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ABSTRACT

Pervaporation (PV) is characterised by good hydrophilicity and antifouling properties. However, it is still un-
avoidable to need cleaning during long-term operation. Sodium hypochlorite (NaClO) is a commonly used
purifying agent for organic pollutants, but it may cause damage to the polymer membrane. In this study, a
grafting method was proposed to enhance the chlorine resistance and water permeability of membrane com-
posite polyvinyl alcohol (PVA) pervaporation membrane. Modified PVA (SPVA) was prepared by grafting 5-sul-
fosalicylic acid (SSA) to improve the hydrophilicity of the membrane using the sulfonic acid group on SSA. SPVA-
FA/PTFE composite membranes were prepared by using perfluoroglutaric acid (PFGA) as crosslinking agent to
improve the chlorine resistance of the membranes by utilising the C-F chain contained therein. The water flux
was 120.38 + 1.72 kg/(m?>h), which was 84.2 % higher than that before grafting, when tested at 70 °C and 3.5
wt% NaCl. The chlorine resistance of SPVA-PFGA/PTFE composite membrane was tested in 2000 ppm (pH = 12)
NacClO solution for 480 h, and the salt rejection remained above 99.93 %. When desalinating 20 wt% NaCl at
70 °C, the water flux of SPVA-PFGA/PTFE membrane is 51.95 + 0.6 kg/! (m2~h), which has the potential to treat
high concentration brine.
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1. Introduction

Leveraging membrane separation technology to address the chal-
lenges of water scarcity and pollution resulting from economic devel-
opment and population growth has become a pivotal means in the
contemporary world for resolving issues related to water resource uti-
lization. In particular, obtaining a clean water source from seawater,
brackish water, or wastewater represents a highly effective approach to
addressing water resource challenges.

Pervaporation (PV) membrane, as a promising desalination tech-
nology, relies on the trans-membrane pressure difference between the
two sides of the membrane as the driving force, and the effect of the salt
concentration on the driving force is much smaller than that of RO [1].
Moreover, by using the renewable energy sources (such as solar, wind,
etc.) or low-mass waste heat, the cost-effective desalination of PV pro-
cess can reduce its energy consumption to same level with RO process
[2].Therefore, PV membrane has potential to use in the markets where
RO has limitations, such as desalting treatment in high concentrated
brine [3].

PVA is a widely utilized polymer material known for its advantages
such as hydrophilicity, membrane-forming ability, non-toxicity [4-9].
Therefore, PVA polymer has the potential to become a water treatment
membrane material that enables water molecules to preferentially un-
dergo permeation [10-15]. However, it is precisely due to this charac-
teristic that PVA-based membranes are easily degraded during chemical
cleaning processes, especially when using NaClO solution to remove
organic pollutants. [16] To enhance the chlorine resistance of mem-
brane, many researchers devoted to introduce some chlorine resistant
groups into the membrane to improve the oxidative stability of PVA,
such as C-F [17-22], ester group [23,24] S=0O and other functional
groups. For example, Jayarani et al. [25] prepared a variety of mem-
branes containing diester bonds, and the membrane can be operated for
7 days at 35,000 ppm NaClO solution. Cheng et al. [24] used pentaer-
ythritol to instead piperazine to prepare a polyester nanofiltration
membrane by interfacial polymerization, and the NaySO4 rejection ef-
ficiency of the NF membranes was still higher than 97 % after immersing
in 3000 ppm NaClO for 48 h due to the stabilisation of COO- in NaClO.
Watanabe et al. [26] suggested that the sulfonated membranes with
fluorine-containing components had good resistance to chlorine attack
under harsh conditions, and the fluorinated polymers could improve the
chemical inertness and long-term stability of the membranes. Therefore,
introduction these functional groups into the PVA selective layer is an
effective way to improve the chlorine resistance.

Our previous study reported a membranes having an improved
chlorine resistance up to 768,000 ppm-h [18]. The membrane was
prepared by grafting the PVA chain having 1, 3-diols unit with poly-
styrene-co-maleic anhydride (PSMA), and then cross-linked with the
cross-linker of fluorocarbon. However, due to the hydrophobicity FS-
3100 reduced the membrane hydrophilicity, the water flux was
decreased to 44.5 + 1.5 (kg/(m2~h)), which was too low to meet the
requirements of PV application. Therefore, it is necessary to fabricate a
membrane with high chlorine resistance and good water permeability.

