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Abstract: In this study, a polyvinyl ion gel containing metal ions was prepared by crosslinking acrylic acid
containing metal ions with polyvinyl alcohol. The thermal cracking products and thermal stability of metal calcium
ion polyvinyl alcohol/acrylic acid gel were studied by LOI, TG, FTIR, XRD, Py-GC/MS and SEM methods. The
addition of metallic calcium ions increases the LOI value and enhances the flame retardancy of polyvinyl alcohol.
It shows from TG result that the addition of metallic calcium ions promotes the formation of carbon layers and
improves the thermal stability of polyvinyl alcohol. It was proved by FTIR, XRD and SEM that calcite-type
calcium carbonate was formed on the polymer surface during the PVA/AA/Ca heating process, forming a
protective layer to prevent the entry of oxygen and the volatilization of volatiles. This research is a contribution to
the improvement of the thermal stability of synthetic polymers by metal ions and further application to battery

separators.
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INTRODUCTION

Confronting with the urgent problems of increasing
depletion of resources and deterioration of the
environment, it is extremely necessary to reduce the
use of fossil fuels and protect the environment
[Zhang, et. al., 2017]. Nowadays, mobile phones,
computers and electric cars are widely used in our
daily life, which largely depend on the performance
and development of energy storage systems [Choi, et.
al., 2016]. The lithium-ion batteries have the largest
demand in the world by virtues of its light weight,
low price, high energy density, excellent power
density, long cycle lifetime and environmental
friendlinesss [Li, et. al., 2009]. However, high energy
density lithium-ion batteries with more chemical
energy may release chemical energy in the form of
heat, resulting in fire or explosion [Chen, et. al.,
2018]. The battery separator is an important part of
the battery, which insulates the anode and cathode,
thus preventing the chemical energy in the battery
from being transformed into thermal energy,
weakening the reaction between the electrode and the
electrolyte, inhibiting the release of a large amount of
heat [Deng, et. al., 2016]. And separator plays an
indispensable role in providing the effective channels
for the transmission of lithium-ions between
electrodes. Currently, the polyolefin microporous
membranes have become the main commercialized
separators owing to their good electrochemical
performance, such as polypropylene (PP),
polyethylene (PE) and their combinations [Zhang, et.
al., 2007]. However, there is a problem of poor
thermal stability, which makes the battery easily
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short-circuited by heat and threatens safety
performance. The fiber separators have gradually
become a new type of porous battery separators, such
as natural cellulose separators, which exhibit
excellent electrochemical performance in battery
applications. Polyvinyl alcohol fiber is a commonly
used synthetic fiber and can also be used in the
preparation of battery separators. Due to the poor
flame retardant effect of PVA fiber itself, we
conducted thermal stability studies on raw materials.

PVA has a regular molecular structure, a compliant
molecular chain, and a large number of hydroxyl
groups [Ma, 2006]. It is a synthetic water-soluble
polymer. It has the advantages of high electrolyte
wettability, excellent spinnability, good mechanical
properties and film-forming properties [Wang, et. al.,
2018]. However, the PVA material is easily ignited in
the air, and their limiting oxygen index (LOI) value is
about 19% [Jiang, et. al., 2017]. Therefore, the pure
PVA cannot solve the thermal stability performance
of the separator. It has been reported in a large
number of literatures that metal ions can enhance
flame retardancy of polymers such as natural alginate
and cellulose [Manfredi, et. al., 2006]. For this reason,
PVA polymer is added acrylic acid with metal ion-
containing, which solves the problem of poor thermal
stability of PVA polymer and improves flame
retardancy.

Herein, the polymer synthesized from polyvinyl
alcohol and acrylic acid is used as the raw material,
metal calcium ion is added, and then the
polymerization is initiated by the 2959 photoinitiator
and the BIS crosslinking agent. The gel polymer of
polyvinyl alcohol and calcium acrylate was
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successfully prepared. The thermal stability of metal
ions to unnatural water-soluble synthetic polymers
was explored. The addition of metal ions enhances
the thermal stability of polyvinyl alcohol and
explains the flame retardant mechanism. It not only
improves the flame retardant effect of metal ions in
synthetic materials, but also plays an important role
in lithium ion battery separators.

