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ABSTRACT

It is well known that ultraviolet light (UV) radiation is harmful to human health
and affects the long-term stability of many organic materials. Besides, high-
energy short-wavelength blue light (HEB) in the 400-450 nm range can pene-
trate the lens directly to the retina, causing visual damage. Therefore, these
harmful solar radiations are pushing toward developing more efficient UV and
HEB shielding materials. In this work, a design concept of highly transparent
film with ideal UV/HEB shielding was brought forward. To achieve this con-
cept, the UV absorbers and transparent yellow pigments with HEB filtering
effect were selected as functional additives and introduced into plasticized
polyvinyl chloride (PVC) by melt blending to improve the UV/HEB shielding
performance of PVC. Firstly, we demonstrated that benzotriazole UV absorber
UV326 has the optimal UV shielding rate (98%) compared to other types of UV
absorbers and further confirmed that the HEB filtering of more than 99% could
be achieved by adding 0.5 phr transparent yellow pigments. Moreover, the
combination of UV absorbers and transparent yellow pigments makes all
samples show more than 99% shielding effect in UV and HEB regions. At the
same time, the stable mechanical properties of plasticized PVC composite film
make it have great application value in the fields of building windows, auto-
mobile glasses, electronic screen films, spectacle lenses and LED lampshades.
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Introduction [6]. However, long-wavelength blue light can regu-

As is well known, ultraviolet light (UV) radiation of
200—400 nm is double-edged [1]. On the one hand,
the short-wavelength UV (UVC, 200-280 nm) has the
shortest wavelength, which leads to its maximum
energy, so it has the effect of disinfection and steril-
ization [2]. Besides, medium-wavelength UV (UVB,
280-315 nm) also has beneficial effects such as pro-
moting mineral metabolism and the formation of
vitamin D in the body [3]. On the other hand, the
long-wavelength UV (UVA, 315-400 nm) possesses
strong penetrating power and can directly reach the
dermis of the skin, destroying elastic fibers and col-
lagen fibers, which can lead to skin tanning and an
important cause of skin cancer [4]. Moreover, UV
radiation not only has an important impact on peo-
ple’s health but also causes the photodegradation of
organic matter such as polymers and colorants [5].
Blue light refers to the light of 400-500 nm in the
visible light (Vis) region. According to the different
wavelength ranges, it can be divided into high-en-
ergy short-wavelength blue light (HEB, 400-450 nm)
and long-wavelength blue light (450-500 nm). HEB
has extremely high energy, which can directly pene-
trate the lens to the retina, resulting in visual damage
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late biological rhythm, and sleep, mood and memory
are all related to it, which is beneficial to the human
body [7]. Therefore, the daily blue light that damages
our eyes mainly refers to HEB of 400—450 nm [8]. In
addition to blue light emitted by natural light, com-
puters, mobile phones, LED lights and other elec-
tronic products can also radiate different doses of
HEB [9]. Thus, the development of new UV and HEB
shielding materials has been received much attention.

In the past few years, people gradually realized the
importance of developing UV shielding materials
due to the harmful effects of UV radiation. Therefore,
various materials have been used to prevent UV
damage. Among them, common UV absorbers used
in polymers are mainly divided into two types:
inorganic oxides and organic compounds [10, 11].
Inorganic oxides such as titanium dioxide (TiO,) and
zinc oxide (ZnO) have a wide band gap, and their
absorption limit is just within the range of UV, so
they can be used for UV shielding [12, 13]. Thien
Vuong Nguyen et al. [14] prepared the high UV
shielding nanocomposite coatings based on pure
acrylic emulsion and R-TiO, or ZnO nanoparticles,
and these coatings could shield more than 98% (for
R-TiO,) and 85% (for ZnO) of UV radiations. How-
ever, the photocatalytic performance and dispersion
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degree of TiO, and ZnO seriously hinder their
application [15, 16]. Organic UV absorbers mainly
include salicylate, benzophenone and benzotriazole
[17]. Salicylate is one of the UV absorbers that were
earliest used by humans. Under the radiation of UV,
it can form a benzophenone structure with strong UV
absorbing ability through molecular rearrangement,
thereby further enhancing its UV absorption ability
[18]. However, its UV absorption range is narrow
(< 340 nm), and the dihydroxy benzophenone and its
derivatives generated after molecular rearrangement
can absorb part of the Vis and appear yellow, which
easily causes the material added with this UV
absorber to turn yellow [2]. Benzophenone and ben-
zotriazole UV absorbers are currently the most
widely used UV absorbers [19]. Compared with the
above-mentioned UV absorbers, they have the
advantages of good compatibility with polymers,
wide absorption range and excellent transparency.
They can strongly absorb high-energy UV and
exchange energy to consume or release energy in the
form of heat or low radiation such as fluorescence
and phosphorescence [20, 21].

