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Abstract Membrane fouling is always the biggest problem
in the practice of membrane separation technologies, which
strongly impacts their applicability, separation efficiency,
cost effectiveness, and service lifespan. Herein, a simple
but effective 3D modification approach was designed for
permanently functionalizing polymeric membranes by
directly cross-linking polyvinyl alcohol (PVA) under
gamma-ray irradiation at room temperature without any
additives. After the modification, a PVA layer was con-
structed on the membrane surface and the pore inner sur-
face of polyvinylidene fluoride (PVDF) membranes. This
endowed them with good hydrophilicity, low adsorption of
protein model foulants, and easy recoverability properties.
In addition, the pore size and distribution were customized
by controlling the PVA concentration, which enhanced the
rejection ability of the resultant membranes and converted

This work was supported by the National Natural Science Foundation
of China (Nos. 11875313, 12075153, and 11575277).

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s41365-
021-00905-y.

< Bo-Wu Zhang
zhangbowu @shnu.edu.cn

< Jing-Ye Li
jyli@shnu.edu.cn

Shanghai Institute of Applied Physics, Chinese Academy of
Sciences, Shanghai 201800, China

MOE Key Laboratory of Resource Chemistry and Shanghai
Key Laboratory of Rare Earth Functional Materials, College
of Chemistry and Materials Science, Shanghai Normal
University, Shanghai 200234, China

University of Chinese Academy of Sciences, Beijing 100049,
China

them from microfiltration to ultrafiltration. The cross-
linked PVA layer was equipped with the resultant mem-
branes with good resistance to chemical cleaning by acidic,
alkaline, and oxidative reagents, which could greatly pro-
long the membrane service lifetime. Furthermore, this
approach was demonstrated as a universal method to
modify PVDF membranes with other hydrophilic macro-
molecular modifiers, including polyethylene glycol,
sodium alginate, and polyvinyl pyrrolidone. This modifi-
cation of the membranes effectively endowed them with
good hydrophilicity and antifouling properties, as
expected.

Keywords Ultrafiltration membrane - Antifouling - 3D
modification - Gamma-ray - Cross-linking

1 Introduction

Functional modification is a topic of great concern in the
research and development of various polymer membrane
materials. Many membrane fouling problems, greatly
affecting the applicability of membrane processes and the
separation efficiency, cost effectiveness, and service lifes-
pan of membranes [1-3], can be solved by functional
modification. Generally, to mitigate membrane fouling, a
modification is carried out to minimize the interactions of
foulants with the membrane surface by regulating the
surface chemical composition [1, 2] and the tailor surface
morphological architecture. This is performed by
smoothening the membrane roughness [4, 5] and by opti-
mizing pore size and distribution [6, 7]. Finally, antifouling
or nonfouling membrane materials are obtained. To date,
many approaches have been used to design antifouling
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membrane materials, including blending [8, 9], surface
coating [10-12], and chemical grafting (to or from)
[13—15]. However, most of them are only able to modify
the physicochemical properties of the membrane surface
(i.e., 2D modification), but it is difficult to decorate the
inner surface of the pores [16].

In practice, besides external fouling on the membrane
surface, fouling in membrane pores (i.e., internal fouling)
is non-negligible and even crucial to membrane perfor-
mance. This is because some small-size organic foulants
tend to infiltrate into membrane pores, which are subse-
quently adsorbed and aggregated on the inner surface of the
pores, resulting in rock-ribbed pore blocking or downsizing
[17]. Internal membrane fouling is often difficult to remove
by a washing process, leading to an unrecoverable decline
in permeation and a sharp drop in the service lifespan.
Therefore, a 3D modification method that can simultane-
ously decorate the membrane surface and the pore inner
surface is required to engineer antifouling membrane
materials. Surface segregation is a common and simple
method to modify membrane materials three-dimensionally
[18]. However, membranes prepared by this method cannot
provide long-lasting antifouling properties because of the
lack of strong interactions (such as covalent bonds)
between the membrane and modifiers, which leads to
modifier leakage during filtration operations [18]. Many
amphoteric polymeric modifiers with block, comb, or
branched structures were synthesized through complicated
processes to maintain modifier stability in the membrane
matrices [19]. However, they still cannot guarantee per-
manent antifouling properties. It is known that covalent
bonding between modifiers and the membrane can improve
the modifier stability in/on the matrix and provide com-
posite excellent durability in use [20]. Therefore, a new 3D
modification method is imperative to covalently anchor
modifiers onto membrane matrices in order to prevent the
modifier leakage.

Owing to their high energy, gamma-rays can create
reactive carbon-centered radicals on polymer skeletons by
direct or indirect attack on target chemical bonds under
mild conditions [21]. These radicals easily initiate redox
reactions, grafting polymers onto substrates or cross-link-
ing between polymeric chains [22, 23]. This phenomenon
has led to the widespread application of radiation tech-
nology for tailoring the performance of materials, either in
bulk or on surfaces [24, 25]. To date, high-energy radia-
tion-induced grafting methods have been widely investi-
gated for membrane preparation and modification [26]. In
addition, membranes manufactured by these methods have
shown great potential in many industrial applications, such
as energy storage and conversion [27] and substance sep-
aration and purification [24]. Considering that radiation-
induced grafting reactions mainly follow radical
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mechanisms [28], modifiers for grafting are highly
restricted by the availability of vinyl-containing com-
pounds, which hinders the application of radiation-induced
grafting methods. In contrast, radiation-induced cross-
linking is not limited to vinyl cross-linkers. Some polymers
with higher G-values for cross-linking (Gx) than those for
scission (Gg) can be directly cross-linked under irradiation
but without any cross-linking promoters [29]. For instance,
sodium-exchanged Nafion® membranes were directly
cross-linked under airtight conditions by temperature-con-
trolled gamma-ray irradiation to form a network structure
[30]. However, for separation applications, radiation-in-
duced direct cross-linking to modify membrane materials
has been neglected thus far.

