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Outstanding flame retardancy for poly(vinyl
alcohol) achieved using a resveratrol/tannic acid
complex

Yuan Lin,2® Jialian Chen® and Hongzhou Li

Resveratrol/tannic acid-poly(vinyl alcohol) (RETA-PVA) blends have been prepared by compression
molding using poly(vinyl alcohol), tannic acid and resveratrol as raw materials. The effects of different
resveratrol/tannic acid ratios on the flammability of RETA-PVA blends have been studied. The
flammability of the RETA-PVA blends was assessed using cone calorimetry, thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). Results indicate that RETA-PVA molecules occur
through hydrogen bonding and RETA-PVA blends are amorphous. The glass transition temperature for
RETA-PVA-2 is the highest among all blends and the peak of heat release rate and smoke production
rate for RETA-PVA is 38.4% and 43.9% lower than that for PVA, respectively. With the addition of
resveratrol, the residual amount of RETA-PVA after complete combustion is greatly increased, to 30
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1 Introduction

Traditional halogen-containing flame retardants, such as poly-
brominated biphenyls and polychlorinated biphenyls, are
largely no longer used due to toxicity, carcinogenicity, bio-
accumulation and other factors that can lead to irreparable
harm to human health and the natural environment.*” In recent
years, phosphorus—-nitrogen flame retardant systems have been
widely used as major alternatives to halogenated flame retar-
dants because of great effectiveness and low toxicity. However,
the release of organophosphorus flame retardants may lead to
eutrophication in waterways. In addition, phosphorus-
containing flame retardants containing N-methylol groups
may release formaldehyde upon decomposition.®* Moreover,
although phosphorus flame retardants display high flame
retardancy, they may also reduce the mechanical properties of
a polymer matrix into which they are incorporated.** Therefore,
in order to meet the needs of environmental safety and
sustainable development, there is an urgent need to develop
environmentally-friendly ~ flame  retardants.  Cellulose/
montmorillonite nanocomposite biobased plastics have been
synthesized, which can be used in the fields of gas resistance,
flame retardancy and packaging.® The use of abundant renew-
able, safe and non-toxic compounds and their derivatives from
nature as components of flame retardant materials has become
a major focus for polymer flame retardancy."*”® Effective
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times that for PVA, indicating that RETA-PVA blends display excellent flame retardant properties.

biobased organophosphorus flame retardants based on
a variety natural source have been developed.’

Poly(vinyl alcohol) (PVA) is the only biodegradable polymer
that contains exclusively carbon atoms in the mainchain.'* PVA
has been widely used in various fields, such as paper coating,
adhesive formulation and glue production, etc., because of the
properties of biocompatibility, hydrophilicity, excellent film-
forming properties, cross-linking potential and crystallization
propensity.”* However, PVA is inherent flammable and upon
combustion releases large amounts of heat and smoke. There-
fore, means to generate flame retardant PVA has become more
and more important in recent years.

Tannic acid (TA) is a natural polyphenol which may be
extracted from plants. It has a carbon content of up to 53.6%."
Its unique phenolic hydroxyl structure endows it with a series of
chemical properties, including the ability to scavenge radicals,
antibacterial properties, high adhesion, good char forming
capability and the ability to form a complex layer with metal
ions on a polymer matrix, etc.*'*'* TA displays excellent
promotion of char-formation and oxygen radical scavenging
during the combustion process.'**® Therefore, TA can be used
as an environmentally-friendly flame retardant. A two-
dimensional nanosheet formed of TA and MoS, can be used
to improve the mechanical properties and flame retardancy of
polyacrylonitrile fibers. Grafting a 2% weight fraction of two-
dimensional nanoflake on the surface of polyacrylonitrile
fiber provided a 70.4% increase in tensile strength and a 54.2%
increase in elongation at break. The peak heat release rate, the
total heat release, and the peak smoke production rate and the
carbon monoxide production decreased by 38.1%, 29.6%,
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34.0% and 34.9%, respectively."”” However, the melting point of
TA is only 218 °C and its heat stability is poor.