Nowadays, inorganic nanoparticles whose absorb-
ing edges are in the blue light region are generally
added to the polymer matrix to achieve the purpose
of shielding blue light. Commonly used inorganic
nanoparticles include ZnO and cerium oxide (CeO,)
[22]. Since the absorption edge of ZnO is in the UV
region, it cannot be used alone to effectively block
blue light. Therefore, the effective absorption of blue
light is usually achieved by adding narrow band gap
nanoparticles such as cadmium sulfide (CdS) and
cadmium oxide (CdO) to red-shift the absorption
edge of ZnO nanoparticles [23]. Chunchun Han et al.
[24] prepared the epoxy-ZnO/CdS nanocomposites
that can simultaneously shield UV and blue light and
block more than 80% of blue light of 400-450 nm.
Yanan Yang et al. [25] developed the ZnO/CdO thin
films with high-energy blue light shielding function,
and the average transmittance of the blue light
between 400 and 450 nm is 54.55%. However, the
toxicity of cadmium seriously hinders their wide
application. For CeO, nanoparticles, due to their
relatively small band gap, the absorption edge is just
in the blue light region, so it can block blue light [26].
Yu Zhao et al. [27] synthesized the CeO, coated sili-
cate microspheres core—shell particles to enhance the
blue-light shielding property of polycarbonate com-
posites. However, the addition of inorganic
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nanoparticles also makes it lose the transmittance of
Vis while achieving superior blue light blocking. In
addition, the use of two materials with different
refractive indexes to make a multilayer film can also
effectively reduce the transmittance of blue light. Hsu
et al. [28] prepared multilayer organic silicon and
inorganic silicon oxide thin films on flexible polymer
substrates using a high density inductively coupled
plasma chemical deposition system. The results show
that the stacked pair of 6 is favored, and it has a blue
light transmittance of 58.4%. However, this method
of preparing thin films is expensive and requires high
precision in the thickness of the thin film. Apart from
that, there are few reports on the use of organic yel-
low pigments as the blue light screeners. According
to the complementary color principle, the comple-
mentary color corresponding to blue is yellow, so
yellow pigments have the ability to absorb blue light
[29]. Moreover, organic yellow pigments have the
advantages of non-toxicity and low price.

In the study, the transparent plasticized PVC
composite films with ideal UV/HEB shielding effects
were prepared by adding UV absorbers and trans-
parent yellow pigments to plasticized PVC resin. The
effects of different types of UV absorbers on the UV
shielding effect of plasticized PVC composite films
were studied. Moreover, different amount of trans-
parent yellow pigments was incorporated into the
polymer matrix to investigate the optimal content.
Finally, UV absorbers and transparent yellow pig-
ments were added to the polymer matrix at the same
time, and their synergistic shielding effect of UV and
HEB was investigated.

Design concept

A design concept that can achieve ideal UV/HEB
shielding in the 200-800 nm region is shown in Fig. 1.
It can be seen from Fig. 1a that when a piece of tra-
ditional glass without shielding ability attached to the
window is irradiated by sunlight. The sunlight of
200-800 nm is perfectly irradiated into the room
through the window, thus causing the UV and HEB
transmitted through the window to affect the health
of people and the long-term stability of organic
matter. Therefore, the plasticized PVC composite film
that can achieve ideal UV/HEB shielding in the range
of 200-800 nm is proposed. As shown in Fig. 1b,
when the pure plasticized PVC film is attached to the
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Figure 1 The design concept of the plasticized PVC composite
film: a Traditional glass; b PVC film is attached to the outside of
the glass; ¢ PVC composite film containing UV absorber is

glass, the same result as Fig. 1a is presented due to
the plasticized PVC film does not have a significant
shielding effect on UV and HEB. Figure 1c shows that
when the film with UV absorbers is attached to the
glass, almost all the UV is absorbed after solar radi-
ation, thus greatly avoiding the harm of UV. Fig-
ure 1d exhibits that when the plasticized PVC
composite film prepared by adding the UV absorbers
and HEB screeners is attached to the glass and is
irradiated by sunlight, the UV and HEB are perfectly
filtered out, thereby achieving the ideal UV/HEB
shielding effect in the 200-800 nm region. The design
concept only displays one aspect of the film applied
to the window glass. In addition, the film can also be
used in automobile glasses, electronic screen films,
spectacle lenses and LED lampshades and other
fields, thereby greatly reducing the harm of UV and
HEB.