Inspired by this, herein, we designed a simple and
effective approach to modify polyvinylidene fluoride
(PVDF) membranes three-dimensionally by covalently
anchoring polyvinyl alcohol (PVA) with the assistance of
gamma-ray irradiation. In this way, a hydrophilic gelation
layer was formed on the membrane surface and the inner
surface. Compared with the coating or blending methods,
this design based on radiation-induced cross-linking
between polymeric modifiers and membranes avoids the
compatibility problem of polymeric mixtures [31, 32],
especially, the poor compatibility between PVDF and PVA
due to differences in solubility parameters () [33]. Addi-
tionally, the covalent bonding between PVA and the PVDF
membrane enhances the functional durability of the mod-
ified membranes. In this work, micromorphological
examinations were carried out to investigate the effect of
PVA attachment on the surface roughness, pore size, and
internal structure of the membranes. Bovine serum albumin
(BSA) and lysozyme were used as model bio-foulants to
evaluate the antifouling performance of the modified
membranes by static adsorption, dynamic cross-flow foul-
ing experiments, and fouling-backwashing cycle filtration
tests. Subsequently, the chemical stabilities of the modified
membranes were tested under highly acidic, alkaline, and
oxidative conditions to assess their tolerance to harsh
chemical cleaning. Moreover, polyethylene glycol (PEG),
sodium alginate (SA), and polyvinyl pyrrolidone (PVP)
were used as modifiers to directly modify PVDF mem-
branes under gamma-ray irradiation in order to assess the
universality of the designed method.

2 Experimental

2.1 Radiation-induced 3D modification of PVDF
membranes

PVDF membranes were first cleaned by 1 h ethanol
immersion and subsequently washed thrice with water.
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After soaking in a PVA aqueous solution for 1 h at room
temperature, the PVA-infused membranes were taken out
from the PVA solution and vacuum-encapsulated in poly-
ethylene bags using a heat sealer. The sealed bags were
then treated by gamma-ray irradiation from a Cobalt-60
source at room temperature (~ 25 °C) and 200 kGy of
absorbed dose for 17 h. Finally, the irradiated membranes
were scraped and washed in hot water at 80 °C to remove
the hydrogel on the membrane surface and then soaked in
50 °C water for 48 h (water was changed every 6 h). The
obtained PVDF membranes with a PVA gelation layer
(denoted as G-PVDF membranes) were stored in water for
testing. To measure the loading of PVA on the obtained G-
PVDF membranes, the degree of gelation (DG) was
defined as follows:

G(%) =Yoo . 149, (1)
Wo

where G(%) represents the DG of the obtained membranes
and W (g) and W (g) are the dry weights of the PVDF
membranes before and after surface gelation under gamma-
ray irradiation, respectively. G-PVDF membranes with
different DGs were prepared using PVA aqueous solutions
with different concentrations (1, 2.5, 5, and 7.5 wt%) under
the same radiation conditions. Additionally, PEG, SA, and
PVP aqueous solutions were separately prepared with a
concentration of 2.5 wt% and were used to modify PVDF
membranes by the same process as that of the PVA
solution.

2.2 Porosity testing of membranes

First, the membrane was completely immersed in pure
water for 12 h, and the wet membrane weight (W) was
recorded after removing excess surface water. The mem-
brane was then placed in a vacuum oven at 60 °C for 48 h
to obtain the dry weight (Wy). The membrane porosity was
obtained using Eq. (2) [34]:

Wy — Wy

e(%) = Shp

x 100, (2)
where S and 4 denote the area (cm?) and thickness (cm) of
the wet membranes, respectively, and p is the density of
water (g-cm_3).

2.3 Testing of the molecular weight cut-off, mean
effective pore size, and pore size distribution

By ignoring the interactions between solutes and
membrane pores, the molecular weight cut-off (MWCO),
mean effective pore size (u,), and pore size (dp) distribu-
tion of the membranes were evaluated via solute separation
experiments using a series of aqueous feed solutions

containing 100 ppm of neutral solutes. Here, poly(ethylene
glycol) (PEG) with average molecular weights of
11,000 g-mol™" (11 kDa) and 20,000 g-mol~" (20 kDa)
and poly(ethylene oxide) (PEO) with average molecular
weights of 100,000 g-mol~"' (100 kDa), 300,000 g-mol~"
(300 kDa), and 600,000 g-mol_1 (600 kDa) were used.
The solute concentrations in the feed and permeate were
determined using a chemical oxygen demand tester (DRB
200, Hach Co., Loveland, CO, USA). The relationship
between the Stokes diameter (d,, nm) and the molecular
weight (M, g-mol™") follows the equations [35]:

for PEG,

3
dy = 33.46 x 10712 x M%7, (3)
and for PEO,
ds = 20.88 x 107'2 x M*%7, @

There is a linear relationship between the normal-loga-
rithm representation of the solute rejection (R) and solute
ds. Therefore, the p, was defined as the d; at R = 50%, and
the geometric standard deviation (g,) was determined as
the ratio of the d, at R = 84.13% over that at R = 50%. The
MWCO was the solute molecular weight that was 90%
rejected by the membrane (R = 90%) [35]. On the basis of
the u, and o, the pore size distribution is expressed as the
probability density function [35]:

dR(dp) 1 [_ (Indp — In up)zl

= ex
ddp dpInopv2n P 2(In ap)2

(5)