Resveratrol (RE) is a natural trihydroxy stilbene compound.
RE and its derivatives are mainly found in grapes, peanuts, and
knotweed.'®?* Because of its antioxidant, anti-inflammatory,
anti-cancer and cardiovascular protection effects, it is widely
used in medicine, food and other fields. As a derivative of stil-
bene, due to its functional phenolic hydroxyl group and rigid
conjugated structure, it has also been extensively utilized in the
field of flame retardancy.’**® RE-based tri-functional benzox-
azine resin has been synthesized, its thermal properties estab-
lished using thermogravimetric analysis (TGA) and micro-scale
combustion calorimetry (MCC).>® The glass transition temper-
ature for the RE-based resin is higher than 350 °C, the initial
degradation temperature is 465 °C, the corresponding mass loss
is only 10%, and the carbon residue from combustion may be as
high as 74% of the initial mass at 800 °C. The resin also exhibits
extremely low heat release capacity (30.7 J g~ K™') and total
heat release value (6.0 k] g~ ') during combustion.?® A RE-based
epoxy resin has been synthesized and cured with methyl hex-
ahydrophthalic anhydride.”® The glass transition temperature
for the RE-based epoxy resin is 211.1 °C, and the tensile
strength, tensile modulus and tensile strain are 73.5 + 3.9 MPa,
3.0 £ 0.1 GPa and 3.4 £ 0.3%, respectively. The decomposition
residue at 800 °C is twice than that for petroleum-based epoxy
resin. Therefore, RE can be considered as a natural material
with high flame retardant potential.*

Using the characteristics of TA with multiple hydrogen bond
sites treatment with RE was utilized to form a hydrogen-bonded
complex (RETA). The RETA was used to form a blend with PVA,
RETA-PVA. The molecular structure of RETA-PVA was assessed
using Fourier transform infrared spectroscopy. Due to the large
number of hydroxyl functional groups on the mainchain of PVA,
RETA may form hydrogen bonds with PVA fully and effectively.
This affords weak cross-linking to form a network structure.””>*
The flammability properties of RETA were evaluated using cone
calorimetry and thermogravimetric analysis. RETA has not previ-
ously been identified as a biobased flame retardant. The presence
of RETA in the polymer matrix strong reduces the flammability of
PVA. The polyhydroxy structure of TA and RE promotes excellent
char formation during the thermal degradation of PVA.

2 Materials and methods
2.1 Materials

Polyvinyl alcohol (PVA, type 1788), resveratrol (RE, 99%) and
tannic acid (TA, analytically pure) were purchased from
Shanghai Macklin Biochemical Technology Co., Ltd.

2.2 Preparation of RETA-PVA blends

TA was added to a beaker filled with ultrapure water and
dispersed by ultrasound at 60 °C for 15 minutes to dissolve into
a TA solution. RE was added into the TA solution and stirred at
60 °C for 15 minutes to form a RETA solution. PVA (5 wt%) was
added into a 500 ml beaker filled with ultrapure water and
stirred it in an oil bath at 85 °C for 30 minutes to dissolve into
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a PVA solution. The RETA solution was slowly poured into the
PVA solution along the wall of the cup and stirred for 30
minutes to form a RETA-PVA precipitate.

The obtained RETA-PVA precipitate was placed in a mold after
drying at reduced pressure and the temperature of the upper and
lower plates of a plate vulcanizing machine is set to 100 °C. The
sample was formed in hot pressing for 10 minutes and cold
pressing for 5 minutes under the pressure of 10 MPa. Then, the
sample was placed in an oven at 60 °C and cooled to constant
weight to obtain RETA-PVA blends. The formula of RETA-PVA is
shown in Table 1. The preparation route diagram of RETA-PVA is
shown in Fig. 1. Fig. 2 shows the synthetic route of the RETA-PVA.

2.3 Characterization

2.3.1 FTIR. Fourier transform infrared spectroscopy (FTIR)
was performed on a Thermo Fisher's NICOLET IS10 Fourier
transform infrared spectrometer in a wave-number ranging
from 4000 to 400 cm ™.