Experimental
Materials

PVC resin (K67) was provided by Shanxi Yushe
Chemical Co., Ltd., Jinzhong, China. Polyester plas-
ticizer (PEP) was obtained from Zhangjiagang
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attached to the outside of the glass; d PVC composite film
containing UV absorber and HEB screener is attached to the
outside of the glass.

Diaisheng Chemical Co., Ltd., Zhangjiagang, China.
Calcium stearate (CaSt) and zinc stearate (ZnSt) was
supplied by Nanjing Jinling Chemical Plant Co., Ltd.,
Nanjing, China. Liquid paraffin and 1, 1, 2, 2-tetra-
chloroethane were purchased from Shanghai Ling-
feng Chemical Reagent Co., Ltd., Shanghai, China.
2-(3-t-butyl-2-hydroxy-5-methylphenyl)-5-chloroben-
zotriazole (UV326, CAS No. 3896-11-5) and 2-hy-
droxy-4-octyloxybenzophenone (UV531, CAS No.
1843-05-6) were produced by BASF Chemicals
(China) Co., Ltd., Shanghai, China. 2-[3,5-bis(1-
methyl-1-phenylethyl)-2-hydroxyphenyl] benzotria-
zole (UV234, CAS No. 70321-86-7) and 2-(2-hydroxy-
5-tert-octylphenyl) benzotriazole (UV5411, CAS No.
3147-75-9) were provided by Nanjing Hualiming Co.,
Ltd., Nanjing, China. Transparent yellow pigment
(Pigment Yellow 122, CAS No. 852620-87-2) was
purchased from Nanjing Pinfu Industry and Trade
Co., Ltd., Nanjing, China. The structures of these
functional additives are shown in Table 1.

Sample preparation

Firstly, the 100 phr PVC resin, 65 phr PEP, 0.8 phr
CaSt, 0.2 phr ZnSt and 0.2 phr liquid paraffin were
mixed in the electric blast drying oven at 120 °C for
20 min, in order to make PVC resin pre-plasticized to
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Table 1 The structures of different functional additives
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Commercial name

Chemical structure

UV531

UVvs411

Uv234
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obtain pre-plasticized PVC. Then, the pre-plasticized
PVC with the different proportions of UV absorbers
and transparent yellow pigments were melted
blending in a two-roll mill (SK 160B, Shanghai Rub-
ber Machinery Works, Shanghai, China) at 160 °C to

obtain the sheet PVC compounds. The formulation of
different proportions of pre-plasticized PVC and
functional additives was shown in Table 2. After that,
the film with regular thickness was prepared by hot
molding on the plate vulcanizing press (XLB-D
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Table 2 Formulation of the plasticized PVC composite films added with different functional additives

Samples Composition/phr
Pre-plasticized PVC Uv531 Uv5411 Uv234 Uv326 Transparent yellow

P-C 166.2 - - - - -
P/UV531 166.2 0.5 - - - -
P/UV5411 166.2 - 0.5 - - -
P/UV234 166.2 - - 0.5 - -
P/UV326 166.2 - - - 0.5 -
P/T-0.1 166.2 - - - - 0.1
P/T-0.3 166.2 - - - - 0.3
P/T-0.5 166.2 - - - - 0.5
P/T-0.7 166.2 - - - - 0.7
P/UV531/T 166.2 0.5 - - - 0.5
P/UV5411/T 166.2 - 0.5 - - 0.5
P/UV234/T 166.2 - - 0.5 - 0.5
P/UV326/T 166.2 - - - 0.5 0.5

phr = parts by weight per hundred parts of PVC resin

Pre-plasticized PVC contains 100 phr PVC resin, 65 phr PEP, 0.8 phr CaSt, 0.2 phr ZnSt and 0.2 phr liquid paraffin

350 x 350 x 2, Shanghai First Rubber Machinery
Factory, Shanghai, China) at 160 °C. Finally, the film
was further processed to obtain the standard sample
for subsequent characterization tests.

