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Abstract Herein, excellent UV-absorbing poly(vinylidene fluoride) (PVDF) membranes were fabricated through the pre-irradiation
induced graft polymerization method. The PVDF chains irradiated with °°Co y-ray were modified with the polymerizable UV absorber 2-
[2-hydroxy-5-[2-(methacryloyloxy)ethyl]phenyl]-2H-benzotriazole (RUVA-93). The influences of irradiation dose and monomer
concentration on the prepared PVDF-g-PRUVA-93 membranes were investigated, and the optimal condition was eventually obtained. The
chemical structures of the films were studied by 'H-NMR, FTIR, and XRD. UV light transmittance and DSC tests were used to
characterize the UV-absorbing performance and thermal property of the PVDF films before and after modification. The results proved that
the PRUVA-93 side chains were successfully incorporated into the PVDF main chains and the obtained PVDF-g-PRUVA-93 films
possessed remarkable UV-absorbing property. The modified membrane made under the optimized experiment condition could completely
block the UV light in the range of 200—387 nm. Additionally, the transmittance of the PVDF-g-PRUVA-93 film could be reduced to

0.04% in 280—320 nm, where the light irradiation could damage polymer materials most seriously.
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INTRODUCTION

During the past decades, poly(vinylidene flouride) (PVDF)
has become one of the popular materials due to its excellent
chemical and aging resistance, good thermal stability and
mechanical properties, outstanding anti-oxidation perfor-
mance, as well as many other merits.[' 3] It has extensive
applications in water and wastewater treatment,l*] gas ab-
sorption, and membrane distillation.>*! Many efforts have
already been made to improve the anti-fouling property,[’*]
hydrophilicity,!”! hydrophobicity, and other new functions of
PVDF.!'%"12] Methods including plasma treatment,!'! physi-
cal blending,[! chemical treatment, and graft copolymeri-
zation are commonly used for PVDF modifications.['>!4] The
grafting polymerization can be achieved through various
ways such as ozone pretreatment,['’] UV light irradiation,’]
%0Co radiation,!'®! plasma-based processing technology as
well as radical polymerization.l'’~1°]

As aforementioned, lots of attempts have been made to
modify PVDF. Nevertheless, there are very few researches
on fabricating the UV-shielding PVDF film.[2] As is known
to all, discoloration, photo-destruction, and loss of mechanic-
al properties of polymers can be caused by long time solar
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ultraviolet (UV) radiation, particularly UV-B radiation.[2!22]
Therefore, when PVDF film is applied in the multilayer
membranes, the modified one with outstanding UV-proofing
property can protect the underlying materials from being
destroyed. During the past years, a series of UV absorbers
and fabricating methods have been investigated.[23727] The
major classes of UV protection substances are traditional or-
ganic UV absorbers and inorganic metal oxide nanoparticles.
The inorganic shielding substances such as Ti0,,[281 ZnO,[29]
Si0,, and CeO can reflect and scatter the UV radiation.[30-31]
The organic UV absorbers, for example, benzophenones,
benzotriazoles, cinnamates in addition to triazines, can trans-
form the radiation energy into less damaging thermal energy
through the deactivation process.[327331 Besides, some novel
UV-proof products have also been found, including polydo-
pamine (PDA),3¢1 graphene oxide (GO),’71 Fe3* doped
Mg/Al layered double hydroxides (Mg/Al + Fe LDHs),38]
carbon quantum dots (CQDs),[?%] sepia eumelanin (SE),[0]
mycosporines,l*!] mycosporine-like amino acids (MAAs),42]
and other natural UV-protectants.[*3]

Benzotriazoles, as one of the most important families of
organic compounds, have been widely applied in a variety of
plastic products.[**] The benzotriazole UV absorbers can be
incorporated into PVDF to make UV-shielding membranes.
Unfortunately, small molecule UV absorbers tend to migrate
from the polymer matrix during the service life of the poly-
mer materials. To make a strong combination between the
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UV absorbers and polymer matrix, grafting technology can
be used. Among the varied methods that have been reported,
radiation-induced graft polymerization is a good approach
for modifying polymers because of its non-selectivity, mild
reaction temperature, strong penetration ability, and ease of
operation performances.[45:46]