2.4 Filtration experiments

The permeation properties of all prepared membranes
were tested using a cross-flow unit in a Convergence
Inspectors microfiltration (MF) and ultrafiltration (UF)
pilot system (Poseidon, Convergence Inspector Co., USA).
The tests were performed at room temperature under a
transmembrane pressure of 1 bar (p). The water permeance
was tested for 60 min and calculated using Eq. (6):

AV

FIL-m2-h!.bar!) =——
(L-m ar~ ) ApAr

(6)
where AV is the change in permeation volume (L) at the
testing time At (h) and A is the effective membrane area
(12.56 cm?). At least, three samples were measured and
averaged for each test.

2.5 Fouling resistance evaluation of membranes
To evaluate the membrane fouling resistance, a static

protein fouling test was performed through BSA static
adsorption in an aqueous solution. The membranes with a
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diameter of 50 mm were immersed in 60 mL of a BSA
phosphate buffer solution (0.5 gL™!, pH ~ 7.4) and
incubated under moderate oscillation at room temperature.
After 12 h incubation, the membranes were removed, and
the concentration of residual BSA was determined by
measuring the absorbance at 280 nm using a UV-Vis
absorption spectrometer (UV-2600, Shimadzu Corp.,
Kyoto, Japan). Triplicate tests were performed for each
sample and averaged. The BSA absorption on the mem-
branes was calculated according to Eq. (7):

V(co — ca)
28

where Q is the BSA adsorption of membranes (pg-cm™2),
Cp and Cy4 are the BSA concentrations (g-L_l) in the buffer
solution before and after adsorption, respectively, V (L) is
the volume of the BSA buffer solution, and S (cm2) is the
membrane area.

For dynamic filtration fouling tests, loop filtration
experiments were performed on the above-mentioned MF
and UF pilot system. First, pure water permeance (J,,;) was
tested through 60 min of water cross-flow filtration under a
transmembrane pressure of 1 bar. Second, a BSA or lyso-
zyme (1 gL', pH ~ 7.4) buffered solution was used as
the feed solution and filtered through the membrane above
for another 60 min to measure the flux (Jp) under 1 bar.
Subsequently, the membrane was unloaded from the device
and backwashed with water for 15 min to recycle the
membrane. Next, the water permeance of the recycled
membrane (J,) was tested as in the first step. This filtra-
tion-in-series model was used to assess the membrane
fouling resistance calculated as follows [36]:

Jw2

Q(ug-em™2) = x 1000, (7

FR(%) =2 100, (8)
Ri(%) = % % 100, )
Ru(%) = JW‘J*;J“ X 100, (10)
R(%) :% % 100, (11)

where R, represents the total fouling ratio, R;, is the irre-
versible fouling ratio, and R, is the reversible fouling ratio.

2.6 Chemical resistance test of membranes

Generally, chemical cleaning is the main harsh chemical
condition that membrane materials must endure during
application. Herein, NaClO (2 g.L™"), HCI (1 mol-L™"),
and NaOH (1 mol-L™") aqueous solutions were used as the
harsh reagents to test the resistance of the membranes to
chemical corrosion. Pristine PVDF, i-PVDF, and G-PVDEF-
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2 membranes were immersed in the solutions above for
24 h. The color changes of the membranes were recorded
and measured by Lab values, which were acquired using a
colorimeter (NR10QC, Shenzhen 3nh Technology Co.,
Ltd., Shenzhen, China). After soaking in the harsh solu-
tions, the membranes were fully washed and stored in pure
water.

3 Results and discussion

3.1 Characterization of membranes modified
by PVA in situ gelation

As shown in Fig. la, the PVDF membranes were first
infused with a PVA solution, then gamma-ray irradiated at
200 kGy of the total absorbed dose for 17 h, and purified
by hot water until there was no additional weight loss
(Fig. S1a). Finally, PVDF membranes with a PVA gelation
layer (i.e., G-PVDF membranes) were obtained. G-PVDF
membranes with DGs were prepared by soaking the PVDF
membranes in PVA solutions with different concentrations
(1, 2.5, 5, and 7.5 wt%). The DGs of the corresponding
membranes were 1.3, 2.1, 6.3, and 8.4%, respectively. For
brevity, the membranes were named G-PVDF-1, G-PVDF-
2, G-PVDF-6, and G-PVDF-8 membranes, respectively.
The DGs of these membranes were found to be positively
correlated with the PVA concentration (Figs. S1b and S2),
which agreed well with the G-value trend of PVA inter-
molecular cross-linking by gamma-ray irradiation [37].
Chemical composition analysis by Fourier transform-in-
frared (FT-IR) spectroscopy and X-ray photoelectron
spectroscopy (XPS) confirmed the successful anchoring of
PVA onto the PVDF membrane surfaces (Figs. S3 and S4)
[38, 39].