2.3.2 TGA. The TGA analysis of PVA/TA-PVA/RE-PVA/RETA-
PVA was carried out using a SDT Q600 thermogravimetric
analyzer. The sample (5-10 mg) was heated from 30 °C to 600 °C
at a heating rate of 10 °C min~ ' in a N, atmosphere.

2.3.3 DSC. The DSC analysis of PVA/TA-PVA/RE-PVA/RETA-
PVA was performed on a Q20 Differential Scanning Calorimeter.
The sample (5-10 mg) was heated from 0 °C to 250 °C at
a heating rate of 10 °C min~" in a N, atmosphere.

2.3.4 Limit oxygen index (LOI) and vertical combustion
test. LOI value of samples was obtained using a JF-3 oxygen
index instrument. UL-94 rating of the samples was performed
on a CZF-3 horizontal vertical combustion tester.

2.3.5 Cone calorimetry test. The cone calorimetry test was
carried out using a FTT iCone classic cone calorimeter. The
sample (100 mm x 100 mm x 4 mm) was tested under N, and
standard gas (CO, CO,, O,) atmospheres at a heat radiation flow
rate of 35 kW m~2 and a cone temperature of 750 °C according
to the test standard ISO 5660-1.

2.3.6 Analysis of the microscopic morphology of carbon
residue. The carbon residue after cone test was observed under
Hitachi's Regulus 8100 scanning electron microscope. The
surface of the sample was sprayed with gold and it was observed
under 5 kV acceleration voltage.

2.3.7 Mechanical property test. Flexural test was carried
out using a CMT-4104 universal testing machine. Impact test
was carried out using a ZBC-500 simple-supported beam impact
testing machine.

Table 1 Formula of RETA-PVA

Sample PVA (g) TA () RE (g)
PVA 5 — —
TA-PVA 5 4.2 —
RE-PVA 5 — 4.2
RETA-PVA-1 5 3.36 0.84
RETA-PVA-2 5 2.94 1.26
RETA-PVA-3 5 2.52 1.68
RETA-PVA-4 5 2.1 2.1

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Preparation route diagram of RETA-PVA.

3 Results and discussion
3.1 Fourier transform infrared spectroscopy

In order to determine the hydrogen bond between RETA and
PVA molecules, the Fourier transform infrared spectra of TA/RE/
RETA/PVA/TA-PVA/RE-PVA/RETA-PVA were performed on the
Thermo Fisher's FTIR. As shown in Fig. 3(a), obvious absorption
peaks of TA and RE were observed in the spectra of RETA,
indicating that RE and TA were successfully combined. The
absorption peaks at 1710 ecm™* and 1612 cm ™ * are the tensile
vibration peak of C=O0O and C=C, respectively. A strong
absorption peak appears at 3262 cm ', 3396 cm ' and
3284 cm~ ', which are the stretching vibration peak of the
hydroxyl group (-OH), and peak width is formed by the asso-
ciation of multiple phenolic hydroxyl groups. There were
slightly differences in the FTIR peaks of RETA-PVA due to the
different ratio of RE/TA. It can be seen from the Fig. 3(b) that the
intensity of the tensile vibration peak of hydroxyl increases with
the increase of RE ratio. The stretching vibration peak of
hydroxyl (-OH) at 3445 cm™ ' in PVA shifted to higher wave-
number with the increase of RE content, for example, a 4 cm™*
upshift to 3449 ecm ™' for RETA-PVA-1, 3 cm ' upshift to
3348 cm ™' for RETA-PVA-2 and RETA-PVA-3, 2 cm ™' upshift to
3347 cm™' for RETA-PVA-4. The red shift phenomenon
demonstrates the existence of intermolecular hydrogen bond in
RETA-PVA.