The facilitated mass transfer group of sulfonic acid could promote
water transport across membrane due to the hydrophilic rich domains
formed a constitute continuous ion channels [10,27-30]. 5-Sulfosali-
cylic acid (SSA) is an aromatic compound with both sulfonic acid
group, which promotes water mass transfer while ensuring the me-
chanical properties of the membrane. And it was a feasible method to
introduce the SSA into membrane for improving the performance of the
membrane.

In this study, we divided three steps to optimize the PVA composite
membrane. First, the PVA was pre-oxidized with sodium periodate to
remove the active 1,2 hydroxyl groups and initially improve the
oxidation resistance of PVA. Subsequently, SSA and PVA were copoly-
merized to improve the hydrophilicity of PVA. Finally, PVA-PFGA/PTFE
composite membrane was prepared by crosslinking PFGA with PVA.
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2. Experimental
2.1. Chemicals

Polyvinyl alcohol (PVA-124, Mw 105,000 g mol, hydrolysis degree
98 %), sodium periodic (NalO4, purity 99.8 %), 5-sulfosalicylic acid
(SSA), Bovine Serum protein (BSA), humic acid (HA) and sodium chlo-
ride (NaCl) were purchased from Aladdin Holdings-Group (Beijing,
China). perfluoroglutaric acid (PFGA) was purchased from Meryer
Biochemical Technology Co., LTD (Shanghai, China). PTFE was ob-
tained from Marbridge Biomembrane Technology Co., LTD (Shanghai,
China). Deionized (DI) water was obtained from a lab equipped Milli-
pore ultrapure water system. Dimethyl sulfoxide (DMSO), Sodium hy-
droxide, and absolute ethyl alcohol were purchased in Tianjin Fuyu Fine
Chemical Co., LTD (Tianjin, China). Concentrated sulfuric acid, sodium
hypochlorite, hydrochloric acid purchased from Beijing Chemical Plant.

2.2. PVA modification

2.2.1. Oxidizing PVA hydroxyl groups

The 1,2 hydroxyl group of PVA chains was removed while the 1,3-hy-
droxyl group unit was kept in the PVA chain, as the oxidation method
reported in ref. [17].The pre-oxidation mechanism was shown in S1.
Specially, 10 g PVA was dissolved in 90 mL DI water at 90 °C water bath.
Then 5 g NalO4 was added to the PVA solution and stirred with 10 min at
room temperature. To terminate the reaction, excess amount ethanol
was poured into the mixing solution. After precipitating in 12 h, the
turbid solution was filtered using ethanol for 2-3 times and vacuum
dried before use.

2.2.2. Sulfonic acid grafting of modified PVA

As shown in the Fig. 1, 2 g modified PVA was added into 40 mL
DMSO and stirred at 90 °C water bath for several hours. As the solution
cooled to 60 °C, series amount of sulfosalicylic acid (SSA), which the
molar ratio of n(COOH): n(OH) with modified PVA were 0:2, 1:2, and
2:2, were added into these solutions to react 24 h. Concentrated sulfuric
acid (98 %) was added in these solutions as catalyst. The solution was
poured into excess ethanol and then filtered washing 2-3 times for
obtaining the SSA grafted PVA (SPVA).

2.3. Fabricating the SPVA-PFGA/PTFE composite membrane

The composite membrane of SPVA-PFGA/PTFE was prepared via the
spray-coating method based on a previously reported work [11]. Briefly,
2 wt% aqueous solution, which the ration of n(COOH): n(OH) in SPVA/
PFGA were controlled at 1:60, 1:40, 1:20, 1:10 and 1:5, was spray-
coated onto the PTFF substrate. The pH of the mixed solution was
adjusted to 1 using sulfuric acid. During spraying, the nozzle diameter of
air brush was selected as 0.2 mm, and the distance of spraying nozzle-
membrane surface was maintained 15 cm and the air pressure was
regulated at 0.3 Mpa by a mini air compressor (USTAR, UA-601G,
China). Thickness of the coating SPVA-PFGA layer was controlled by
depositing the spraying volumes at 70 pL/cm?. After coating, the com-
posite membrane was heated at 100 °C for 15 min to cross-link the SPVA
with FA, as Fig. 2 illustrated.