Membrane micromorphology was observed by scanning
electron microscopy (SEM) and atomic force microscopy
(AFM). The membrane surfaces were found to be suc-
cessfully covered by a PVA gelation layer, and the rich
pothole-like morphology of the pristine PVDF membrane
surfaces was visibly smoother after PVA modification
(Figs. 1b—d). As a result, the size of the main holes on the
G-PVDF-2 membrane surface was remarkably reduced to
2 pm from the size of 5 um of the pristine PVDF mem-
brane (Fig. S5), as measured by the scale statistical soft-
ware (Nano Measurer v1.2). The PVA coating of the holes
on the G-PVDF-8 membrane surfaces prevented the hole
measurement using this software (Fig. 1d). The bottom
surfaces of these membranes were also observed. The
observed morphological changes were similar to those of
the top surface (Fig. S6), which indicated the same effect
on both sides of the membrane surface induced by this
method. The 3D AFM analyses also revealed that the
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Fig. 1 (Color online) a Schematic diagram of PVA in situ gelation in
PVDF membranes under gamma irradiation; SEM images of b the
pristine PVDF membrane, ¢ G-PVDF-2 membrane, and d G-PVDF-8

average roughness (Ra) values of the G-PVDF-2 and
G-PVDF-8 membranes clearly declined to 295 and
102 nm, respectively, from the value of 390 nm of the
pristine PVDF membranes (Figs. le-g). According to
previous reports, the smooth surface built by PVA gelation
could act as a protective layer and effectively lower the
protein adsorption on the membrane surfaces [40].

SEM images of the membrane cross sections showed
that the pristine PVDF membrane possessed a symmetrical
structure and consisted of dense spongy pores (Figs. 2a—
a”). After PVA modification, a distinct skin layer was
observed on both surfaces of the G-PVDF membranes, with
skin layer thicknesses of ~ 0.4 um and 5 pm corre-
sponding to the G-PVDF-2 and G-PVDF-8 membranes,
respectively. This verified that the skin layer was directly
related to the membrane DG (Figs. 2b—c"). In other words,
the skin layer was easily tailored by controlling the soaking

SERIES

Gelation PVDF membrane

membrane; 3-D AFM images of e the pristine PVDF membrane, f G-
PVDF-2 membrane, and (g) G-PVDF-8 membrane

concentration of PVA. In addition, the rough and burr-like
inner surface of the PVDF membrane pores (Fig. 2a”) was
smoothened, and most of the internal pores with a small
size in the membrane were filled in by the PVA gelation
layer (Figs. 2b”, ¢”). To confirm this, the elemental com-
position of the membrane cross sections was measured
using energy dispersive spectroscopy (EDS) mapping. As a
result, O could be found throughout the membrane cross
sections (Fig. S7). In addition, the O contents of the
G-PVDF membranes were higher than those of the pristine
PVDF and irradiated PVDF (i-PVDF, in water for 200 kGy
of the total absorbed dose in 17 h) membranes, and
increased with the soaking concentration of PVA (Fig. 3a).
Additionally, the O distributions were more intense near
the edge of the G-PVDF membrane cross section (Fig. S7),
especially for the membranes with higher DGs. This was
because a thicker PVA skin layer was constructed on the

@ Springer
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Fig. 2 (Color online) SEM images of the cross section of the a, a’, a’” pristine PVDF membrane, b, b’, b>> G-PVDF-2 membrane, and ¢, ¢’, ¢”’

G-PVDF-8 membrane

membrane surface, which completely agreed with the
observations in Figs. 2c—c”. Moreover, a significant
increase in the O content of the G-PVDF membranes was
observed in the central zone of the membrane cross section
after PVA modification and was closely related to their DG
(Figs. 3b and S8). Furthermore, the content of F decreased
with the increase in the PVA DG, regardless of the entire or
central zone of the membrane cross section (Table S1).
These results confirmed that PVA was not only anchored
on the membrane surfaces but also on the inner pore sur-
faces, thereby forming a hydrophilic layer on the mem-
brane inside and outside, indicating the 3D modification of

@ Springer

the PVDF membrane with the PVA layer under gamma-ray
irradiation.

In order to verify that PVA was covalently attached to
PVDF chains, we modified the PVDF powder with a PVA
solution (2.5 wt%) under the same radiation conditions (see
Experimental Sect. 2.1) and purified it using a large
amount of hot water, which was confirmed by FT-IR
spectroscopy (Fig. S9). Solid-state '*C-NMR spectroscopy
(Figure S10) shows the peaks of CH, (~ 47 ppm) and CF,
(124.6 ppm) [41] and a new peak around 68.8 ppm
appeared through deconvolution analysis, which could be
attributed to the signal of CHOH, confirming the presence
of PVA in the sample. Two peaks around 60 and 80.4 ppm
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Fig.3 (Color online) O content of different membranes measured by EDS mapping the a entire and b central zone of the membrane cross
section. The insert images are the element compositions of different membranes from EDS mapping

were also observed, which could be attributed to the carbon
atoms on the cross-linking points of the PVDF and PVA
chains, respectively. The deshielding effect of electroneg-
ative groups decreased the electron density around the
carbon atoms at the cross-linking points and subsequently
resulted in their chemical shifts to lower field [42]. The
solid-state '>*C-NMR results provided powerful evidence
for covalent bond formation between PVDF and PVA.