Characterizations
Fourier transformed infrared spectroscopy (FTIR)

The infrared spectra of different functional additives
and the plasticized PVC composite films with a
thickness of 30 & 5 um were measured by transmis-
sion mode of FTIR spectrometer (Nicolet IS5, Thermo
Fisher, USA). For all scans, the spectra were collected
over the region ranging from 400 to 4000 cm™ ', with a

resolution of 4 cm™.

Digital photos

The digital photos of the plasticized PVC composite
films with a diameter of 23 mm and a thickness of
0.3 £ 0.02 mm were taken by a smartphone (iPhone
xs, Apple Inc., USA).

Ultraviolet—visible spectrophotometer (UV-Vis)

The absorbance of different functional additives and
transmittance of the plasticized PVC composite films
added with different functional additives were
investigated by a UV-Vis spectrophotometer (UV-
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3200, Shanghai Mapada Instruments Co., Ltd.,
Shanghai, China.). For the absorbance tests of differ-
ent functional additives, UV531, UV5411, UV234,
UV326 and transparent yellow pigments were dis-
solved in 1, 1, 2, 2-tetrachloroethane with moderate
concentration (0.008 g/L), respectively. The air was
used as a reference baseline, then the background of
the 1, 1, 2, 2-tetrachloroethane solvent was excluded,
and the sample was measured at room temperature
in the region of 200-800 nm (200-400 nm for the UV
region, 400-450 nm for the HEB region and 450-
800 nm for the Vis region) with a scanning step of
1 nm. In addition, the molar absorption coefficient ¢
is calculated by the Lambert-Beer law, Eq. (1):

A =logyg (?g) = ecl

where A is the absorbance; Py and P are the intensity
of incident monochromatic light and intensity of
transmitted light, respectively; ¢ is the molar
absorption coefficient (L/mol/cm); c is the sample
concentration (mol/L); I is the optical path length
(cm).

For the transmittance of the plasticized PVC com-
posite films added with different functional addi-
tives, the air was used as a reference baseline, and the
measurements were done at room temperature in the
region of 200-800 nm (200-400 nm for the UV region,
400-450 nm for the HEB region and 450-800 nm for

(1)
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the Vis region) with a scanning step of 1 nm. More-
over, the average transmittance (T) of different solar
wavebands can be calculated by the following Eq. (2)
[30]:

I2T(2)dA

1

T =
Ar— A

(2)

where T is the average transmittance (%) of different
solar wavebands; T(/) is the transmittance value for a
certain (1); 2; and A, are the minimum and maximum
values of different solar wavebands, respectively.

Mechanical properties

The universal testing machine (CMT 5254, Shenzhen
SANS Testing Machine Co., Ltd., Shenzhen, China)
was applied for the measurement of tensile proper-
ties and tear properties of the samples at a testing rate
of 50 mm/min. Three replicates were made for each
sample, and the average values with standard devi-
ation have been reported. Shore A durometer (LX-A,
Jiangsu Mingzhu Testing Machinery Co., Ltd,,
Yangzhou, China) was used to measure the hardness
of samples, according to ISO 7619-1:2004. For each
sample, the hardness of resident time at 0 s and 15 s
was measured 5 times, and the average value was
taken as the hardness value of 0 s and 15 s, respec-
tively. Before testing, all the samples were pretreated
in standard testing conditions (23 + 2 °C tempera-
ture and 50 &+ 5% relative humidity) for 12 h to pre-
vent the temperature from affecting the mechanical
properties of the plasticized PVC composite films.

Results and discussion
Absorption mechanism

The absorption spectra of different functional addi-
tives at the same mass concentration are shown in
Fig. 2a. Figure 2b shows the molar absorption coef-
ficient curves of different functional additives,
reflecting the absorbance when the concentration of
the light-absorbing substance is 1 mol/L and the
thickness of the absorption cell is 1 cm. Compared
with the absorption spectra, the molar absorption
coefficient curves can more accurately compare the
absorption ability of different light-absorbing sub-
stances at the same wavelength. For UV absorbers, as
shown in the figure, the three benzotriazole UV
absorbers UV5411, UV234 and UV326 have similar
absorption peak shapes due to their similar struc-
tures. According to the data in Fig. 2 and Table 3,
compared to the benzophenone UV531, the benzo-
triazole UV absorbers have a higher molar absorption
coefficient, and both Amax; and Amax, have a red-
shift, which makes them show a steeper absorption
edge near the wavelength of 400 nm, indicating that
benzotriazole UV absorbers have higher absorption
efficiency, wider absorption range and better light
stability than benzophenone UV absorbers. In addi-
tion, the hydrogen on the benzotriazole ring in
UV326 is replaced by chlorine. As a result, Amax; and
/max; showed a red-shift and a slight increase in
molar absorption coefficient compared with chlorine-
free UV234 and UV5411, indicating that the energy
between the ground state and excited state decreased,
which made them more favorable for UV absorption,
thus showing the excellent UV absorption range
(200402 nm). For transparent yellow pigments,
combining with the data in Fig. 2 and Table 3, it can
be seen that the two largest absorption peaks of
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Table 3 Absorption parameters of different functional additives