In this study, the small molecule UV absorber, 2-[2-hy-
droxy-5-[2-(methacryloyloxy)ethyl|phenyl]-2 H-benzotriazole
(RUVA-93), was grafted onto PVDF powders by the pre-ir-
radiation induced graft copolymerization. An optimal experi-
ment condition was finally obtained after the influences of
irradiation dose and monomer amounts were investigated in
detail. The excellent UV-absorbing property of as-prepared
PVDF-g-PRUVA-93 films was assessed by measuring the
UV transmittance with a UV-Vis spectrometer. Besides, the
chemical compositions and thermal properties of the modi-
fied membranes were also determined.

EXPERIMENTAL

Materials

Poly(vinylidene flouride) (PVDF) powders (Solef® 6010)
were provided by Solvay Co., Ltd. 2-[2-Hydroxy-5-[2-
(methacryloyloxy)ethyl|phenyl]-2H-benzotriazole (RUVA-
93, > 98.0%) was obtained from Tokyo Chemical Industry
Co., Ltd. Dimethylacetamide (DMAc), ethanol, and butanol
were AR grade and purchased from Beijing Chemical
Works. Methylene blue and titanium oxide (TiO2, 99.8%,
40 nm) were supplied by Aladdin Chemistry Co., Ltd. PVDF
powders were washed with deionized water to remove
impurities, and dried in vacuum until a constant weight was
obtained. All other mentioned chemicals were used without
further purification.

Pre-irradiation Induced Graft Polymerization

The UV-absorbing PVDF-g-PRUVA-93 copolymer was
made according to the process shown in Fig. 1. The purified
PVDF powders were irradiated with a 15 kGy dose in air
using y-ray from a %°Co source at room temperature. After
irradiation, the powders were stored at —20 °C in a
refrigerator before use. Then 5.88 g of irradiated PVDF
powders and 1.12 g of RUVA-93 (the concentration of
RUVA-93 was 16 wt%) were added into the twin screw
compounder (Micro 15cc Twin Screw Compounder, DSM
Xplore, Geleen, Netherlands) for 6 min at 190 °C with the
rotor speed of 50 r'min~' to initiate the copolymerization.
The obtained copolymer was dissolved in DMAc, and then
precipitated with ethanol. After that, the copolymer was
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washed by Soxhlet extraction with butanol for 24 h to
remove the residual monomers completely. The PVDF-g-
PRUVA-93 copolymer was finally obtained after being
completely dried.

Preparation of PVDF Membranes

The neat and modified PVDF films were made via the
solution casting method. PVDF powders (0.5 g) were added
into a flask with 10 mL of DMAc. The mixture was stirred
for 3 h at 50 °C. The homogeneous solution was then cast
onto a horizontal plate in an oven and spread with the casting
blade. The temperature of the oven was kept at 65 °C. After
the solvent was carefully evaporated for 40 min, the
temperature was turned up to 200 °C in order to remove the
residual DMAc. The neat PVDF film with the thickness of
40 pm was finally obtained after the film was cooled down to
23 °C. The manufacturing process of PVDF-g-PRUVA-93
membrane was the same as that of PVDF film.

UV-shielding Performance of the Films

The degradation of methylene blue solution under UV
radiation was further used to assess the UV-proofing pro-
perty of the obtained PVDF-g-PRUVA-93 film. Methylene
blue solution (20 mL, 1.76 x 107 mol-L") and TiO> (10 mg)
were added into a transparent glass vial. The obtained
solution was stirred in dark for 30 min to assure sufficient
dispersion. The neat and modified PVDF membranes were
used to cover the vial during UV irradiation (45 W),
respectively. The distance between the films and the lamp
was 8 cm, and the irradiation was conducted at temperature
of 20 °C under constant stirring. The methylene blue solution
(0.7 mL) was hourly taken out of the vial, followed by
filtration of TiO2. The absorbance of the initial and irradiated
solution was then measured by a UV-Vis spectrophotometer.
The remarkable UV-blocking property of the modified mem-
brane was proved by the value change of I (I = A/A4o x
100%). In the formula, Ao and At were the absorbance of
methylene blue solution before and after the UV radiation,
respectively. In addition, to make a clearer contrast, photo-
graphs of the methylene blue solutions irradiated for different
time were taken as well.

