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Abstract: Design and preparation of gels with excellent mechanical properties has garnered wide
interest at present. In this paper, preparation of polyvinyl alcohol (PVA)-tannic acid (TA) gels with
exceptional properties is documented. The crystallization zone and hydrogen bonding acted as phys-
ical crosslinkages fabricated by a combination of freeze-thaw treatment and a tannic acid compound.
The effect of tannic acid on mechanical properties of prepared PVA-TA gels was investigated and
analyzed. When the mass fraction of PVA was 20.0 wt% and soaking time was 12 h in tannic acid
aqueous solution, tensile strength and the elongation at break of PVA-TA gel reached 5.97 MPa and
1450%, respectively. This PVA-TA gel was far superior to a pure 20.0 wt% PVA hydrogel treated
only with the freeze-thaw process, as well as most previously reported PVA-TA gels. The toughness
of a PVA-TA gel is about 14 times that of a pure PVA gel. In addition, transparent PVA-TA gels
can effectively prevent ultraviolet-light-induced degradation. This study provides a novel strategy
and reference for design and preparation of high-performance gels that are promising for practical
application.
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1. Introduction

Due to outstanding biofunctionality, biocompatibility, and applications in biomedicine
and wearable devices, gels have been extensively explored and have attracted continuous
interest [1-4]. However, intrinsic brittleness and nonideal mechanical properties of gels
limit their utilization [5-7]. Robust mechanical properties, including high strength, stretch-
ability, and toughness, are critical for meeting practical demands [8-10]. To overcome the
challenges above, many efforts have been devoted to improving mechanical properties
of gel through various strategies [11-14]. Mechanical strength and toughness of gel can
be enhanced by block copolymerization, construction of interpenetration, hybrids, and
double networks [15-18], as well as multiple interactions (such as electrostatic complex) to
increase crosslinking points [19]. Mechanical properties are enhanced because of multiple
“sacrificial domains” for mechanical-energy dissipation based on the dissipation-induced
toughening theory [20,21]. Despite improvement in mechanical properties, these changes
could lead to a significant decrease in water content and stretchability [22]. Meanwhile, any
residual monomers or initiators are toxic, which is not desirable for biomedicine or wear-
able devices. Therefore, it has been very challenging to develop gels with a combination of
superior mechanical strength and stretchability [23,24].

Tannic acid is a natural polyphenol compound. Tannic acid with catechol groups
can easily form hydrogen bonds and crosslink domains with other active groups [1,25,26].
Nevertheless, because tannic acid possesses strong free-radical scavenging ability, its free-
radical polymerization is inhibited and retarded [1]. Therefore, using tannic acid as a
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crosslinker in free-radical polymerization is difficult. Polyvinyl alcohol (PVA), thanks to its
low cost, nontoxicity, and good biocompatibility, is a widely used polymeric material
and has attracted extensive interest [27-31]. In the process of preparation of PVA, a
repeated freeze—thaw process has been applied to physically crosslink via formation of a
crystallization zone between PVA molecular chains [32-34]. However, mechanical strength
and toughness of PVA hydrogels obtained only by the freeze-thaw cycle was low. Strength
and toughness of PVA can be further improved through creation of abundant hydrogen-
bond crosslinking points [23,35]. Introducing hydrogen-bond crosslinking points into a gel
is a straightforward strategy to endow that gel with excellent mechanical properties [36-38].
After the freeze—thaw cycle, a PVA gel may be soaked in tannic acid to form hydrogen
bonds, which would improve mechanical properties of the gel [39]. However, the processes
above often require a long time of freeze-drying to obtain aerogel, and they only enhance
strength, with almost no improvement in elongation [39]. As a consequence, preparation of
PVA hydrogel with excellent mechanical properties remains a challenge. Moreover, due
to the special structure of tannic acid, it has free-radical scavenging ability to effectively
shield ultraviolet light [1,40,41]. Nevertheless, UV-radiation shielding of tannic acid has
rarely been reported in previous studies of PVA hydrogels [37,39].