-(-CHZ-?H-):

o}
SO;H COOH
DMSO |
-(-CHZ-(ljﬂ-): + —c > soaH c=0
o 24h \Q

OH
PVA SSA grafted PVA

Fig. 1. The reaction mechanism of SSA grafted PVA.



J. Yan et al.

Solution droplets )/ SPVA-PFGA layer ~ Composite PV membrane

S . p—— . 3o
Spaying \, Crosslinking
_— —

+('1|,-Ell);(-('||,-l'||*- O::') J lL—O-R
= F FF F +('H;-EH<H-(‘HZ-}'H<)\-

SOH o
+  Ho-C C—OH e |
LA 100°C “so4H "=0
OH \q S e
—0-R

TR

Support layer

F FE F

Fig. 2. Preparation process of SPVA-PFGA/PTFE composite membrane.

2.4. Physicochemical characterization of SPVA based membrane

Fourier Transform Infrared Spectroscopy (FTIR, Nicolet 560) was
used to analyse the chemical structure of SPVA based membranes. The
elements composition and chemical state of membranes were measured
by X-ray photoelectron spectroscopy (XPS, ESCALAB 250, America). To
determine the -SO3H quantity in SPVA polymer, the ion exchange ca-
pacity (IEC) was tested by titration method [28]. Specifically, 0.01 g of
sample was immersed in 10 mL 0.1 mol/L NacCl solution at room tem-
perature for 2 days. Then using the phenolphthalein as indicator, 0.02
mol/L NaOH aqueous solution was gradually titrated into the sample/
NaCl solution. As the mixed solution turned red, the consuming volume
of NaOH solution was recorded and then calculated the IEC by Eq. (1):

[EC — Cheon * Viaon 44 )}
SPVA

where IEC was Ion-exchange capability (mmol/g); Cnson Was the vol-
ume (mol/L) and concentration (L) of standard sodium hydroxide;
Wspya was the Weight of dry SPVA (g).

Field emission scanning electron microscope (SEM, HITACHI S-
4700, Japan) was used to observe the thickness and surface of SPVA-FS
membrane. All the samples were fractured in liquid nitrogen for
obtaining a smooth cross-sectional morphology. Water contact angles of
the membrane were measured by contact angle measuring instrument
(CA, JC2000C). The CA data was the average value of five replicates at
random place of each membrane. An X-ray diffractometer (XRD, Ultima
IV, Rigaku, Japan) was used to analyze the crystallinity and grain size
changes of the membrane at a test angle of 3-70° and a scanning rate of
10°/min.

2.5. Pervaporation desalination test

A lab-made equipment shown in Fig. 3 was used to measure the
pervaporation desalination of membranes. During the measurement,
3.5 wt% NaCl solution was circulated at membrane feed side by a
peristaltic pump (JTHPUMP, China). The peristaltic pump speed was set
to 400 r/min. At membrane back side, the permeation pressure was kept
at 100 Pa using a vacuum pump. A liquid nitrogen cold trap was applied
to draw the permeated water vapour. The collecting water was weighed
to determine the water flux by Eq. (2):

AM
J_

= (2)

where J was the water flux (kg/(mz-h)); AM was the mass of producing
water(kg); A was the effective area of membrane which was 3.28 em? ¢
was the testing time(h). Salt rejection R (%) was calculated using Eq. (3):
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Fig. 3. Schematic diagram of pervaporation desalination.
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where Cr and C, were the salt concentrations at feed solution and
penetrating solution, respectively. A conductivity meter (DDSJ-308F,
Leichi, China) was used to determine the NaCl concentration of the so-
lution. Moreover, the temperature effect on membrane performance was
also studied. The membrane was tested at feed temperature of 30 °C,
40 °C, 50 °C, 60 °C, 70 °C and 80 °C, which was described by Arrhenius
equation in Eq. (4). Taking the logarithm at both sides of Eq. (4), the
function of InJ ~ 1/T was drawn and then got the activation energy of
permeable water by calculating the function slope.