Material Characterization

"H-NMR spectrum of the modified PVDF was recorded on a
Bruker AV 400 instrument at room temperature. FTIR spec-
tra were recorded using a Fourier transform infrared spectro-
meter (Bruker Vertex 70, Germany) in the wave-number
region of 4000600 cm™!. The spectra were collected at
ambient temperature with a resolution of 2 em™!. Ton chro-
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Fig. 1 Schematic illustration for the PVDF-g-PRUVA-93 membrane preparation
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matography (Dionex ICS-1000, USA) was used to deter-
mine the content of fluorine element in graft copolymer. The
optical performance of samples from 200 nm to 800 nm was
investigated by the UV-Vis spectrophotometer (Shimadzu
UV 3600, Japan). The crystallographic structures of PVDF
film before and after modification were analyzed by an X-ray
diffractometer (Bruker D8 Advance, Germany) with Cu Ka
radiation (A4 = 0.154 nm). The thermal properties of the films
were studied by a differential scanning calorimeter (DSC,
TA Q20, USA) at a heating rate of 10 °C-min”' in the
temperature range of 30—-250 °C under a dry N2 atmosphere.
UV-shielding performance tests were conducted in an aging
testing chamber (GT-7035-UB, China).

RESULTS AND DISCUSSION

As is known to us, free radicals can be generated in polymer
chains via radiation. Hydroxyl and per-oxy groups can be
obtained after the irradiated polymer is oxidized by oxygen
in air. Then the per-oxy groups can produce free radicals to
initiate copolymerization of the monomers. Therefore, many
free radicals could be generated in PVDF chains after the
powers were irradiated with %°Co p-ray source and the
thermal initiated graft of RUVA-93 was then conducted in a
twin screw compounder. The successful copolymerization
was proved by the structure and UV-absorbing property
characterizations as shown below.

Chemical Structure of PVDF-g-PRUVA-93

Fig. 2 shows the 'H-NMR spectrum of the prepared PVDF-
g-PRUVA-93. The resonance signal at around 2.92 ppm is
ascribed to the tail-to-head structure of PVDF main chains,
whereas the signal at 2.25 ppm is assigned to the tail-to-tail
bonding arrangement. The spectrum shows no signals at
around 6.12 and 5.73 ppm, indicating that there are no
residual RUVA-93 molecules. In addition, some new signals
corresponding to the protons of PRUVA-93 appear in the
spectrum. The signal at around 10.52 ppm is responsible for
the proton of phenolic hydroxyl (Hs). The signals observed at
about 7.20, 6.95-6.77, and 7.62 ppm are assigned to the
aromatic protons Hi and Hz, H3—Hs, and H7, respectively.

{0 ht-CH, —1]
~annn: PVDF o (PVDF)
10
9 |4
7 6 —
s hh-CH,
g HO (PVDF)
N N
\_//
4 )3
1 2 h
71,2 9,10 M w
8 ACx 3.4,5,6 >
‘—J 1 1 1 1 |L
10 8 6 4 2
d (ppm)
Fig.2 '"H-NMR spectrum of PVDF-g-PRUVA-93

The chemical shift at 4.04 ppm is ascribed to H9 and Hio.

FTIR spectra of RUVA-93 and PVDF films before and
after functionalization are presented in Fig. 3. In the spec-
trum of RUVA-93, the characteristic absorption bands at
3384 and 1728 cm™! are ascribed to the stretching vibrations
of the alcoholic hydroxyl and ester carbonyl groups, respect-
ively. The bands at wavenumbers of 1539 and 1397 cm™! are
assigned to C=C of benzene ring and C=N stretching vi-
bration. Notably, the new distinctive bands at about 1733,
1514, and 1387 cm™! which are in accordance with the char-
acteristic bands of RUVA-93 appear in the spectrum of
PVDF-g-PRUVA-93 membrane in comparison to that of the
neat PVDF film. These results clearly prove that PVDF was
successfully modified via the radiation-induced grafting with
reactive UV absorber RUVA-93.