EXPERIMENTAL METHOD

Materials and methods

Poly(vinyl alcohol) (PVA) (Mn~=7.8 X104, 98%
hydrolysis degree, Sinopharm Chemical Reagent Co.,
Ltd, China),acrylic acid (AAc) (purified by
distillation,  Tianjin  Beilian Fine  Chemicals
Development Co., Ltd. China),calcium hydroxide
(Ca(OH),)( Sinopharm Chemical Reagent Co., Ltd,
China), N,N'-methylenebis(acrylamide) (BIS)
(Shanghai Macklin Biochemical Co., Ltd, China),2-
Hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone
2959)( Sinopharm Chemical
China).

Preparation of polyvinyl alcohol/calcium acrylate

Acrylic acid is neutralized by calcium hydroxide to
form an acrylic acid solution containing calcium ions,

(photoinitiator
Reagent Co., Ltd,

and then initiator 2959 (0.5 wt%) and cross-linking
agent BIS (1 wt%) were added and stirred until
uniform. PVA was added to a 250ml flask, placed in
a constant temperature magnetic stirrer and heated to
100 °C, kept warm and stirred for 4h to obtain a PVA
aqueous solution (10wt%). After cooling to 50 T,
the PVA aqueous solution and acrylic acid solution
containing calcium ions were mixed, and the solution
was stirred at 50 °C for 4 hours to make it uniform.
The mass ratio of polyvinyl alcohol to acrylic acid in
the mixed solution is 6/15, and the neutralization
degree of acrylic acid is 30%, 40%, 50%, 60%. The
mixed solution was transferred to a petri dish and
kept under an ultraviolet lamp (20W x6) for 20 hours,
so that the calcium acrylate in the mixed solution
began to chemically crosslink to form calcium
polyacrylate. The petri dish was then frozen in a
refrigerator at -23°C for 24 hours, and then the frozen
hydrogel was thawed at room temperature for 1 hour.
The freeze-thaw process was repeated three times to
obtain a double-network gel. The flowchart of the
PVA/AA/Ca preparation experiment was shown in
Fig. 1 in support information. The polyvinyl
alcohol/calcium acrylate gels prepared with different
neutralization concentrations were labeled as 30%-
PVA/AA/Ca, 40%-PVA/AAICa, 50%-PVA/AAICa,
60%-PVA/AAI/Ca.

AA AACa

MBA  PVYA chain

on"\)_//

PAA chain  PAACa chuain

Fig.1. The flow chart of gel preparation
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Methods

The infrared curves of polyvinyl alcohol calcium
acrylate gel with different degrees of neutralization
were measured by Vector22 FTIR spectrometer. In
this experiment, the samples were measured with a
scanning range of 500~4000 cm—1. Each spectrum

was collected from 32 scans in the transmission mode.

The samples with a size of 100mm > 6.5mm x
3mm were prepared and the limit oxygen index (LOI)
measurement was performed using HC-2 instrument
made in China.

The thermal stability of polyvinyl alcohol calcium
acrylate gel with different degrees of neutralization
were tested by TG209F3 in a flowing nitrogen
atmosphere of 20 mL/min between 50 <C and 600 <C
at a heating rate of 10 <C /min.

The X-ray diffraction analyzer was used by DX-
2700 to qualitatively analyze the sample high-
temperature calcination product, and then it was
determined by comparison with the standard
spectrum.

The surface of the sample was observed by Quanta
250 FEG scanning electron microscope to obtain the
surface morphology of the sample. First, the sample
to be tested is sprayed with gold, and then placed on
the sample stage of the scanning electron microscope
to observe the morphology of the sample at room
temperature.

The determination of the cracking products of
polyvinyl alcohol calcium acrylate gel with different
degrees of neutralization after 550 ‘C was tested and
analyzed by Py-GC/MS method.