J Mater Sci (2021) 56:17353-17367

Commercial name Jmax;/(nm) &1/(L/mol/cm) Amax,/(nm) &/(L/mol/cm) Absorption region/(nm)
UVvs31 326 11832 291 16421 200-371
Uvs411 341 15656 301 14179 200-383
Uv234 350 18319 304 18062 200-392
Uv326 355 18853 313 17279 200402
Transparent yellow 395 55204 252 49016 200-507

Amax; and &, are the first UV absorption maximum peak and its molar absorption coefficient, respectively; Amax, and &, are the second UV

absorption maximum peak and its molar absorption coefficient, respectively; The absorption region is based on the molar absorption

coefficient greater than 10°> L/mol/cm as the standard

Figure 3 Absorption
mechanism of different types
of UV absorbers: a the excited
state intramolecular proton
transfer mechanism of
benzotriazole UV absorbers; H
b absorption mechanism of o’
benzophenone UV absorbers. |

transparent yellow pigments are shown in the
waveband range of 230-550 nm, indicating that the
transparent yellow pigments possess strong absorp-
tion of short-wavelength UV at 200-280 nm and HEB
at 400-450 nm. However, transparent yellow pig-
ments have a weak absorption ability for UV around
300 nm, while UV absorbers have excellent absorp-
tion capability for UV in this wavelength range.
Therefore, if the UV absorber is simply compounded
with the transparent yellow pigment, it will be able to
achieve perfect absorption of UV and HEB regions.
Figure 3a, b exhibit the UV absorption mechanism
of benzotriazole and benzophenone UV absorbers,
respectively. It can be seen from Fig. 3a that benzo-
triazole UV absorbers can strongly absorb high-en-
ergy UV and exchange energy to consume or release
energy in the form of heat or low radiation such as
fluorescence and phosphorescence [31]. Its mecha-
nism of action is based on the conversion of absorbed
light energy into heat energy by tautomer. Before
absorbing light, UV absorbers exist in the form of
phenolic compounds. Because the electron density on
the oxygen atom is much greater than the electron
density on the nitrogen atom of the triazole ring, it
shows strong alkalinity. The absorption of light

@ Springer
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makes the electrons density mainly shifts from the
oxygen atom to the nitrogen atom of the triazole ring,
which makes the phenol more acidic and the nitrogen
atom more alkaline, and the proton quickly transfers
to the nitrogen atom to form a tautomer [32, 33]. This
tautomer is unstable and can safely convert excess
energy into heat and return to a more stable ground
state. The entire interconversion process is extremely
efficient and can be repeated almost infinitely, which
is the reason for its light stability. In addition, the
introduction of halogen atoms or unsaturated bonds
in the 5-position of benzotriazole can stabilize the
alcohol structure, dilute the color of the product and
increase the light transmittance [34]. Usually, the
introduction of chlorine atoms can increase the molar
absorption coefficient by 1.2 times and lead to a red-
shift of the absorption wavelength. Therefore, UV326
is an excellent UV absorber. As shown in Fig. 3b, in
the benzophenone structure, the hydroxyl hydrogen
on the benzene ring and the adjacent carbonyl oxygen
can form intramolecular hydrogen bonds to consti-
tute a chelating ring [35]. After absorbing UV, the
molecule undergoes thermal shock, and the hydro-
gen bond is broken, meanwhile, the chelating ring is
opened [36]. At this time, the compound is in an



J Mater Sci (2021) 56:17353-17367 | 17361

Figure 4 FTIR spectra of 1s|m15§5.5"_m152§12 7;4 H ""? 2957 2929 173416701500 695 E’\'j;;v}

different functional additives —_ L T\ A~ LVS2E V\: e

3 d S b

ar.ld all samplés. a The N 8 Pt T \[\:“\Jv"”i

different functional additives; 3 \\/\/‘ 8 .