This mechanism can be explained by the principle of
radiation chemistry. Water can be decomposed into
hydrogen radicals (H'), hydroxyl radicals (HO"), and other
active species by gamma-ray radiolysis [43]. The H and
HO' radicals can react with the PVA chains in an aqueous
solution to generate polymeric radicals that combine with
each other, resulting in PVA cross-linking [44]. In addition,
these transient species from water radiolysis are able to
initiate the formation of carbon-centered radicals on the
PVDF chains [45]. Considering the high reactivity of rad-
icals, it is reasonable to describe the formation of PVA
gelation on the PVDF membrane surfaces and interiors in
the following way: PVA radicals not only couple with
other PVA radicals but also with PVDF radicals on the
membrane surfaces and the pore inner surfaces when they
are simultaneously irradiated with gamma-rays (Fig. S11).
A similar phenomenon was observed and confirmed from
the PVA modification of multiwalled carbon nanotubes via
gamma-ray irradiation [46]. In contrast to conventional
radiation-induced surface modification, this strategy is
simple and convenient for modifying membranes with
saturated macromolecules, rather than volatile, unstable,
expensive, or unavailable vinyl monomers, which would be
conducive to large-scale applications.

3.2 Fouling resistance of G-PVDF membranes

As mentioned above, both the membrane surfaces and
the pore inner walls were covered by the PVA gelation
layer, which altered the porous structure and inevitably
affected water permeation through the resulting mem-
branes. The water permeance through the G-PVDF mem-
branes in a cross-flow filtration system (25 °C; 1 bar) was
dramatically decreased in comparison with that through the
pristine PVDF membranes and exhibited a negative cor-
relation with the membrane DG (Fig. 4a). This was
explained by the decreased porosity of these membranes, as
PVA anchored on the membrane surface and the pore inner
wall occupied a portion of the transport channels. How-
ever, the separation selectivity of the G-PVDF membranes
was enhanced (Fig. 4b). The pristine PVDF membrane
with a pore diameter of 450 nm was found to hardly reject
PEG (or PEO) ranging from 11 to 600 kDa in molecular
weight, but PEG (or PEO) rejection by the G-PVDF
membranes improved as the DG was increased. By the
well-documented definition, the MWCO and the mean pore
diameter were calculated according to the curves of PEG
(or PEO) rejection versus molecular weight (Fig. 4b and
Table S2) [35]. The MWCOs of the G-PVDF-2, G-PVDF-
6, and G-PVDF-8 membranes were 500, 173, and 16 kDa,
and the corresponding mean pore diameters were 20.4, 6.8,
and 4.6 nm, respectively. These results indicated that the
pristine PVDF membrane converted from MF into UF by
radiation-induced in situ PVA gelation across the mem-
brane (the UF membrane criteria: the pore diameters range
is 1-100 nm; MWCO ~ 500 kDa) [47]. In addition, the
pore size distribution of the G-PVDF membranes,
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¢ pore size distribution of the G-PVDF membranes

determined by PEG rejection experiments, was reduced
and narrowed with increasing the membrane DG (Fig. 4c).
This result indicated that the pore sizes of the G-PVDF UF
membranes could be easily tuned by controlling the soak-
ing concentration of PVA during membrane preparation.

Given that the membrane surfaces and the pore inner
walls were finely covered by the PVA gelation layer, the
water wettability on these surfaces was distinctly increased.
The water contact angle (WCA) of these G-PVDF mem-
branes monotonically decreased from 107° of the PVDF
membranes to 37.6° of the G-PVDF-8 membranes,
exhibiting an enhancement of the surface hydrophilicity,
which was positively related to the membrane DG
(Fig. 5a). The results of static fouling tests showed that the
BSA adsorption capacity on the membranes was inversely
proportional to the WCA of the membranes. This is
because a lower WCA indicates higher surface
hydrophilization and stronger repulsion of BSA from the
membrane surface in a static fouling test (Fig. 5a) [48].
Despite similar WCAs, the BSA adsorption on the
G-PVDF-1 membranes was still up to 26.8 pg-cm 2.
However, on the G-PVDF-8 membranes, the BSA
adsorption sharply reduced to 10.6 pg-cm™ and then
slowly to 6.4 pg-cm 2 when the DG was increased to
2.1%. This indicated that there was a DG threshold (2.1%)
for the inhibition of protein adsorption on these mem-
branes. This finding was interpreted to indicate the impact
of DG on the amount of PVA coverage on the membrane
surfaces and the pore inner walls as well as the pore size
and distribution. These are important factors in BSA con-
tact with membranes and diffusion into pores.