RESULTS AND DISCUSSION

Characterization

Infrared curves of PVA, AA and PVA/AA/Ca gels
in the wavelength range of 500-4000cm™ were shown
Fig. 2. It can be seen that the absorption peaks at
3274 cm™ was attributed to the stretching vibration
peaks of -OH group in PVA and the stretching
vibration absorption peak at 1705cm-1 was C=0 of
AA[27]. The peak at 1410 cm™ in the PVA/AA/Ca
curve was caused by the C-O stretching vibration
peak; the band at 1450 cm™ corresponded to the C-H
bending vibration. The peak at 2950 cm™ was due to
the asymmetry of the C-H group stretching vibration.
The peak at 1645cm™ was the asymmetric stretching
vibration of C = C. The absorption band near 1705
cm-1 disappeared, and instead it appeared absorption
peaks of 1552 cm™ and 1450 cm™, which
corresponded to the antisymmetric and symmetric
stretching vibrations of the carboxylate structure. The
peak at 1144cm™ and 1095cm™ was the C-O-C
stretching vibration absorption band of the
ester[28,29]. Therefore, the PVA/AA/Ca gel was
successfully prepared.
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Fig. 2. The FTIR spectrum of the PVA,AA,PVA/AA/Ca

Fig. 3 showed the LOI values of polyvinyl alcohol
calcium acrylate gel with different degrees of
neutralization. The crosslinked acrylic acid polyvinyl
alcohol polymer has a higher LOI value, and the LOI
value of the PVA/AA/Ca gel added with calcium ions
is higher than that of the PVA/AA gel. And the LOI
value of PVA/AA/Ca gels appeared to be large with
the increase of calcium ion content. It shows that the
addition of metal ions greatly improves the flame
retardant properties of hydrogels. This is because
metal ions form carbon oxides during heating, which
protects the material.

LOI(%)

PVA PVAMAA  30%Ca™  d0%Ca™

SO%CaT 60%Ca*

Fig. 3. PVA, PVA/AA and PVA/AA/Ca LOI values

Fig. 4(a) showed the TG curves of PVA, PVA /
AA, and PVA/AA gel containing metal calcium ions
in an air atmosphere. It can be seen from the TG
curve of pure PVA that the decomposition of
polyvinyl alcohol was divided into three stages. The
first stage was below 190°C, the quality decline in
this stage was mainly due to the loss of bound water.
The second stage occurred at 250-350<C, and the
PVA quality decreased sharply, which was reduced
by about 70%. The main reason for the quality
reduction at this stage was the elimination of water
and the breaking of molecular chains. The third stage
occur at 400-500<C, which was reduced by about
14.5%. The quality decline in this stage was due to
the H2 elimination reaction[20]. When the
temperature of the gel added with calcium ions was
lower than 380°C, the thermal decomposition of the
four hydrogels with different calcium ion
concentrations was similar. Thermal decomposition
can be also divided into three stages. The first stage
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was in the temperature range of 150-270°C, which
was the decomposition of carboxyl groups in the gel.
The second stage was in the range of 270-380°C, in
which carbon layer and intermediate products were
formed. The third stage was in the range of 400-
550°C, 30%-PVA/AA/Ca polymer formed calcium
carbonate material when it reached 540°C, 40% -
PVA/AA/Ca polymer formed calcium carbonate at
520°C, 50%-PVA/AA/Ca and 60%-PVA/AA/Ca
polymers produced calcium carbonate material at
about 470°C. It was found that the polymer with more
calcium ion content produced calcium carbonate at
lower temperature. The polymer added with calcium
ions was gradually destroyed during heating, the
content of the carbon layer increased and the calcium
carbonate material was gradually formed, which was
laid on the surface of the polymer to protect the
internal materials from further damage [Zhang, et. al.,
2017].

0 £ n .
Temperature('C Temperature (°C

Fig. 4. TG (a) and DTG (b) curves obtained iﬁ fhe study of
samples at a heating rate of 10 “C min™.

Table 1 listed the thermogravimetric analysis data
of the polymer, including the initial decomposition
temperature Ton, the maximum decomposition rate
temperature Tmax and the carbon residues of 450°C,
550°C and 600°C. It can be seen from Table 1 and
Fig. 4(b) that the thermal degradation temperature
(Tona) of the cross-linked acrylic polyvinyl alcohol
gel was significantly lower than that of polyvinyl
alcohol (Tona). The cross-linked acrylic polyvinyl
alcohol material began to decompose at a lower
temperature than the original PVA material to form a
more stable structure and promote the formation of a
gel carbon layer, which played a protective role in the
polymer. The temperature at which the calcium ion-
added gel started thermal degradation was lower.
During the degradation process, the calcium ion-
containing gel formed metal carbides and metal
oxides, which were laid flat on the surface of the gel
to isolate the heat and energy of the outside air and
the matrix. Table 1 lists the residual carbon rates of
gels with different calcium ion concentrations at 600 C
as 10.3%, 15.3%, 26.7%, and 24.7%. It was much
greater than the 1.8% carbon retention rate of pure
PVA materials at 600° C. Therefore, calcium ions
can induce polyvinyl alcohol/acrylic polymer to
produce more carbon. The data showed that calcium
ions changed the thermal degradation behavior of
polyvinyl alcohol/acrylic acid gel and improve its
thermal stability.
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Table 1. A summary of the degradation temperature and char
yield of PVA, PVA/AA, PVA/AA/Ca