3.2 Thermal stability of RETA-PVA blends

3.2.1 Thermogravimetric analysis of RETA-PVA blends. The
stability of PVA/RE-PVA/TA-PVA/RETA-PVA was
thermogravimetric The

thermal

carried out on a analyzer.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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thermogravimetric data of PVA/RE-PVA/TA-PVA/RETA-PVA is
shown in Table 2. The TG and DTG curves of the PVA/RE-PVA/
TA-PVA/RETA-PVA samples are shown in Fig. 4. It can be seen
from the figure that the TG curves of TA-PVA and RETA-PVA
exhibit obvious double degradation peaks. Before 100 °C, the
mass loss of TA-PVA and RETA-PVA is mainly the volatilization
of water in the blends, thus forming the first degradation peak.
TA-PVA decomposes first, and the temperature for RETA-PVA
and RE-PVA at mass loss of 10 wt% is higher than that for
TA-PVA, indicating that the addition of RE can delay the initial
decomposition of the matrix. It may be due to the decompo-
sition of RE can promote the matrix to form carbon during
decomposition, then the formation of carbon layer effectively
protects the matrix, and RE plays its condensed phase flame
retardant role. After 350 °C, the residual amount of RETA-PVA
sample is always greater than that of the PVA sample. The
residual amount of RETA-PVA-1 sample reached 25% at
600 °C, which is 316.7% higher than that of PVA, indicating
that the addition of RETA can promote the carbon formation
of PVA. The residual mass content of RE-PVA at 600 °C is as
high as 39%.

It can be seen from the DTG curve that the temperature
corresponding to the maximum decomposition rate of RETA-
PVA was slightly decreased compared with that of the PVA
sample. The maximum weight loss peak of RETA-PVA is higher
than that of TA-PVA, which indicates that compared with TA-
PVA, the maximum decomposition rate of RETA-PVA
increased. It can be considered that the faster the RETA-PVA
decomposes, the higher its charring efficiency,*® which may
be the reason why the carbon residue of RETA-PVA is always
greater than that of TA-PVA.

molding

Pressure
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Fig. 2 Synthetic route of RETA-PVA.

TG curve and DTG curve indicate that the maximum
decomposition rate of RETA-PVA would be decreased with the
addition of RETA, but RETA can slightly promote the

288 | RSC Adv, 2022, 12, 285-296

decomposition of the PVA matrix earlier because the decom-
position temperature corresponding to the maximum decom-
position rate is also decreased. During the combustion process,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Fourier transform infrared spectrum: (a) RE/TA/RETA; (b) PVA/
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the residual amount of RETA-PVA is more than that of the PVA
at high temperature. It means that RETA-PVA has relatively
better thermal stability.

3.2.2 Differential scanning calorimetry analysis of RETA-
PVA blends. The thermal transition properties of PVA/TA-PVA/
RE-PVA and RETA-PVA containing different ratios of RE and
TA were obtained on the Q20 DSC. The DSC curves of heating

Table 2 Thermogravimetric data of PVA/RE-PVA/TA-PVA/RETA-PVA
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Fig. 4 TG (a) and DTG (b) curves of PVA/RE-PVA/TA-PVA/RETA-PVA.

and cooling of PVA/TA-PVA/RE-PVA/RETA-PVA are shown in Fig.
5(a-g). The glass transition temperature of PVA is 68.8 °C, and
the PVA curve displays obvious melting and crystallization
peaks, indicating that PVA is a crystalline substance. The DSC
curve of TA-PVA shows that the glass transition temperature of
TA-PVA is 40.5 °C. However, there is no crystallization peak in
the TA-PVA curve and only a degradation peak appears at

Maximum thermal weight Char residue at 600 °C

Sample T10 wto (°C) loss temperature (°C) (Wt%)
PVA 305 345 6
TA-PVA 176 316 22
RE-PVA 292 313 39
RETA-PVA-1 242 327 25
RETA-PVA-2 251 326 24
RETA-PVA-3 236 333 22
RETA-PVA-4 247 332 23

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 LOI and UL-94 data of PVA/RE-PVA/TA-PVA/RETA-PVA