b The plasticized PVC g V5411 E E g P/UV5411 '\f'i—l'H‘M:
composite films added with ' iy

; £ v E PIUV531 ™ ',.M

different types of UV 2 Wt ] P

absorbers; ¢ The plasticized E Transparent yellow || . 'g ,\/\if""\:

PVC composite films added 656/ i :\,\/: (b) P

with different contents of 4000 3500 3000 2500 2000 1'5"0? 1000 5003050 4000 3500 3000 2500 2000 15'0(1) 1000 5001560

transparent yellow pigments; Wavenumber (cm™) Wavenumber (cm™)

d The plasticized PVC .

2551}919 1734!510-1500 295{5529 1734'[610-1500 695 Ir 1 A 8-:

composite films added with _ N = piovazer /T WMM

UV absorbers and transparent 3 =] : !

. © © P

yellow pigments. e > PIUV234T ) A

3] i o P

c . PIUVE411/T ! Ao

£ 8 VN

é : E’ PIUVS31T ! ,\f\ M

& ' ® iy

= = /s

(0) | j () | j

unstable high-energy state, and excess energy is
released in the process of returning to the original
low-energy state, so the high-energy and harmful UV
becomes low-energy and harmless heat energy [37].
In addition, when the carbonyl group is excited,
tautomerism occurs to form the enol structure, which
also consumes a part of energy [38].

FTIR spectra

Figure 4 reports the infrared spectra of different
functional additives and the plasticized PVC com-
posite films added with different functional addi-
tives. The infrared spectra of UV absorbers and
transparent yellow pigments are shown in Fig. 4a.
For all functional additives, they have some same
infrared peak positions, including multiple bands in
the range of 3100-3000 cm™', 2960 cm ™', 2921 cm™"
and multiple bands near 1550 cm™', which are
attributed to the joint contribution of the aromatic
ring C-H stretching vibration and the octave band of
the aromatic ring skeleton vibration, the C-H
stretching vibration on the methyl group, the C-H
stretching vibration on the methylene group and the
skeleton vibration of the benzene ring, respectively.
The peaks around 3450 cm™' and 1212 cm™! corre-
spond to the stretching vibration of the hydroxyl

T | T T T T T -r
4000 3500 3000 2500 2000 1500 1000 5001560
Wavenumber (cm™)

4000 3500 3000 2500 2000 1500 1000 5001560
Wavenumber (cm™)

group and the C-O bond on UV absorbers, respec-
tively. In addition, the peaks at 1630 cm™' and
714 cm ™" are caused by the C=O stretching vibration
on UV531 and the C-Cl stretching vibration on
UV326, respectively. For transparent yellow pig-
ments, the vibration peaks around 3420 cm™' and
1656 cm ™' are attributed to the stretching vibration of
N-H and C=0, respectively. For the plasticized PVC
composite films added with different functional
additives, the peaks of 2957 em™!, 2929 cm™},
1734 cm™ ! and 695 cm™! mainly come from the con-
tribution of the plasticized PVC film [39]. Several
bands in the range of 1610-1500 cm ™" were found in
the plasticized PVC composite films added with dif-
ferent functional additives, mainly due to the skele-
ton vibration of the benzene ring on the functional
additives, indicating that the functional additives
have been successfully added into the plasticized
PVC films. In addition, it can be seen from Fig. 4c that
with the increase of the transparent yellow pigments
content, the intensity of the peak around 1548 cm ™'
shows a gradually increasing trend. This result fur-
ther shows that the transparent yellow pigments
have been successfully added into the plasticized
PVC films.
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P/UV531

Background

P/UV5411

P/UV234 P/UV326

Figure 5 Digital photos of the plasticized PVC composite films added with different functional additives.