Char residue(%)
af b(
Sample Ton?(C) Tma(C) 500 550 600
OC OC OC
PVA 219.7 330.8 43 1.9 1.8
PVA/AA 198.8 307.2 9.7 0.63 05
PVA/AA
/30%Ca? 190.8 297.6 218 114 103
PVA/AA
/40%Ca? 183.7 304 245 178 153
PVA/AA
/50%Ca? 183.7 465.1 326 296 267
PVA/AA
/60%Ca? 183.8 465.5 318 278 247

Fig. 5 was the infrared spectrum of the dried 50%-
PVA/AAICa gel sintered at different temperatures in
the wavelength range of 500- 4000cm™. The
characteristic absorption peaks of calcium carbonate
appeared at 1792cm™, 1410cm™, 870cm™ and 710cm®
! The peak at 1792 cm® was formed by C=0
vibration of calcite carbonate. The strong absorption
peak around 1410 cm™ was formed by the
asymmetric stretching vibration of the C-O bond in
calcite-type calcium carbonate. The peak near 870
cm-1 was the out-of-plane deformation vibration
peak of CO;%. The peak near 710cm™ was formed by
0O-C-0 in-plane deformation vibration. It is observed
from Fig. 5 that when the temperatures were 250<C
and 300<C, there was a strong absorption peak
around 1410 cm™, and the absorption peak at 1410
cm™ decreased at 300<C compared with 250 <C. With
the increase of temperature, the absorption peak
intensity of 1410 cm™ was gradually strengthened,
the vibration peak of COz* out-of-plane deformation
appeared at 870 cm™ at 450 °C, and the CO5> out-of-
plane deformation at 550 °C. When the temperature
was 500 °C, the in-plane deformation vibration peak
of O-C-O has appeared near 710cm™. At this
temperature, the four absorption peaks of calcite-type
calcium carbonate all appeared[30,31]. Obviously, it
was proved that the gel polymer formed stable
calcite-type calcium carbonate during heating.

L i " n
4000 3500 3000 2500 2000 1500 1000 500
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Fig. 5. The FTIR spectrum of 50%-PVA/AA/Ca polymer at
different temperatures
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Fig. 6 is the XRD patterns of polyvinyl
alcohol/acrylic acid gels with different degrees of
neutralization when heated at 250<C, 450<C, 500C
and 550<C. The XRD patterns of gels with different
degrees of neutralization at 550<C were basically
similar. At this temperature, a strong peak appeared
at 20 = 29.4°. This strong peak was the crystal plane
diffraction peak of calcite calcium carbonate (104),
which also showed that a protective layer of calcium
carbonate was formed on the surface of the gel
polymer during heating [Kontoyannis, et. al., 2000].
By comparing the formation temperature of calcium
carbonate, the PVA/AA/Ca began to produce calcite-
type calcium carbonate at 500°C to 550°C. The
PVA/AA/Ca gel began to form calcite-type calcium
carbonate at 450°C to 500°C. The-PVA/AA/Ca gel
produced calcite-type calcium carbonate at less than
450°C.
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Fig. 6. XRD patterns of polymers with different calcium ion
contents at different temperatures. (a) Temperature is 250<C (b)
Temperature is 450 T (c) Temperature is 500<C (d) Temperature is
550<C