E
J :Joexp(*R*;q) @

where J was the water flux (kg/(mz-h)), Jo was the pre-exponential
factor, Ej (kJ/mol) was the apparent activation energy, R was the gas
constant and T (K) was the feed temperature.

To better evaluate the performance of the membrane, we calculated
its permeance and permeability, as detailed in the reference [31]. The
permeance properties of the membrane were calculated as following Eq.
(5):

AM

Faer = A-t-Aprae (5)

where AM was the mass of producing water (kg); A was the effective
area of membrane which was 3.28 ecm?. t was the testing time (h); the
vapor pressure on the feed side and the downstream side of the mem-
brane (with the membrane permeate side vacuum pump pressure at
0.001 bar).

The permeability properties of the membrane were calculated as
following Eq. (6):

AM-L

P water — W (6)

where L was the membrane thickness (m).

2.6. Determination of the water uptake and swelling ratio

The preparation method of SPVA-PFGA layer was referred to S1. The
dried dense membrane was soaked in DI water at room temperature. As
the wet membrane reached to water absorption equilibrium, the samples
were taken out and wiped the water droplets on membrane surface by a
tissue paper. Then the wet membrane was weighed and the samples
were dried in a vacuum oven at 50 °C for 12 h. Water absorption of the
membrane was calculated using Eq. (7) [28]:
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Wwet - Wdry

dry

WU = x 100% (@]

where Wyr and Wy, were the mass of wet and dried membranes (g),
respectively.

Rectangular samples (2 cm x 2 cm) were immersed in DI water for
48 h and swelling ratio (SR) was calculated using Eq. (8):

et — L
SR = Lwet = Lay 46004 )

dry

where Ly and Lgy, are the length of the water-swollen and dried
membranes (cm), respectively.

2.7. Determination of the cross-linking density

The cross-linked polymer of SPVA-PFGA membrane was immersed in
DI water, and the swelling behavior was described by the Flory-Rehner
theory, which the cross-linking density (v) could be calculated by Eq.
9):

_ P
v= M, (€)]
where v (mol/m?) was the cross-linking density, which was the average
moles number of molecular chain segments between two cross-linking
sites. Pp (kg/me') was the density of membrane. M¢(g/mol) was was

determined by Eq. (10) [32-35]:

P Vs(#5 — 0.5)
M. = — 10
T T (=) + b+ 20 (1o

where Vs(m®/mol) was the molar volume of water in gel polymer. ¢ was
the volume fraction of the polymer in swelling cross-linked gel, which
was calculated from Eq. (11) [34]:

o= [Wap," | [ [Warn," + (Wo: | an

where W, (kg) was the mass of the cross-linked membrane, W;(kg) was
the mass of water absorbed in the swelling membrane, p (kg/m>) was
the density of water. y was the Flory Huggins interaction parameter
between solvent and polymer, which was calculated using Eq. (12)
[32,36]:

1 =0.44+0.18¢ (12)

A
Pp:m+ﬂo+pL+pL 13)
where A (kg) was the dry weight of SPVA-PFGA membrane, B (kg) was
the mass of wet membrane, p, (kg/mg) was the density of DI water, and
p; (kg/m>) was the density of air.

2.8. Evaluation of the chlorine resistance

To evaluate the oxidation resistance of the prepared SPVA-PFGA/
PTFE membranes, 3.5 wt% NaCl was used as the feed salt solution,
and the permeability flux and desalination rate before and after oxida-
tion exposure were calculated. The salt solution was run for 1 h to
establish the initial flux before testing for oxidation resistance. The
oxidation resistance experiments were carried out by soaking the
membranes in 2000 ppm NaClO solutions that regulated with various
pH value (4, 7, 12). After immersing a period time of 48 h, the mem-
brane was taken out and washed carefully with DI water for PV testing.
The changes in PV desalination properties and chemical structure of the
SPVA-FA membranes over the soaking time were monitored by PV de-
vice and FTIR, respectively. The total free chlorine exposure of the PV
composite membrane was calculated by Eq. (14) [18,37]:
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C-t(ppm-h) = /Cdt as

where C (ppm) was the concentration of sodium hypochlorite; t (h) was
the immersion time in sodium hypochlorite.