Samples LOI (%) UL-94
PVA 19 NR
TA-PVA 31.2 NR
RE-PVA 24.8 NR
RETA-PVA-1 31.2 NR
RETA-PVA-2 31.4 NR
RETA-PVA-3 31.6 NR
RETA-PVA-4 31.8 NR

130 °C, indicating that TA-PVA is an amorphous substance. As
shown in the Fig. 5(c-g), it can be found that RE-PVA and RETA-
PVA have also no crystallization peak. Therefore, RE-PVA and
RETA-PVA are also amorphous substances. The degradation
temperature for RETA-PVA is higher than that for TA-PVA, and
RETA-PVA also exhibits a higher glass transition temperature
than TA-PVA. The glass transition temperature of RETA-PVA was
increased due to the restriction of the movement of polymer
molecular segments with the addition of RETA, and the
increase of the intermolecular hydrogen bond density of RETA-
PVA leads to the restriction of chain segment motion, resulting
in higher glass transition temperature of RETA-PVA. The glass
transition temperature of RETA-PVA-2 is the highest among all
blends. It may be due to RETA-PVA molecules reached the most
stable mixing state, and the strongest hydrogen bonding
appeared at RE: TA =3:7.%

3.3 Flame retardancy of RETA-PVA blends

Limiting oxygen index test is a means to characterize the
combustion performance of materials. The digital photos after
LOI test of PVA/TA-PVA/RE-PVA/RETA-PVA are shown in Fig. 6.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The LOI value and UL-94 rating of PVA/TA-PVA/RE-PVA/RETA-
PVA are shown in Table 3. The LOI value of pure PVA is 19%,
which is extremely combustible.*® PVA burns very fast and
produces a lot of smoke during the LOI test. With the addition
of TA, RE and RETA, the LOI value of TA-PVA/RE-PVA/RETA-PVA
increases. The LOI value of RE-PVA is 24.8%, which is higher
than that of PVA, but it still belongs to the range of combustible
materials. The LOI value of TA-PVA and RETA-PVA exceeds 30%,
indicating that the existence of TA and RETA can effectively
increase the LOI value and improve the flame retardant prop-
erties of the material. During the vertical combustion test,
samples burned out once they were ignited, and it displayed no
rating for all samples.

The combustion performance of polymer materials in a real
fire can be evaluated by cone calorimetry test. Therefore, the
cone calorimetry method was used to test the flammability of
PVA/RE-PVA/TA-PVA and RETA-PVA blends with different ratios
of RE/TA. Fig. 7 shows the HRR (heat release rate), THR (total
heat release), SPR (smoke production rate) and mass retention
curves of PVA/RE-PVA/TA-PVA/RETA-PVA. Table 4 lists the rele-
vant cone calorimetric test data.

The HRR and THR curves of PVA/RE-PVA/TA-PVA/RETA-PVA
are shown in Fig. 7(a) and (b). The peak of the heat release rate
curve of PVA is sharp and the peak heat release rate reaches
634.9 kW m™?, indicating that PVA releases a lot of heat during
combustion. With the addition of TA/RE/RETA, the peak-HRR
of TA-PVA/RE-PVA/RETA-PVA samples shows a significant
drop, and the peak-HRR for TA-PVA/RE-PVA/RETA-PVA-3 is
488.2, 273.9 and 391.1 kW m™2, which is 23.1%, 56.9% and
38.4% lower than that for PVA, respectively. Moreover, the
obvious bimodal phenomenon can be observed in the HRR
curve of the RETA-PVA, indicating that the carbon layer formed

RSC Adv, 2022, 12, 285-296 | 291


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08000h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 21 December 2021. Downloaded on 4/23/2026 12:41:39 PM.