Optical properties

Digital photos of the plasticized PVC composite films
with different functional additives were taken to
reveal the effects of different functional additives on
the transparency of plasticized PVC composite films.
Figure 5 shows the digital photos of all samples. It
can be seen from the figure that the pure plasticized
PVC film without added functional additives is col-
orless and transparent. When different UV absorbers
are added, the PVC composite films still appear col-
orless and transparent, which is no different from
pure plasticized PVC film to the naked eye, indicat-
ing that these UV absorbers only absorb UV, and do
not significantly absorb Vis, thereby coloring the
films. When transparent yellow pigments of different
contents are added, all the samples appear yellow
and transparent, and the yellow color of the PVC
composite films gradually deepens with the increase
of transparent yellow pigments content. When 0.5
phr UV absorbers and 0.5 phr transparent yellow
pigments were added to PVC at the same time, all the
samples showed a yellow color consistent with the
0.5 phr transparent yellow pigments added alone. In
addition, the school badge at the bottom of the films
is still clearly visible, reflecting that a small number of
functional additives will not cause the transparency
of the PVC composite films to show an intuitive
change.

Figure 6 shows the transmittance spectra of plas-
ticized PVC composite films with added different
functional additives. It can be seen from Fig. 6a that
when different types of UV absorbers are added, both
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benzotriazole and benzophenone UV absorbers
exhibit significant UV shielding effects. Among them,
UV326 has the best UV shielding rate (98%). In con-
trast, the UV shielding rate of UV531 is relatively
weak at 88%. This result is consistent with the result
shown in Fig. 2 and once again shows that the UV
shielding performance of benzotriazoles is better than
that of benzophenones. In addition, compared to
benzotriazole UV absorbers, UV531 has the least loss
of Vis transmittance. This is because the absorption
edge of UV326 is located at about 400 nm, which will
cause some loss of Vis transmittance. Figure 6b
shows the effect of adding transparent yellow pig-
ments with different contents on the transmittance of
each waveband of the plasticized PVC composite
films. It can be seen from the figure that the HEB
transmittance of all samples shows a significant
decrease with the increase of transparent yellow
pigments content. When the content of transparent
yellow pigments is added to 0.5 phr, the HEB
shielding rate of the plasticized PVC composite film
has reached more than 99%. Therefore, under the
condition that the Vis transmittance loss is small, the
optimal addition amount of transparent yellow pig-
ments is 0.5 phr. The effective absorption of trans-
parent yellow pigments to the HEB is mainly
attributed to the principle of complementary colors.
In addition, the addition of 0.5 phr transparent yel-
low pigments makes the beneficial blue light of
450-500 nm still maintain the corresponding trans-
mittance and will not significantly affect people’s
color perception and normal circadian rhythm. Fig-
ure 6c shows the transmittance spectra of the
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plasticized PVC composite films containing 0.5 phr
UV absorbers and 0.5 phr transparent yellow pig-
ments. It can be seen from the figure that the addition
of the UV absorbers and the transparent yellow pig-
ments simultaneously makes up for the shortcomings
of the weak absorption of the single UV absorber for
the 270 nm band and the strong transmission of the
single transparent yellow pigments for the 300 nm
band, making all films both show more than 99%
UV/HEB shielding. In addition, UV531 obtained the
best Vis transmittance (81%). This also shows that the
combined use of UV absorbers and transparent yel-
low pigments can achieve ideal UV/HEB filtering.
Due to the ideal UV /HEB shielding of the plasticized
PVC composite film, it can be widely used in both
indoor and outdoor environments, such as building

windows, automobile glasses, electronic screen films,
spectacle lenses and LED lampshades. However, the
ultimate applications will depend on their ability to
resist deterioration of optical and mechanical prop-
erties after prolonged exposure. Therefore, artificial
accelerated weathering experiments in the laboratory
and natural weathering experiments will be further
carried out in the future to observe the actual effect of
weather resistance of plasticized PVC composite
films with different combinations of UV absorbers
and transparent yellow pigments.

Mechanical properties

Mechanical properties are one of the most important
properties that affect the application value of
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Table 4 Mechanical properties of the plasticized PVC composite films added with different functional additives

Samples Tensile strength (MPa) Elongation at break (%) Modulus at 100% (MPa) Tear strength (kN/m) Shore A hardness

(HA)