In order to improve mechanical properties of gels, the study in this paper used PVA
as a matrix gel (Figure 1). First, the physical crosslinking region was generated via the
method of repeated freeze-thawing treatment. After formation of the physical crosslinking
region, the surrounding void region was very conducive to the introduction of tannic acid,
and hydrogen-bond crosslinks were formed, which greatly increased crosslinking points
of the gel. Because of abundant and effective energy dissipation, mechanical properties
of PVA-TA gel were very high. Strength and elongation at the break of the 20 wt% PVA-
TA gel were 5.97 MPa and 1450%, respectively, and toughness reached 50 MJ/m3. In
addition, tannic acid absorbed ultraviolet light so that the transparent gel was protected
from ultraviolet-light-induced degradation.

Figure 1. Diagram showing preparation of PVA-TA gel (third row, from left to right: PVA solution,
freeze-thawed PVA gel, and PVA-TA gel).
2. Results and Discussion

Crystalline regions were formed in PVA via the freeze-thaw cycle. Simultaneously,
tannic acid molecules were introduced into those crystalline regions’ surrounding space.
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Next, hydrogen bonds were formed between that tannic acid and PVA chains to form
multiple hydrogen bonding interactions. In this way, a double crosslink, combining both
crystallization regions and multiple hydrogen bonds, was formed to enhance each gel with
superior mechanical properties.

As shown in Figure 2a, for the 15.0 wt% PVA-TA gel, strong absorption peaks ap-
peared at 3400~3200 cm ! after soaking in tannic acid for 1 h and 7 h; this was caused by
the hydrogen bonding association between phenolic hydroxyl groups of tannic acid and
hydroxyl groups of PVA [42]. The broad and strong absorption peaks of the 15.0 wt% PVA-
TA gel imply enhanced hydrogen bonding interactions as compared to those of pure PVA
hydrogel [32]. FTIR spectra of tannic acid have been reported in previous studies [32,42,43].
For pure tannic acid, stretching vibrations of C=0O, C=C (aromatic groups), and C-O ap-
peared at 1730-1705 cm~ 1 at around 1450 cm ™!, and at 1100-1300 cm™~ 1. The band located
at 1720 cm~! could be assigned to C=0 stretching vibration for the 15.0 wt% PVA-TA
gel. In addition, bands at 1610 cm 1 and 1447 cm ™! could be observed in the 15.0 wt%
PVA-TA gel, corresponding to the stretching vibrations of C-C in aromatic groups and the
distortion vibration of C=C in benzene rings, respectively [42]. Simultaneously, for the
15.0 wt% PVA-TA gel, a new peak appeared at 1030 cm ™! after treatment with TA [32]. The
FTIR analysis implied composition of the gel and formation of hydrogen-bond crosslinking
between PVA and TA [32,42,43].
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Figure 2. (a) FTIR spectra of pure PVA hydrogel and 15.0 wt% PVA-TA gel. (b) TG curves of pure
15.0 wt% PVA hydrogel and 15.0 wt% PVA-TA gel.

The crosslinking network could be evaluated by a thermogravimetric analyzer (TG).
Thermogravimetric analysis (TGA) of tannic acid was also reported in previous studies [42,
43]. Two decomposition steps—moisture loss and mass loss for tannic acid—appeared at
about 38 °C and 255 °C, respectively. After 500 °C, a 28.3 wt% carbonized residue remained.
Figure 2b shows influence of the crosslinking network on thermal stability of the 15.0 wt%
PVA-TA gel and the pure 15.0 wt% PVA hydrogel. Decomposition of gel can be divided
into two steps: water loss and mass loss. The weight loss before about 240 °C for the pure
PVA hydrogel was due to evaporation of water and acetic acid in the hydrogel [44]. For
the 15.0 wt% PVA-TA gel, weight loss was not obvious at about 200 °C; this was likely
caused by presence of less free water than was in the pure 15.0 wt% PVA hydrogel. In the
second stage, thermal decomposition of PVA occurred at about 240-500 °C for the pure
15.0 wt% PVA hydrogel. Weight loss during the second step for the 15.0 wt% PVA-TA gel
owed to pyrolysis of a handful of unevaporated acetic acids, PVA molecular chains, and
TA. The initial weight-loss temperature of the 15.0 wt% PVA-TA gel was lower than that
of the pure PVA hydrogel in the second stage. This was presumably due to the fact that
TA destroys crystallization of PVA, implying formation of interaction between PVA and
TA [32]. Furthermore, the weight-loss rate of the 15.0 wt% PVA hydrogel was significantly
higher than that of the 15.0 wt% PVA-TA system with an increase in temperature. For
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example, abrupt loss in weight started at 240 °C for the 15.0 wt% PVA hydrogel, but did
not occur until about 300 °C for the 15.0 wt% PVA-TA gel, suggesting that the hydrogen
bond formed between PVA and TA increases thermal stability of the gel [32]. Finally, the
weight-loss curves after 1 h and 24 h soaking times were very similar, with a return to
a stable weightlessness platform when the polymer almost completely decomposed to
generate carbon residue.