PVDF

PVDF-g-PRUVA-93

Transmittance

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™ )

Fig. 3  FTIR spectra of RUVA-93, the neat PVDF, and the
obtained PVDF-g-PRUVA-93 film

Influence of Grafting Condition

During the experiment process, it was found that the radi-
ation dose and monomer concentration could greatly affect
the performance of the obtained PVDF-g-PRUVA-93 films.
Hence, to detailedly evaluate the influence of grafting para-
meters, the graft copolymerization with different radiation
doses and RUVA-93 concentrations was further conducted.
To characterize the PVDF-g-PRUV A-93 membranes, FTIR
and UV-Vis transmittance tests were applied.

Influence of radiation dose

As active sites can be generated in the irradiated PVDF
chains, more free radicals may be produced at higher
absorbed doses. To confirm the effect of radiation dose,
PVDF powers irradiated with 5, 10, 20, and 25 kGy were
made, respectively. Other copolymerization conditions and
the film preparation process were the same as above.

The UV-Vis transmittance spectra and transmittance
change tendency curve of the PVDF-g-PRUVA-93 mem-
branes made under different pre-radiation doses are shown in
Figs. 4 and 5, respectively. As shown in Fig. 4, it is evident
that the neat PVDF film is nearly transparent across the
whole range, whereas there is an obvious transmittance de-
crease throughout the wavelength region of 200—400 nm
after PRUVA-93 chains were incorporated. The transmit-
tance decreases and the UV absorbing ranges extend gra-
dually with the increasing radiation dose as more UV ab-
sorbers are grafted onto the PVDF chains. When the irradi-
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ation dose is 5 kGy, the transmittance of PVDF-g-PRUVA-
93 film between 200 and 325 nm is less than 58.7%; how-
ever, when the irradiation dose increases to 25 kGy, the tran-
smittance is below 15% in the range of 200—350 nm. Fig. 5
illustrates the change tendency of film transmittance. As no-
ticed in the figure, there are significant transmittance
changes (at 300 nm) for the films. For the PVDF film made
without pre-irradiation, the transmittance is 95.37% at the
wavelength of 300 nm. Clearly, there is a substantial trans-
mittance decrease along with the dose increase from
5 kGy to 25 kGy. The transmittance of PVDF-g-PRUVA-93
films made with radiation of 20 and 25 kGy are 10.64% and
6.46%, respectively. The reason is that more reactive sites
appear in the modified PVDF chains with the increasing ra-
diation dose, which is in favor of the copolymerization.
Hence, it can be concluded that radiation dose plays an im-
portant role in the pre-irradiation induced graft polymeriza-
tion. More active sites can be generated in the polymer
chains with the higher radiation dose. Additionally, the radi-
ation dose of 25 kGy was used in the following contrast ex-
periment, because the decrease rate of film transmittance be-
comes slower when the dose is larger than 20 kGy.

100 —
y LT T
80 R i
- /,'/ 7 o
X s V
N— /" / 7’(
§ 6or AR
S N A
= R "y ——PVDF
g 40 + 1. ,/ ’,/,’ --5 kGy
§ b R ---- 10 kGy
= /’,‘ NV i —-— 15kGy
20k P ----20 kGy
g o~ ---- 25 kGy
C T 1 1

1 1 1
%OO 300 400 500 600 700 800
Wavelength (nm)

Fig. 4 UV-Vis transmittance spectra of the neat PVDF film and
PVDF-g-PRUVA-93 films made under different irradiation doses
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Fig. 5 Transmittance tendency of the PVDF-g-PRUVA-93
membranes at the wavelength of 300 nm

Influence of RUVA-93 concentration

To verify the feed concentration of RUVA-93 on the struct-
ure and property of modified PVDF films, copolymerizati-
on was conducted at the RUVA-93 concentrations of 4 wt%,

8 wt%, 12 wt%, and 16 wt%. The radiation dose was 25 kGy
and other conditions and operations were the same as above.

