroscopic study. Environ. Sci. Technol. 51, 14342–14351.