Although the fouling resistance was confirmed by WCA
evaluations and static BSA adsorption measurements, the
effects of PVA gelation on the membrane antifouling
properties were further investigated through dynamic
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cross-flow fouling experiments (Fig. S12). These experi-
ments are closer to the real process of membrane separa-
tion. Herein, the G-PVDF-2 membrane was used as a
sample for its good permeation and selectivity (Fig. 4 and
Table S2). As commonly used model globular proteins,
BSA and lysozyme were selected as model membrane
foulants. Three commonly used parameters: total fouling
(Ry), reversible fouling ratio (R,), and irreversible ratio (R;;)
were calculated using previously reported formulas to
assess the membrane fouling resistance [36]. The flux
recovery (FR) was determined from the pure water per-
meance ratio of the recycled to fresh membranes to eval-
uate the membrane recyclability. The pristine PVDF
membrane was completely fouled by BSA (R, = 98%), and
95.3% of this fouling was irreversible (Fig. 5b). As a result,
a very low water permeance was recovered to the recycled
PVDF membrane (FR = 6.6%), indicating severe BSA
fouling, which rapidly deteriorated the membrane separa-
tion performance and shortened its lifetime. In contrast, the
total fouling of the G-PVDF-2 membrane by BSA was only
54.2%, but 91.1% of this fouling was reversible, which
represented a 95.1% water permeance recovery to the
recycled G-PVDF-2 membrane. This demonstrated that the
membrane after PVA modification exhibited excellent
resistance to BSA fouling. This conclusion was also con-
firmed by lysozyme fouling experiments (FR = 98.9%,
R, =179%, R.=16.8%, and Ry =1.1%) (Fig. 5c). In
addition, the BSA and lysozyme rejection rates for the
G-PVDF-2 membrane (9.35%, 43.54%) were higher than
those of the pristine PVDF (2.67%, 12.37%) and i-PVDF
(1.85%, 12.22%) membranes resulting from the blocking
part of the membrane pores and the improvement of
hydrophilicity by cross-linking the PVA layer (Fig. S13). It
is worth noting that the resistance of the G-PVDEF-2
membrane to lysozyme was significantly better than that of
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Fig. 5 (Color online) a Water contact angle and static BSA
adsorption of the membranes. The FR, R,, R, and R, values of the
pristine PVDF membrane and G-PVDF-2 membrane fouled with
b BSA and c lysozyme. The recyclability of (d) the pristine PVDF
membrane and e G-PVDF-2 membrane after fouling in a BSA- or

BSA. This result conflicted with the electrostatic principle
because the PVDF membrane was electronegative owing to
the high polarization of the C-F moieties [49], whereas
BSA and lysozyme were negatively and positively charged,
respectively, in the phosphate-buffered saline solution (pH
7.4) [50]. A reasonable explanation for this result is that the
full PVA layer covered the membrane surfaces and the
pore inner walls, resulting in a neutral G-PVDF-2 mem-
brane and negligible Coulomb interactions. Instead, the
hydrogen bonding ability of negatively charged BSA with
PVA was higher than that of positively charged lysozyme.
However, rod-like BSA (66.3 kDa, 14 nm x 3.8 nm x
3.8 nm) should easier stuck in the membrane pores than
near-spherical lysozyme (14.4 kDa, 4.5 nm x 3 nm x 3
nm) [51], which reasonably explains the higher total
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lysozyme-containing solution. The normalized flux was calculated as
the ratio of the real-time flux to the initial water permeance (J/Jy).
The testing was carried out in the following steps: water filtration,
BSA or lysozyme solution (1 g-L~") filtration, and 15 min water
backwashing. The cycle was repeated from water filtration

fouling of the G-PVDF membranes from BSA than that
from lysozyme (Figs. Sb—c).

To evaluate the membrane recyclability, fouling-back-
washing cycle filtration tests were performed on a cross-
flow device. When these membranes were used to treat a
BSA or lysozyme solution, the filtration flux of the pristine
PVDF membranes decreased by approximately two orders
of magnitude in comparison with the pure water permeance
of the fresh membranes (Fig. 5d). The pure water perme-
ance returned to ~ 1% of the original value after two
cycles, which indicated that the PVDF membranes had to
be disposed in two cycles owing to severe and irreversible
fouling in protein-containing solutions. The G-PVDEF-2
membranes also experienced a flux decline when treated
with a BSA or lysozyme solution, but their pure water
permeance was almost completely recovered after

@ Springer



70 Page 10 of 15

Y. Gu et al.

backwashing with water for 15 min. Moreover, the FR of
the G-PVDF-2 membranes maintained at more than 85%
even after four cycles, whether fouled by BSA or lyso-
zyme, indicating its long service life in membrane sepa-
ration, cleanability, and recyclability (Fig. Se). Thus, PVA
gelation of the PVDF membranes was concluded to endow
these membranes with hydrophilic and antifouling prop-
erties and to enhance their practicality in membrane sep-
aration because of their easy cleanability and good
recyclability. In addition, the performances of the
G-PVDF-2 membranes were compared with those of other
modified PVDF membranes reported in recent years
(Table S3). Although the pure water permeance was not the
largest, the G-PVDF-2 membrane exhibited excellent water
permeance recovery and ultralow irreversible fouling, and
retained > 85% of the water permeance recovery after four
cycles, indicating its outstanding antifouling and long-
lasting properties.

3.3 Stability of the PVA layer to harsh chemical
cleaning

As an integral part of a membrane system operation,
chemical cleaning under acidic, alkaline, and/or oxidative
conditions is required to remove stubborn foulants from
membranes, regain their separation performance, and sig-
nificantly impact the entire membrane process. Harsh
chemical cleaning treatments are very likely to induce
detachment of modifiers from the membrane and have
adverse effects on the membrane integrity and service life
[52]. Herein, the chemical stability of the G-PVDF-2
membranes, as a representative of G-PVDF membranes,
was assessed by soaking in acidic (HCI, 1 mol-L_l),
alkaline (NaOH, 1 mol~L_1), and oxidative (NaClO,
2 g-L_l) solutions over time (24 h) at room temperature
(~ 25 °C). Almost no weight loss was observed after
soaking in the above-mentioned harsh solutions (Fig. 6a),
but the WCAs on these membranes decreased after soaking
treatment, especially on the membranes soaked in the
NaOH solution (Fig. 6b). This result was attributed to the
hydrolysis of acetate moieties from the PVA layer. A proof
was provided by the FT-IR spectra of the G-PVDF-2
membranes before and after soaking in the harsh solutions.
The spectra showed that the peak around 1720 cm™" (ac-
etate) disappeared in the three membranes after soaking in
the HCI, NaOH, and NaClO solutions, separately (Fig. 6¢).
PVDF is widely reported to be vulnerable to alkaline
environments, and both oxidative degradation and C=C
bond formation can occur because of hydroxide ion attack
[52]. Chemical changes on the PVDF membrane surfaces
have also been confirmed by FT-IR spectra to occur during
short- and long-term NaClO cleaning [52]. However, in our
study, such changes, also assessed from FT-IR spectra,