2.8.1. Membrane fouling and washing experiments

The membrane was firstly stabilized by PV tests in 3.5 wt% NaCl
aqueous solution for 1 h, and denoted the water flux as Jy;. Subse-
quently, the membrane was exposed to 3.5 wt% NaCl+1 wt% BSA so-
lutions for continuous contamination reaching to 10 h. Then the
membrane was immersed for 30 min using NaOH (pH = 12). After that,
the membrane was tested using 3.5 wt% NaCl solution, which the water
flux was noted as Jyz. The flux recovery ratio (FRR) was calculated using
Eq. (15). Subsequently, the second and third cycles were conducted
following the aforementioned steps, using NaOH + SDS and NaClO (pH
= 12) as cleaning agents, respectively, to compare the cleaning effec-
tiveness of different agents. The contamination solution of 3.5 wt%
NaCl+1 wt% HA was also carried out as the same procedure.

Ji

FRR = J—m (15)
w1l

where Jy (kg/(mz-h)) was the water flux before fouling, Jy; (kg/
(m%h)) was the water flux after cleaning.

3. Results and discussion
3.1. Characterization of the SPVA

FTIR in Fig. 4(a) was the spectra of PVA, SSA and SPVA. For PVA, a
wavenumber in 1720 cm™! appeared, which represented the charac-
teristic peak of C=0. This was reasoned from the vinyl acetate that had
not been hydrolyzed [17]. After grafting SSA, the intensity of C=0 in
modified PVA (SPVA) was enhanced and the bands located at1050 cm ™!
and1088 cm ™! were attributed to the stretching vibration of S-O,
respectively, which proved the existence of sulfonic groups [28]. This
was because the SSA had reacted with the PVA by esterification reaction.
XPS spectrum also demonstrated this result. Fig. 4(c) shown that no
characteristic peak of S at binding energy between 155-180 eV [38] was
observed for the PVA (n(COOH): n(OH) = 0:2) While as the n(COOH): n
(OH) increased to 2:2, the signal of S was detected. More specifically, by
analysing the C1s XPS spectrum in Fig. 2(d)-(f), the peak intensity of C-S
peak increased gradually with the increased amount of SSA (SPVA (0:2)
to SPVA (2:2)). This result indicated the increased graft proportion of
SSA. The content of sulfonic acid group can be determined by using IEC
standard method. Fig. 4(b) shown that there was an improved IEC data
as the SSA content increment. The highest IEC of 0.72 mmol/g was
observed when n(COOH): n(OH) = 2:2, which suggested the highest
grafting efficiency for the SPVA.

3.2. Effect of SSA grafting amount on PV desalination performance

The SPVA with changed SSA grating ratio was mixed with certain
amount of cross-linking agent PFGA and then cross-linked on PTFE
substrate. Fig. 5(a) shown the surface and cross-sectional morphologies
of PVA, and SPVA (1:2, 2:2) on PTFE. The thickness of these layers was
about 6 pm. PV desalination performance was shown in Fig. 5(b). It was
observed that all the membranes had a NaCl rejection above 99.9 %.
This result indicated the prepared membrane was defect-free, which
could meet the desalting application. However, the water flux of these
membranes varied significantly with the improvement of SSA grafting
ratio. The water flux improved to 120.38 + 1.72 (kg/ (m?-h)) from 65.35
+2.62 (kg/ (m?h)) with the n(COOH): n(OH) ratio increased from 0:2 to
2:2.

Two reasons could explain this change: 1) the SSA grafted membrane
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Fig. 4. (a) FTIR spectra of SPVA, PVA and SSA; (b) XPS spectra of PVA; XPS spectra of (c) PVA (0:2), (d) SPVA (1:2) and (d) SPVA (2:2) membranes; (f) IEC of SPVA

with different grafting proportions.

had strong water absorption capacity, providing higher water content,
and thus leaded to a higher driving force for water molecule diffuse
through the membrane. Fig. 5(d) confirmed the development trend of
water absorption and swelling degree for these membranes. The initial
PVA exhibited the lowest water absorption (70.41 %) and swelling
ability (36.67 %), while the highest water absorption (225.0 %) and
swelling (80.67 %) were observed for SPVA (2:2). 2) sulfonic acid groups
had strong water-absorbing ability, which was a facilitated mass transfer
factor for water. The water accumulated near the sulfonic acid group

and then passed across the membrane rapidly [10,29].