X-ray diffraction (XRD) was used to investigate the structure of the pure 15.0 wt% PVA
hydrogel and that of the 15.0 wt% PVA-TA24 gel. As illustrated in Figure 3a, there were
three typical peaks—at2 0 =19.5°,2 0 = 22.9°, and 2 0 = 40.8°—for the pure PVA hydrogel.
This can be assigned to the (101), (200), and (102) planes of PVA crystallites [40,45,46].
For the 15.0 wt% PVA-TAL1 gel and the 15.0 wt% PVA-TA24 gel, the XRD pattern only
displayed a diffusion peak at 2 6 = 30.0°, which may have simply indicated a smaller or less
orderly crystalline structure. Therein, PVA chains were restricted by the strong hydrogen
bond between PVA and TA [40]. Additionally, PVA microstructure was observed using
field-emission scanning electron microscopy (SEM). The 15.0 wt% PVA-TA24 gel was first
freeze-dried and then cut by scissors. The fracture and surface structure of the 15.0 wt%
PVA-TA24 gel can be seen in Figure 3b,c, respectively. The fracture structure was similar
to fiber bundles and delamination with about a 0.2 um thickness. The surface showed a
relatively flat surface and a few layered structures.

. — PVA-TA2

Pure PVA

10

20

30 40
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50 60 70

Figure 3. (a) XRD patterns of pure 15.0 wt% PVA gel and 15.0 wt% PVA-TA gel; (b,c) SEM image of
15.0 wt% PVA-TA24 gel.

The PVA-TA gel displayed excellent mechanical properties. As can be seen in
Figure 4a—c, the 20.0 wt% PVA-TA24 gel could be stretched from 1 cm to about 5 cm
and could easily lift a weight of 200 g. The 20.0 wt% PVA-TA24 gel (1.65 cm wide and
0.128 c¢m thick) could also lift a weight of 4.8 kg, as is evident in Figure 4d.

Figure 4. Images of 20.0 wt% PVA-TA24 gel mechanical properties: (a) bending, (b) stretching, and
(c,d) holding a weight of 200 g and 4.80 kg.
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Typical tensile stress—strain curves of each gel are displayed in Figure 5a,d,g. Tensile
strength, elongation at break, and toughness of each gel are summarized in
Figure 5b,c,e,fh,i, respectively. Tensile strength and elongation of the pure PVA hydrogel
were lower than those of the PVA-TA gel. Strength and toughness values experienced
a process of increasing, decreasing, and increasing again with extension of soaking time,
according to the curves for the 10% and 15% samples, while the 20% samples showed a
monotonic increase. The reason may have been that a short immersion time leads to too
few tannic acid and hydrogen bonds, while a long immersion time leads to tannic acid
concentration equilibrium and hydrogen bond rearrangement (Table 1). When the mass
fraction was high, concentration of tannic acid and the number of hydrogen bonds slowly
increased due to high intermolecular density. Therefore, tensile strength and elongation at
break of the 20.0 wt% PVA-TA gel gradually increased with time. At 24 h, the 20% wt%
PVA-TA24 gel had the highest strength, elongation, and toughness. The 20.0 wt% PVA-TA
gel evidenced high toughness, of 50 MJ] m 2, with an ultrahigh ultimate stress value of
5.97 MPa and ultimate strain of 1450% (Figure 5g). The toughness of the 20.0 wt% PVA-TA
gel after soaking in tannic acid for 24 h was about 14 times that of the pure 20.0 wt% PVA
hydrogel, which was better than reported in the previous literature (Table 2).
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Figure 5. For 10.0 wt% PVA-TA gel: stress—strain curves (a), corresponding rupture stress—strain
(b) and toughness values (c). For 15.0 wt% PVA-TA gel: stress—strain curves (d), corresponding
rupture stress—strain (e) and toughness values (f). For 20.0 wt% PVA-TA gel: stress—strain curves (g),
corresponding rupture stress/strain (h) and toughness values (i).
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Table 1. Composition of PVA-TA gel.