@ Springer

were not observed in pristine PVDF, even i-PVDF mem-
branes, soaked in the aforementioned HCl, NaOH, and
NaClO solutions for 24 h (Fig. S14). In comparison with a
previous report [52], the poor hydrophilicity of the PVDF
and i-PVDF membranes could account for the lack of
signal changes detected from the FT-IR spectra of the
membranes before and after soaking in the harsh solutions
(Fig. S15). However, the hydrophilic G-PVDF-2 mem-
brane after soaking in the harsh solutions still showed no
changes in the FT-IR spectra, except for the disappearance
of the acetate signal. The micromorphological examina-
tions revealed that the surface of the G-PVDF-2 mem-
branes was slightly roughened after soaking in the harsh
solutions (Fig. S16). This could be explained by the acetate
group hydrolysis of PVA, which caused the PVA layer to
loosen and reassembly. Notwithstanding this, the main
surface hole sizes maintained at ~ 2 pum (Fig. S16), which
demonstrated the chemical resistance of the G-PVDF-2
membrane to harsh chemical cleaning.

Although no signal changes were detected by FT-IR
spectroscopy, the color of the pristine PVDF, i-PVDF, and
G-PVDF-2 membranes obviously changed after soaking in
the harsh solutions, especially in the NaOH solution
(Fig. S17). To measure the color change quantitatively, the
Lab values of the membranes were detected using a col-
orimeter. The Lab color model is a digital way to describe
the visual perception of color, which is appropriate to
define the color of materials quantitatively. In this model,
the L value refers to the luminosity, and @ value and b value
denote the red/green and yellow/blue opponent colors,
respectively [53]. The differences in the L, a, and b values
of the membranes before and after soaking in the harsh
solutions are shown in Fig. 7. It can be seen that the
L value changes of the membranes soaked in the NaClO
and HCI solutions were slight. However, when the mem-
branes were soaked in the NaOH solution, the L values
decreased, and the a and b values increased remarkably,
which was consistent with the observations from digital
pictures of the membranes (Fig. S17). The color changes of
the i-PVDF membranes were significantly lower than those
of the pristine PVDF membranes (Figs. 7a-b). This is
because PVDF is generally prone to cross-linking under
gamma-ray irradiation [29], whereas cross-linking turns its
2D linear structure into a 3D network, which significantly
improves the mechanical properties and chemical resis-
tance of PVDF membranes [54]. It should be noted that the
G-PVDF-2 membranes showed the minimum color chan-
ges among the three tested membranes in the acidic,
alkaline, or oxidative solution (Fig. 7c), indicating that the
PVA gelation layer in the membrane enhanced the mem-
brane tolerance to harsh chemical cleaning further.

Mechanical testing showed that the Young’s modulus of
the PVDF membranes was clearly improved after PVA
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Fig. 6 (Color online) a Weight retention, b water contact angle, and
¢ FT-IR spectra of the G-PVDF-2 membrane before and after
immersing in an HCI solution (1 mol- L"), a NaOH solution (1 mol-

in situ gelation in the membranes because of the radiation-
induced (self-)cross-linking of PVDF and PVA, which
indicated enhanced pressure-bearing performances of the
PVDF membranes (Fig. 7d). The Young’s moduli of the
PVDF and i-PVDF membranes notably decreased after
soaking under the harsh conditions, especially in the
NaClO and NaOH solutions. In contrast, the G-PVDF-2
membranes showed relatively good resistance to chemical
corrosion, even in the alkaline solutions, indicating that
PVA gelation weakened corrosion by the HCI, NaOH, and
NaClO aqueous solutions. Considering the PVA’s good
chemical stability of PVA, it was reasonable to infer that
the PVA layer in the PVDF membrane acted as a physical
barrier and protected bulk PVDF from chemical corrosion
during the cleaning process. This suggests that full cover-
age with a chemically stable layer on membrane surfaces
should be considered for extending membrane lifespans.
Additionally, the pure water permeance of the G-PVDF-
2 membranes after harsh treatment exhibited a slight
increase at the initial filtration stage, which might be due to
the slightly increased pore size (Fig. 7e and Table S4). Of
course, the PVA layer loosing and reassembly of the
membranes caused by acetate group hydrolysis of PVA in
the harsh solutions (Fig. S16) could also account for the
mild change in the membrane filtration properties.
Although the rejection ability of the membrane decreased
slightly, the water permeance still recovered after two
cycles of filtration and was on par with that of the fresh
G-PVDF-2 membrane. This demonstrates that radiation-
induced PVA in situ gelation through PVDF membranes
improved the resistance of the membranes to chemical
cleaning and maintained their antifouling performance.