3.3. Cross-linking density influence on PV desalination property

The effect of SPVA/PFGA membranes cross-linking density on PV

desalination property was explored. Fig. 6(a) was the cross-linking de-
gree of SPVA/FA membrane. It was found the cross-linking degree of
these membranes increased from 403 + 21.72 (mol-m°) to 687 + 32.62
(mol~m3), as the n(COOH): n(OH) (PFGA: SPVA) increased from 1:60 to
1:10. Cross-linking also changed the crystallinity of the membrane,
expanding the amorphous part of the membrane and facilitating the
diffusion of water molecules [17]. Therefore, the water flux was of these
membranes continuously improved from 58.08 + 1.64 kg/(m2h) to
120.38 +£1.72 kg/(mz-h) following the n(COOH): n(OH) rose from 1:60
to 1:10. However, when the n(COOH): n(OH) (PFGA: SPVA) increased to
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Fig. 6. (a) Crosslink density of grafted PVA layers as a function of crosslinking agent (PFGA) additions; (b) the pervaporation desalination properties of all SPVA-
PFGA/PTFE composite membranes at 70 °C; (c) FTIR spectra of SPVA-PFGA membranes with various crosslinking ratios; (d) XRD spectra of SPVA and SPVA-

PFGA membrane.

1:5, the water flux of membranes decreased to 100.51 + 4.95 kg/ (m>h).
This was mainly due to the excessive cross-linking for the SPVA/PFGA
membranes.

Fig. 6(c) shown the FTIR spectra for membranes with different
addition of PFGA. Following the increment of PFGA, the C=0 peak at
1770 em ™! was developed to deeper, and then the growing tendency
became stable when the n(COOH): n(OH) reached to 1:5. This signified
sufficient -COOH in PFGA had reacted with the OH in SPVA and thus the
signal of C=0 peak reached to saturation. The over cross-linked struc-
ture of PVA restricted the chain movement, and the overall flexibility of
the polymer decreased, which directly affected the transfer to water, and
thus leads to a decrease in the flux [18]. In addition, the hydrophobicity
of PFGA led to a decrease in the hydrophilicity of the SPVA-PFGA
polymer, which resulted in a decrease in membrane water flux at high
PFGA concentration.

XRD tests were conducted on the membranes with different ratios of
crosslinking agents. As shown in Fig. 6(d), 260 = 19.5° was the typical
crystallization peak of polymer SPVA, which was significantly lower
than before crosslinking, indicating that the amorphous part of polymer
PVA expanded after crosslinking. This will facilitate the migration of
more PVA molecular chain fragments and promote the diffusion of water
[17].

3.4. Effect of operation conditions and performance sustainability

Fig. 7(a) demonstrated the desalting performance of the SPVA-
PFGA/PTFE(n(COOH): n(OH) = 1:10) membrane at varied feed tem-
perature. It was observed that all the membranes kept NaCl rejection
above 99.98 % from 30 °C to 80 °C. But the water flux of membrane
increased significantly with the improvement of feed temperature.
When the operated temperature rose to 80 °C, a high water flux of

136.89 + 2.72 kg/(m2~h) was achieved, which was increased by 3.1
times comparing than that performance obtained at feed temperature of
30 °C. This was because the increased feed temperature made higher
driving force of water vapor partial pressure difference between the feed
side and the permeating side, therefore, allowed more water to spread
through the membrane [18] On the other hand, the improved temper-
ature was conducive to increase the mobility of the polymer chains,
making it easier for water to diffuse across the membrane [39].The
temperature effect on desalination performance could be described by
Arrhenius equation. After calculation from the slope of Arrhenius plot in
Fig. 7(b), the Ej was to be 25.67 kJ/mol. In addition, the activation
energies were compared with those of other PV membranes, with more
details listed in Table S3.