0s 15s
P-C 14.83 + 0.34 350 £ 12 544 + 0.23 46.10 + 1.22 80+0 7140
P/UVS531 14.72 £ 0.48 358 £ 20 5.50 £ 0.11 45.44 + 0.49 79+0 70+0
P/UV5411 14.84 + 0.66 359 £ 17 527 £ 0.10 45.60 + 1.26 7+1 710
P/UV234 15.19 £ 1.17 373 £ 21 5.53 + 0.09 47.36 + 1.60 77+1 70+1
P/UV326 15.06 £+ 0.68 367 £ 7 5.48 + 0.03 47.89 4+ 2.38 77+1 70 %1
P/T-0.1 15.73 £ 0.11 386 + 13 5.23 £ 0.02 46.75 + 1.77 771 69 +1
P/T-0.3 15.01 £ 0.06 351 £ 8 5.52 £ 0.13 46.06 + 0.99 79+£1 712
P/T-0.5 15.27 £ 0.27 362 £ 8 540 £ 0.17 45.75 + 0.65 79+1 7140
P/T-0.7 15.65 £ 0.46 376 £ 22 545+ 0.07 4729 + 1.10 78+£0 71 %1
P/UV531/T 1531 £+ 0.28 374 £ 15 5.13 + 0.08 4578 + 0.27 79+1 70+1
P/UV5411/T 15.18 £ 0.74 375 £ 14 5.41 + 0.08 46.60 + 0.54 79+1 70+1
P/UV234/T 1431 £+ 0.11 346 £ 7 5.17 £ 0.05 4528 + 1.32 79+1 7140
P/UV326/T 15.33 £ 0.25 377 £ 13 5.34 £ 0.12 4559 + 1.22 78+1 701

materials. The mechanical properties of plasticized
PVC composites films added with different func-
tional additives were measured to evaluate whether
their mechanical properties were affected. The tensile
properties, tear properties and Shore A hardness of
all samples are shown in Table 4. For the tensile
properties and tear properties, it can be seen from
Table 4 that the tensile properties and tear properties
of the plasticized PVC composite films did not
change much with the addition of UV absorbers and
transparent yellow pigments. The tensile strength,
elongation at break, modulus at 100% and tear
strength of all samples only have been slight oscilla-
tions in the ranges of 14-15 MPa, 350-370%, 5-6 MPa
and 45-47 kN/m, respectively, indicating a small
number of functional additives will not affect the
movement of the PVC molecular chains and the
rigidity of the material. The shore A hardness test can
directly reflect the hardness of the material. The
instantaneous hardness of all samples and the hard-
ness after 15 s of contact between the pressure plate
and the sample were tested. As shown in Table 4,
compared with the pure plasticized PVC film without
adding functional additives, the hardness change of
the plasticized PVC composite films is negligible. For
instantaneous hardness, the hardness value varies
between 77 and 80°ShA. Similarly, the hardness of
the pressure plate and the sample after contacting for
15 s vary between 69 and 71°ShA. This is because the
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hardness of PVC material is closely related to the
content of the plasticizer, and the content of the
plasticizer in all samples is basically the same. In
addition, a small number of functional additives will
not affect the force between molecular chains,
resulting in a significant change in hardness.

Conclusions

In this study, a design concept of preparing a highly
transparent film with ideal UV/HEB shielding was
first proposed. We used benzotriazole and ben-
zophenone as UV absorbers and transparent yellow
pigments as HEB screeners, which were added to
plasticized PVC substrate to prepare plasticized PVC
composite films. Then the main research on the
optical properties of plasticized PVC composite films
is carried out. After different UV absorbers are
added, the UV shielding performance of the plasti-
cized PVC composite films is greatly improved.
Among them, 98% UV shielding can be achieved by
using UV326 as the UV absorber. When different
contents of transparent yellow pigments are added,
the HEB shielding rate of the plasticized PVC com-
posite films increases significantly with the increase
of transparent yellow pigments content. When the
content of transparent yellow pigments is added to
0.5 phr, the HEB shielding rate has reached more
than 99%. After mixing 0.5 phr UV absorbers and 0.5
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phr transparent yellow pigments and adding plasti-
cized PVC substrate, all samples have achieved more
than 99% UV/HEB shielding. Among them, the
plasticized PVC composites film with UV531 as the
UV absorber has the highest Vis transmittance (81%).
In addition, the stable mechanical properties of the
plasticized PVC composite film make it have an
extensive value in application. In summary, the
results show that the plasticized PVC composite film
has an ideal UV/HEB shielding effect, meanwhile,
possesses an excellent transmittance in the Vis region.
Therefore, it can be widely used in building win-
dows, automotive glasses, screen films, spectacle
lenses and LED lampshades.

The highly transparent plasticized PVC composite
film with ideal UV/HEB shielding is introduced in
this paper. In order to verify the effect of long-term
use of the plasticized PVC composite film, artificial
accelerated weathering experiments in the laboratory
and natural weathering experiments will be carried
out in the future to obtain more research results with
practical application value.
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