FTIR spectra of the original PVDF and PVDF-g-PRUVA-
93 films were recorded to study the influence of RUVA-93
concentration on film structure, and the results are given in
Fig. 6. Obviously, in the spectrum of PVDF film without any
treatment, there is no band in the region of 1500—2000 cm™.
However, for the spectra of PVDF-g-PRUVA-93, the band at
around 1730 cm™!, which is ascribed to the ester carbonyl
stretching vibration, can be clearly observed. And the band
intensity increases at the higher monomer concentrations.
Besides, another new band at 1513 em™! which is assigned to
C=C bonds of benzene rings also appears when the
monomer concentration is 12 wt%. The new bands are all in
accordance with those of RUVA-93. These results clearly in-
dicate the successful graft of PRUVA-93 to the PVDF back-
bones, and more side chains are incorporated with increas-
ing monomer concentration. Thus, the concentration of
RUVA-93 has an important influence on the structure of
PVDF-g-PRUVA-93 films.

PVDF
4 wt%

Transmittance

1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000
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Fig. 6 FTIR spectra of the neat PVDF membrane and PVDF-g-
PRUVA-93 films made with different monomer concentrations

Fig. 7 shows the transmittance variation (at 300 nm) of the
neat and modified PVDF films obtained with different
RUVA-93 concentrations. For the original PVDF film, the
transmittance of 95.37% means almost no UV absorbance.
After modified with 4 wt% of RUVA-93, the transmittance
of obtained film quickly drops to 6.46%. With the concentra-
tion continuously increasing, the transmittance reduces to as
low as 0.08%. Nevertheless, when the concentration increa-
ses to 16 wt%, the transmittance change is not so obvious.

The UV-Vis transmittance spectra of the modified PVDF
films measured within 200—800 nm are presented in Fig. 8.
As can be seen, there is a considerable absorbance in the UV
region when films are modified with RUVA-93 compared
with the original PVDF film that almost has no absorbance
across the whole range. It means that the modified PVDF
films have fairly good UV-absorbing property. When the
monomer concentration is 8 wt%, the light transmittance of
PVDF-g-PRUVA-93 membrane in the region from 200 nm
to 357 nm can decrease to less than 6.82%. When 12 wt% of
RUVA-93 is conducted, the light transmittance between 200
and 377 nm is less than 0.86%. Clearly, the UV absorbing
range becomes wider at higher RUVA-93 concentration. In
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addition, through analysis and comparison of the spectra, the
film modified with 16 wt% of RUVA-93 shows the best UV-
shielding property. The PVDF-g-PRUVA-93 membrane can
completely block the UV light in the range of 200—387 nm
as the transmittance is below 1%. Besides, the light between
280 and 320 nm can lead to the most serious damage to ma-
terials, and the transmittance of the PVDF-g-PRUVA-93
film at that region reduces to below 0.04%.
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Fig. 7 Transmittance tendency of the PVDF-g-PRUVA-93 films
made with different monomer concentrations at the wavelength of
300 nm
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Fig. 8 UV-Vis transmittance spectra of the neat PVDF and PVDF-
g-PRUVA-93 films made with different monomer concentrations

Concluding the discussions above, it is reasonable to state
that the irradiation dose and RUVA-93 concentration have
very important influences on both UV-blocking property and
chemical structures of the fabricated PVDF-g-PRUVA-93
films. Based on the series of comparisons above, the best ex-
periment conditions are obtained. The PVDF-g-PRUVA-93
film made with 25 kGy irradiation and 16 wt% of RUVA-93
demonstrates fabulous UV-absorbing property. The UV-
shielding performance, thermal property, grafting degree, as
well as the structure of PVDF-g-PRUVA-93 film fabricated
under the optimum condition were further investigated.

Degree of Grafting

The degree of grafting (DG) of the PVDF-g-PRUVA-93
copolymer made under optimal condition was determined by
fluorine elemental analysis. The reason is that the mass
increase measurement is inaccurate due to the inevitable
mass loss during experiment process. In this work, DG was

calculated according to the following formula:
DG = (19-32Wr)/32Wk @)

where Wr is the mass fraction of fluorine element. The
element measurement shows that Wr of the modified PVDF
is 52.53%, lower than that of the original PVDF (61.29%) as
there is no fluorine in the PRUVA-93 segments. It can be
calculated that the DG of PVDF-g-PRUVA-93 is 13.41%.