It can be observed that SPVA-PFGA/PTFEE composite membranes
outperform most other materials used for PV desalination in terms of
water flux in the temperature range of 30-80 °C (Fig. 7(c)). The mem-
branes have very great water permeability, excellent salt rejection
properties and strong interfacial strength, which make them an impor-
tant application area for PV desalination.

Salt concentration also affected membrane performance. Fig. 7(d)
shown the performance of membrane operating as the NaCl concentra-
tion increased from 0 wt% to 20 wt%. The water flux decreased clearly
with the increased NaCl concentration. This could be easy understand-
ing that the high feed concentration decreased the water vapour pres-
sure and intensified the concentration polarization at membrane feed
side [40]. Nevertheless, even at 20 wt% NaCl concentration, the mem-
branes still had a flux of 51.95 + 0.6 (kg/ (mz-h)) and good salt rejection
above 99.98 %. This membrane had acceptable water flux, salt rejection
properties, which suggested a promising prospect for PV desalination in
treating high-concentration saline water. Compared to other mem-
branes, SPVA-PFGA/PTFE shows good permeance and permeability, as
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Fig. 7. (a) Salt rejection and water flux of SPVA-PFGA/PTEFE at different test temperatures (3.5 wt% NacCl solution); (b) the water flux Arrhenius plot of SPVA-PFGA/
PTFE composite membrane at different temperatures; (c¢) comparison of the PV desalination performance of this work with previously reported results in the
literature; (d) Comparison of water fluxes with other PV membranes at different salt concentrations [13,15,17,28,29,41-67] (Table S2).

shown in Table 1.

3.5. Chlorine resistance

The beginning of reduction trend in salt rejections taken as a evi-
dence that the chlorine had damaged the SPVA-PFGA separation layer.
Fig. 8(a) shown the steady running time of the membranes soaking in
NaClO solutions (pH = 12) reached to 480 h, corresponding to the
chlorine and recorded as the oxidation resistance of 960,000 ppm- h.
Comparing with the oxidation resistance property reported by other
literature in Fig. 8(e), the chlorine resistance ability was the highest
level. S1 S4 lists more details. Besides that, the membrane soaking in
NaClO solutions (pH = 4, 7) were 192 h and 216 h, corresponding to the
chlorine resistance of 384,000 ppm- h and 432,000 ppm- h, respectively.

Clearly, the membrane treated in alkaline NaClO solutions had better
chlorine resistance performance. This because of there was a higher
oxidation potential in neutral and acidic conditions for HCIO compared
with ClO™ in alkaline environment, and thus the oxydic capacity of
HCIO exceeded that of CIO™ [18]. Therefore, it was recommended to
clean the polluted membrane in alkaline NaClO solution for reducing
membrane damage as much as possible resistance time.

The water flux increased and then decreased with longer soaking
time. The water flux increased by 42 % after 96 h of NaClO soaking. As
the hydrolysis of the membrane by sodium hypochlorite dominated the
hydrolysis of the membrane, the carboxyl groups increased and the
peaks of C=0 at 1700 cm ™! became stronger in the FTIR of Fig. 8(b, c,
and d), which made the membrane more hydrophilic. In the event of a
minor reduction in cross-linking, the membrane’s salt rejection and

Table 1

The performance comparison between our membrane with literature-reported work.
Membrane Thickness Feed temp. Salt conc. Flux Permeance Permeability Ref.

Q) (wWt%) (kg/mz-h) (kg/mz-h»bar) (kg»m/m2~h~bar) x 107%

SPVA-PFGA/PTFE 6.12 ym 70 3.5 120.38 397.29 24.31 This work
PVA/PAN nanofiber 0.73 pm 75 3.5 211.37 569.55 4.16 [15]
PVA/ZIF-8/PTFE 1.18 pm 80 3.5 307.58 674.37 7.96 [31]
(CTA/CNCs) 6 70 3 11.67 37.76 2.26 [66]
PVA/PVDF 0.88 pm 85 3.5 120.0 215.32 1.89 [68]
PVA/PSF 0.61 pm 70 3.5 124.8 416.28 2.54 [12]
Cellulose triacetate/LUDOX-SiO, 10 70 3 6.1 19.74 1.97 [67]
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Fig. 8. (a) Oxidation resistance test at different pH values (2000 ppm NaClO); FTIR changes of composite membranes at pH = 4 (b), pH = 7 (c) and pH = 12 (d); (e)
Oxidation resistance compared with other membranes [17,18,70-80]; (f) Contamination - cleaning test. The contaminated membrane was cleaned with NaOH (pH =