Time (h) 0h 0.5h 1h 7h 12h 24h
100wt%  10.0 wt% 101;%2’? © 100wt%  100wt%  100wt%  10.0 wt%
Gel PVA Ta0s  DVA-TAL  PVA-TA7  PVA-TAI2 PVA-TA24
150wt% 150 wit% 151;%2’? © 150wt%  150wt%  150wt% 150 wit%
Gel PVA Ta0s  DVA-TAL  PVA-TA7  PVA-TAI2 PVA-TA24
200wt%  20.0 wt% 201;%2’? © 200wt%  200wt%  200wt% 200 wt%
Gel PVA Ta0s ~ DVA-TAL  PVA-TA7  PVA-TAI2 PVA-TA24

Table 2. Comparison of mechanical properties of PVA-TA gel with those of previous PVA compos-

ite gel.
Stress Elongation at Toughness
Gel MPa Break % MJ/m® Reference
PVA-tannic acid 9.5 1000 / [1]
Silk
sericin/PVA /sodium 442 +1.05 585 + 34.0 13.73 £ 1.05 [20]
citrate
PVA/HCPE 98 550 425 [23]
nanocomposites
PVA-tannic acid@SiO, 15.7 487 / [32]
hydrogel
PVA-tannic acid 19.3 Around 300 321 [39]
hydrogel
PVA-tannic acid
hydrogel 2.88 1100 / [40]
PVA /NaCl hydrogel 1.5 550 4.7 [47]
This study 5.97 1450 50

The gel effectively blocked penetration of UV rays because of the tannic acid. Herein,
the 15.0 wt% PVA-TA24 gel (TA, 24 h) was selected for UV analysis. Figure 6a,b show
rhodamine dye handwriting on the pure PVA hydrogel and on the 15.0 wt% PVA-TA24 gel.
The three letters “DZU” could be clearly seen, indicating that natural visible light could
pass through. A UV lamp was used to test UV-light absorption or blocking capacity of
the 15.0 wt% PVA-TA24 gel. The pure PVA hydrogel not soaked in tannic acid did not
absorb UV light. Rhodamine writing showed a fluorescence effect under the UV lamp,
whether covered by the gel or not (Figure 6a). When the 15.0 wt% PVA-TA24 gel was
partially placed over the dye writing, the “DZ” letters were darkened and only the “U”
showed a fluorescent effect, indicating that the 15.0 wt% PVA-TA24 gel blocked the UV
light. Tannic acid endowed the gel with excellent UV blocking performance due to phenolic
quinone reversible tautomerism and a 7t electron conjugation effect [48]. Figure 6c shows
the mechanism for UV light absorption. A 320400 nm spectrum possessed mostly strong
penetration, and our eyes were the most sensitive to 550 nm. Therefore, 300-550 nm
was chosen for further comparison and analysis. As demonstrated in Figure 6d, the
pure 15.0 wt% PVA hydrogel had excellent visible light transmittance but no blocking of
ultraviolet light transmission. Intriguingly, the 15.0 wt% PVA-TA24 gel not only showed
transparency in the visible light region but also had a certain ability to block ultraviolet
light. It could be seen that tannic acid had excellent UV-radiation shielding ability, which
could effectively solve the deficiency of traditional gels in UV resistance.
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Figure 6. UV-radiation shielding of 15.0 wt% PVA-TA gel: (a) pure PVA gel under natural light (two
images on the left) and ultraviolet light (two images on the right; wavelength of ultraviolet lamps
was 365 nm). (b) Samples of 15.0 wt% PVA-TA24 gel (thickness: 0.12 cm) under natural light (two
images on the left) and ultraviolet light (two images on the right). (c) Schematics illustrating the UV
filtration process of gel derived from TA molecules. (d) Transmittance spectra of 15.0 wt% PVA-TA24
gel in the visible wavelength range (during 200-800 nm).