Tables 2 and 3 list the main compounds of PVA and
PVA/AA/Ca thermal cracking, and further
investigated the flame retardant properties and
combustion process of the samples. It can be seen
from Table 2 that the polyvinyl alcohol polymer
mainly produced 15 kinds of cracked products at
550<C, of which the content of isopentyl methyl
ketone, crotonaldehyde and 2,2-dimethyl-3,4-
pentadienal was the most. In all products, most of
them were chain-like structures. Table 3 showed that
there were 12 main cracking products of 30%-
PVA/AA/Ca gel at 550 °C, while there were 7 main
cracking products of 50%-PVA/AA/Ca gel at 550°C.
Compared with pure polyvinyl alcohol chain cracking
products, the calcium alcohol-added polyvinyl
alcohol products were mainly cyclic. It showed that
the addition of metal ions made the polymer more
easily dehydrated to form a ring-shaped substance
and promote the formation of a carbon layer.
Comparing the pyrolysis products of samples with
different degrees of neutralization, the pyrolysis
products decreased as the degree of neutralization
increases. It showed that the increase of calcium ion

concentration made the degradation of polyvinyl
alcohol/acrylic polymer incomplete. It is further
explained that the increase in calcium ion
concentration helped to form a protective layer of
calcium carbonate to inhibit the decomposition of the
polymer.

Table 2 Main thermal cracking products of PVA at 550 ‘C

Molecular Molecular PVA
structure formula Time (min)  Area (%)
CH.O 1757 14.9448
— CHO 2032 5.4681
AN CHO 2486 42.7704
e CHO, 2708 3.1828
OH
' CHO 2848 2.0517
e CHO 3628 24832
CHO 4579 1.4495
CHO 5469 2815
s CHO 5578 15.4849
D CoHuOs 5994 1.9388
T\ ’ CHoO. 6611 126
‘ - CHO 68 1.0848
= CH.  7.154 1.4349
CHa 7256 11223
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Table 3 The main thermal cracking products of 30% and 50%-
PVA/AA/Caat 550 C

30%- 50%-
Molecular ~ Molecula  pya/ap/ca PVA/AA/Ca
structure ' formula Time (min) Time (min)
Area (%) Area (%)
e CHO. 226 21609 227 32916
o
N CHs 274 28308 272 25374
74.164 A1
) CHO. 444 64 45 83413
Ho” Yo 5 2
D_\_\ CHs 537 11602 —  —
]
M CHuO 622 12865 — —
7 H
D<| CHoO 63 1696 615 11181
[}




J. of Appl. Sci. and Eng. Inno., Vol.7 No.3 2020, pp. 125-131

fg; CHO2 684 12822 663 14241
O% CHO 69 13479 —  —
%D CoH100: 7.1 1.971 6.87 1.0261
[ 7 CeHa 885 15077 —  —
\eﬁ‘lp CoHO. 917 12578 7.08 1196
L7 cH.O 947 19015 — @ —

Fig. 7 is an SEM image of the residue obtained by
heating PVA/AA/Ca. At the temperature of 250<C,
metal ion oxycarbon compounds were not formed,
and the surface was rough and disordered. As the
temperature increased, the polymer containing
calcium ions gradually formed stable calcite-type
calcium carbonate after being heated. At the
temperature of 550<C, a layer of dense calcite-type
calcium carbonate material was observed in Fig.7,
which was laid flat on the surface of the material to
block the infiltration of oxygen and inhibit the further
burning of the matrix material. It showed that the
addition of calcium ion had better flame retardancy
for the synthetic polymer, which was consistent with
the above results.

e TR

10um

Fig.7. SEM image of hydrogel with a neutralization degree of 50%
at different temperatures.

CONCLUSION

In this paper, the flammability characteristics of
polyvinyl alcohol / acrylic acid gel were studied, and
the thermal cracking products and thermal stability of
calcium ion polyvinyl alcohol / acrylic acid gel were
characterized by LOI, TG, FTIR, XRD, Py-GC/MS
and SEM methods. The combustion behavior and
heat resistance of the gel were studied through
thermal stability test, and it was found that the
addition of metallic calcium ions increased the LOI
value and residual carbon content, confirming that the
flame retardancy of polyvinyl alcohol was enhanced.
FTIR and XRD confirmed that the gel formed metal
oxycarbides during heating. The SEM image shows
that metal calcium ions form calcite-type calcium
carbonate on the surface of the polymer during
heating, which has the effect of blocking air. The
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flame retardant performance and mechanism of the
metal ion on the water-soluble polymer have been
explored and verified.
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