UV-shielding Performance of Films

Degradation of methylene blue solution was studied here to
further examine the UV-shielding performance of PVDF-g-
PRUVA-93 membrane prepared under the optimal condi-
tions. As shown in Fig. 9, there is an obvious drop on the
photodegradation curve of the neat PVDF film protected
methylene blue solution after being irradiated with the UV
light. The absorption intensity of methylene blue shows a
decrease of 74.9% with the irritation time increasing to 6 h.
However, for the solution protected with PVDF-g-PRUVA-
93 membrane, the absorption change is relatively slight. The
degraded content of methylene blue is only about 12.37%.
Furthermore, by comparing the inset photos, it can be learned
that there is a very obvious color change in the neat PVDF-
protected methylene blue solution with increasing irritation
time. The color of the solution covered by neat PVDF film is
very light after being irradiated for 6 h, while the solution
protected with the modified PVDF film is still dark blue.
Altogether, the test results demonstrate that PVDF-g-
PRUVA-93 film made under optimal condition has superb
UV-shielding property, which thereby makes it a good
surface UV-protecting material.
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Fig. 9 The photodegradation curves of methylene blue solution
covered with the neat PVDF and PVDF-g-PRUVA-93 membrane
(optimal) (Inset: photos of the methylene blue solution before and
after irradiation.)

XRD Analysis

XRD patterns of the neat and modified PVDF films are
presented in Fig. 10. The XRD pattern of the neat PVDF film
exhibits (100), (020), (110), and (111) typical lattice planes
at 17.7°, 18.4°, 20.1°, and 26.6°, which proves the PVDF
used here is in a-crystal form. After grafting, there are no
changes in the sites of peaks, whereas the intensities become
weak. Thus, the crystal form of PVDF film after the grafting
copolymerization process does not change, while the crysta-
llinity degree of the PVDF-g-PRUVA-93 film becomes
lower compared to that of the neat PVDF film.
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Fig. 10 XRD patterns of the PVDF and PVDF-g-PRUVA-93 films

DSC Analysis

Phase transformation of neat PVDF and the obtained PVDF-
g-PRUVA-93 membranes was evaluated by DSC and the
curves are displayed in Fig. 11. Obviously, the melting
temperature (7m) of the untreated PVDF film is about
171.56 °C. After grafting, it decreases to 170.66 °C due to
the presence of PRUVA-93 chains. Besides, the melting
enthalpy (AHm) of PVDF-g-PRUVA-93 film is 60.13 J-g”!,
lower than that of neat PVDF film (66.32 J-g7!). The
crystallinity degrees of the original PVDF and PVDF-g-
PRUVA-93 films calculated based on reference data are
63.40% and 57.48%, respectively.®] This is remarkably
consistent with the test results of XRD. Hence, the DSC
results further illustrate the successful grafting of PRUVA-93
onto PVDF main chains via the pre-irradiation induced
polymerization method.

PVDF

PVDF-g-PRUVA-93

Heat flow
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Fig. 11 DSC curves of the neat PVDF and PVDF-g-PRUVA-93
membranes

CONCLUSIONS

The functional PVDF membrane that has superb UV-
absorbing property was successfully made by pre-irradiation
induced grafting of reactive UV absorber RUVA-93 onto the
PVDF backbones. The existence of PRUVA-93 chains was
determined by FTIR, 'H-NMR, XRD as well as DSC mea-
surements. Besides, after plenty of experimental compari-
sons, we proved that the absorbed dose and monomer
concentration were inextricably relevant to the chemical
structure and UV-proofing performance of the functionalized
PVDF films. The PVDF-g-PRUVA-93 membrane produced

under the optimal condition could completely block the UV
light within 200—387 nm. Furthermore, the light transmi-
ttance of the functional film at wavelength of 280—320 nm,
which can cause the most serious damage to the polymer
materials, could reduce to as low as 0.04%. The UV-
shielding performance of the PVDF-g-PRUVA-93 film was
further testified by the measurement of methylene blue
photo-degradation. Thus, the pre-irradiation induced graft
polymerization approach for preparing the UV-absorbing
PVDF membranes shown in this study is very efficient and
has bright application prospects.
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