3. Conclusions

PVA-TA gels with high elongation, high strength, high toughness, and enhanced
UV-radiation shielding were synthesized. The PVA-TA gel provided high elongation
at a break of 1450%, strength of 5.97 MPa, and toughness of 50 MJ m 3. These good
mechanical properties were due to the crystallization region formed by freeze-thaw cycles
and multiple hydrogen-bond crosslinking between the tannic acid and the molecular
chain. In addition, because tannic acid has phenol-quinone reversible tautomerism and a 7t
electron conjugation effect, a PVA-TA gel can effectively absorb ultraviolet light. Because of
its excellent mechanical properties and UV resistance, this gel gives a solid foundation for
potential applications, such as load-bearing devices and fabrication of artificial materials.
This study also provides an important reference for study and improvement of mechanical
properties of gels.

4. Experimental Section
4.1. Materials

Polyvinyl alcohol (PVA, 1797, molecular weight 74,800) was purchased from Shanghai
Macklin Biochemical Co. LTD. Tannic acid (purity 97.51%) and acetic acid (36%) were
supplied by Tianjin Shengao Chemical Reagent Co. LTD and Tianjin Damao Chemical
Reagent Factory, respectively. All chemicals were used directly without further purification.
Deionized water was used for all experiments.

4.2. Preparation of PVA-TA Gel

PVAs with mass fractions of 10.0 wt%, 15.0 wt%, and 20.0 wt% were prepared and
uniformly dissolved in water (containing 36% acetic acid; mp»0:M3gopacetic acid = 9:1) at
90 °C. PVA was then poured into a 1 mm thick polyvinylidene fluoride mold and frozen at
—20 °C for 2 h. The temperature was raised to 25 °C, then cooled back down to —20 °C
and held for another two hours. After three cycles of freeze-thawing, each gel was soaked
in saturated tannic acid solution for 0.5 h, 1 h, 12 h, and 24 h, respectively. Finally, each gel
was frozen again and then raised to room temperature to obtain PVA-TA gels (Figure 1).
The control sample was prepared with a similar process, but without soaking in tannic acid
solution (Table 1).
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4.3. Characterization

Fourier transform infrared (FTIR) spectroscopy of the gel was collected by a Nico-
let iS50 FI-IR spectrometer (Thermo Scientific Fisher, USA) in the wavelength range of
500-4000 cm~!. The microstructure of the gel was analyzed by field emission scanning
electron microscopy (SEM, Merlin Compact, Zeiss, Germany). Specimens were freeze-dried
in vacuum and then sputtered with gold for 30 s. Crystallinity was investigated on an
X-ray diffractometer (XRD, D8 Advance, Bruker, Germany) with Cu Ka radiation (sample-
detector distance was about 21 cm). Mechanical property tests were performed under
ambient conditions, using a universal testing machine (Jinan Marxtest Technology Co., Ltd.,
Jinan, China) with a 50 N load-cell (precision was 0.0002 N). Each gel was cut into rectangles
(20 mm x 5 mm X 1 mm), and a tensile test of each gel with a 10 mm initial distance was
carried out at a rate of 100 mm /min. The tensile test was carried out three times for each
type of gel. To obtain the light-filtering capability measurement, the fluorescent mark
“DZU” was irradiated by UV lamps (364 nm), then covered with the pure PVA hydrogel
and the 15.0 wt% PVA-TA gel, respectively. Resultant light was photographed with a
mobile phone camera. Visible and UV transmittance of gel were collected on an UV2700
(Shimadzu Co., Japan) in the wavelength range of 800 nm to 200 nm. A thermogravimetric
analyzer (Netzsch STA 449 F5 Jupiter, Germany) was used to determine thermal stability
of samples with a 20 mL/min nitrogen flow rate. The temperature was raised from room
temperature to 800 °C at a heating rate of 10 °C/min.
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