12), NaOH + SDS (0.03 %) and 500 ppm NaClO (pH = 12), respectively.

permeability were improved, leading to an increase in water flux
through the membrane. With further increase in immersion time, the
water flux started to decrease possibly due to the increase in free volume
of the hydrolysed polymer, and the loose structure of the polymer
collapsed more easily under pressure. When immersed for 480 h, the
1700 cm ™! peak became broader and weaker, while the intensity of the
broad peak between 3000 cm '-3300 cm™! decreased significantly,
indicating that the hydroxyl group on the PVA was oxidised to carbox-
ylic acid by the residual chlorine, which indicated that at this time, the
decomposition of the PVA chain occurred in the residual chlorine so-
lution, and the integrity of the membrane was damaged, with a signif-
icant decrease in the salt cut-off chlorine, and a significant increase in

the water flux.

We selected humic acid (HA) and bovine serum albumin (BSA) as
organic pollutants in the feed solution, and NaOH (pH = 12), NaOH +
SDS, and NaClO (pH = 12) aqueous solutions as cleaning agents for
membrane washing [18]. As shown in Fig. 8(f), the water flux decreased
sharply after adding HA or BSA to the feed solution, followed by a
gradual decline and stabilization. This indicates that the membrane
surface was completely covered by a cake layer formed by organic
pollutants [69]. In the first cycle, after static soaking with water for 30
min, the water flux recovered to 111.34 &+ 0.93 (kg/(m2~h)) and 118 +
5.26 (kg/(m?h)). In the subsequent 10 h fouling test, the second cycle
used NaOH —+ SDS solution for membrane cleaning, following the same
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procedure as the first cycle. It was observed that the membrane flux was
significantly higher after cleaning. This is because SDS, as a surfactant,
effectively removes organic molecules. In the third cycle, NaClO solu-
tion was used, resulting in the highest flux recovery rate among the three
cleaning methods. This demonstrates that NaClO is the most effective
chemical for removing organic fouling, as HA and BSA are oxidized into
smaller molecules. Membrane fouling and cleaning experiments
demonstrated that our developed PV composite membranes exhibit over
90 % water flux recovery following chemical cleaning (Fig. S4).

4. Conclusion

In this study, we developed a PVA-based PV membrane with excel-
lent chlorine resistance. The oxidation resistance of PVA was improved
by removing 1,2-diol from PVA, SSA grafting and PFGA cross-linking.
Grafting of SSA and introduction of sulfonic acid groups resulted in
decreased crystallinity and increased hydrophilicity of PVA, which
improved the intrinsic water transport properties of cross-linked SPVA-
PFGA polymer. The water flux increased from 65.35 + 2.62 (kg/ (m>h))
to 120.38 + 1.72 (kg/(mz-h)) in a perovapour desalination experiment
with 3.5 wt% NaCl at 70 °C, which is a 94.54 % increase in water flux,
while the high salt rejection was maintained at more than 99.95 %. The
SPVA-PFGA/PTFE composite membranes exhibited excellent chlorine
resistance at different pH values (pH = 4, 7, 12, NaClO = 2000 ppm).
The modified composite membrane had a salt rejection of 99.93 % at pH
=12 for 480 h continuously and a chlorine resistance of 960,000 ppm-h.
Membrane fouling and cleaning experiments demonstrated that our
developed PV composite membranes exhibit over 90 % water flux re-
covery following chemical cleaning. This significant achievement un-
derscores the membrane’s exceptional oxidative stability and
regenerative capacity. By enhancing the chlorine stability and water
permeability of PVA membranes, the PV composite membrane not only
expands its potential for high-demand water treatment applications but
also offers an innovative solution to the challenges of industrial mem-
brane fouling and lifespan extension. This improvement is poised to
drive the future development of oxidation-resistant membranes,
providing reliable and efficient water treatment technology for indus-
trial applications, suggesting broader applicability and greater economic
benefits.
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