1 . ] . 1
3600 3200 2800 1600 1200 800
Wavenumber (cm™)

HCI NaOH

L™ l) and a NaClO solution (2 g-L") for 24 h. The weight retention is
the weight ratio of the membranes after immersion

3.4 Method universality investigation

It is well known that radiation-induced grafting has been
widely used to prepare or modify various functional fil-
tration membranes, which have even been industrialized in
recent decades because of their universality. Comparatively
speaking, the application of radiation-induced cross-linking
to filtration membranes has not yet received sufficient
attention. As mentioned above, the approach to permanent
3D modification of PVDF membranes is based on the
intermolecular radical combination between PVA and
PVDF and PVA itself. In other words, the cross-linking
ability of modifiers and matrices is an essential requirement
for successful membrane modification via radiation-in-
duced cross-linking. To verify this viewpoint, other
hydrophilic macromolecular modifiers, including PEG, SA,
and PVP were used to modify the PVDF membrane
through the same process as PVA under gamma-ray irra-
diation. Figure 8a shows a new absorption peak
(~ 1660 cm™") in the FT-IR spectrum of the PVP-modi-
fied PVDF membrane, which is attributed to the charac-
teristic peak of PVP. In contrast, the FT-IR spectrum of the
membrane modified with PEG or SA showed no obvious
absorption signals of the modifier (Figs. 8b—c). The DG
measurements supported the observations of FT-IR spec-
troscopy. It was found that the DGs of the PVP-modified
membrane were up to ~ 3%, similar to PVA, whereas
both membranes modified with PEG and SA were almost
unsuccessful in modifier anchoring (only ~ 0.1% of the
DGs, Fig. S18). However, the WCA testing demonstrated
that both the both modifications of the membranes with
PEG and SA were successful because their WCAs were
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Fig. 7 (Color online) Color changes of the a pristine PVDF
membrane, b i-PVDF membrane, and ¢ G-PVDF-2 membrane before
and after soaking in harsh aqueous solutions (NaClO (2 g-L™"), HCI
(1 mol-.L™"), and NaOH (1 mol-L™") for 24 h. All color changes
were evaluated by differential Lab values. d Young’s modulus of the
pristine PVDF, i-PVDF, and G-PVDF-2 membranes before and after

notably lowered after gamma-ray treatment (~ 82.4° and
~ 68.6° corresponding to the membranes modified with
PEG and SA, respectively). Moreover, their BSA adsorp-
tion in the static test also declined and showed a positive
relationship with the WCA (Fig. 8d). The membrane
modified with PVP showed the minimum WCA (~ 47.9°)
and BSA adsorption (~ 11.6 pg cm™2).

These results can be explained by different radiation
chemistry effects of these three macromolecular modifiers
under gamma-ray irradiation. In fact, PEG and SA are
prone to degradation, and a few radiolysis fragments are
probably anchored onto the PVDF skeleton by a random
radical combination [55], resulting in lowered WCAs and
BSA adsorption (Fig. 8d). However, these radiolysis frag-
ments cannot be cross-linked to form a gelation layer on or
in the membranes as PVA (Figs. S19a-a’, S19b-b’), cor-
responding to their extremely low DGs. In comparison,
PVP is inclined to form a hydrogel via radiation-induced
self-cross-linking. Thus, PVP not only was anchored onto
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soaking in the above-mentioned harsh solutions, and e cycling
filtration of a BSA-containing solution by using the G-PVDF-2
membranes before and after soaking in the harsh solutions above. The
testing was carried out in the following steps: water filtration, BSA
solution (1 g-Lfl) filtration, and 15 min water backwashing. The
cycle was repeated from water filtration

the PVDF skeleton but also formed a gelation layer on or in
the PVDF membrane (Figs. S19c—’), leading to the
highest hydrophilicity and the lowest BSA adsorption
(Fig. 8d). Given the above, it is clear that directly treating
macromolecular modifiers and membrane matrices under
gamma-ray irradiation is universal to endow membrane
materials with good hydrophilicity and excellent antifoul-
ing performance, especially using modifiers with a higher
trend for radiation-induced cross-linking than that for
degradation.

4 Conclusion

In summary, a permanent 3D modification method for
antifouling PVDF membrane preparation was developed
through radiation-induced cross-linking between the
membrane matrix and hydrophilic macromolecular modi-
fiers. Thus, the membrane surfaces and the pore inner
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surfaces were effectively modified with PVA gelation
layers, which smoothened the membrane surfaces and
enhanced their hydrophilicity and resistance to protein
adsorption. In addition, the pore size and distribution of the
membranes could be effectively tuned by controlling the
PVA concentration to meet the needs of different rejection
requirements in filtration, even converting a hydrophobic
MF membrane to a hydrophilic UF form. The resultant
G-PVDF membranes showed very low total and irre-
versible fouling rates (< 5%) in protein solutions and a
high flux recovery (> 95%) with water rinsing. In addition,
multicycle filtration tests confirmed that these G-PVDF
membranes were recycled well with water rinsing, which
indicated their good cleanability, recyclability, and poten-
tial benefits in their applications for separation processes.
Meanwhile, owing to the stable PVA gelation layer, the
G-PVDF membranes exhibited good resistance to chemical
cleaning in an acidic, alkaline, or NaClO solution and

maintained good antifouling performance. Furthermore, the
universality of this 3D modification method was investi-
gated by replacing PVA with other water-soluble polymers
(such as PEG, SA, and PVP) as modifiers. The results
clearly confirmed the improved hydrophilicity and resis-
tance to protein fouling of the modified PVDF membranes.
Overall, the new concepts of this 3D modification via
radiation-induced cross-linking would open up an inter-
esting research strategy for developing functional mem-
brane materials for a variety of applications.
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