(cc)

RSC Advances

700

—=— PVA (@)
600 - —e— RE-PVA
—4— TA-PVA
500 | —v— RETA-PVA-1
_ —o— RETA-PVA-2
€ 400} RETA-PVA-3
P RETA-PVA-4
5
=
L L L
0 100 200 300 400
Time(s)
60 " PVA (b)
—e— RE-PVA
—4— TA-PVA
50 [ —y— RETA-PVA-1
—4— RETA-PVA-2
~ 0} RETA-PVA-3
g RETA-PVA-4
=
2 30f
&
=
= 2}
10}
0 i

0 100 200 300 400
Time(s)
0.20
(©)

0.18 —s— PVA
016k —e— RE-PVA

—&— TA-PVA
0.14 | —¥— RETA-PVA-1

—&— RETA-PVA-2
RETA-PVA-3
—»— RETA-PVA-4

SPR(m?s)
54
s

0 100 200 300 400
Time(s)

—=— PVA (d

—e— RE-PVA

—a— TA-PVA

—v— RETA-PVA-1

—&— RETA-PVA-2
RETA-PVA-3
RETA-PVA-4

100

80 |

60 |

40 |

Mass Retention(wt%)

20

Rfsccion, .

e

0 100 200 300 400 500
Time(s)

Fig. 7 Cone calorimetric curves of PVA/RE-PVA/TA-PVA/RETA-PVA:
(@) HRR, (b) THR, (c) SPR, (d) mass retention.

during the combustion process of the sample can play a phys-
ical barrier effect, and effectively protects the PVA matrix. As the
sample was further burned, the released heat broke through the
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carbon layer formed at the beginning of the combustion,
resulting in an obvious bimodal phenomenon in the HRR curve.
The incombustible gas produced by the decomposition of RE
can dilute the concentration of the flammable gas to reduce the
heat release rate. At the same time, carbon layer plays the role of
condensed phase flame retardancy. The total heat release of
RETA-PVA had decreased with the addition of RETA, which can
be observed from the THR curve. The total heat release of RETA-
PVA-3 is 45.2 MJ m ™%, which is the highest among all blends.
The increase of THR have certain disadvantages to the security
of actual fires. The reason for the increase in total heat release
may be caused by the continuous burning of residual char. The
TTI (time to ignition) of RETA-PVA increases compared to PVA
with the addition of RETA, as shown in Table 4. It means that
the addition of RETA has certain beneficial for flame
retardancy.

The SPR curves of PVA/RE-PVA/TA-PVA/RETA-PVA are shown
in Fig. 7(c). SPR is a particularly important characterization for
the flame retardant properties of materials because the burning
process of materials may release a large amount of toxic and
harmful fumes, which are fatal to human health. Therefore, it is
necessary to reduce the SPR of materials as much as possible to
rescue people in actual fires. It can be seen from Table 4 that the
peak smoke production rate for RETA-PVA-2 is 0.101 m> s~ !,
which is 43.9% lower than that for PVA. It can also be seen from
the SPR curve that the SPR peak for RETA-PVA is significantly
lower than that for PVA, and the obvious bimodal phenomenon
is observed, indicating that the addition of RETA has an
inhibitory effect on the rate of smoke production. It may ascribe
to the expanded carbon layer formed during the combustion of
RETA-PVA, which can play a good barrier and protection effect
and reduce the production of smoke particles during
combustion.

The mass retention curves of PVA/RE-PVA/TA-PVA/RETA-PVA
are shown in Fig. 7(d). With the addition of RETA, the residual
amount of RETA-PVA after complete combustion has been
greatly increased, which is 30 times higher than that of PVA. The
reason may be due to the inherent rigid structure of RE and the
high carbon content of TA that cause the RETA to have higher
carbon forming properties than TA-PVA. More residual carbon
suggests that the formed expanded carbon layer delays the heat
and flame propagation on the substrate surface during the
combustion process.

The cone calorimeter test indicates that the addition of RETA
can improve the flame retardancy of TA-PVA. When the ratio of
RE : TAis 3 : 7, the heat release rate of the prepared RETA-PVA
is significantly decreased, and the smoke production rate is also
decreased significantly, and the carbon residue increases
significantly, but there is still a slight increase in total heat
release compared to RE-PVA and TA-PVA.

3.4 Morphology analysis of residual carbon of RE-PVA/TA-
PVA/RETA-PVA

The study on char residue after complete combustion is one of
the key factors to explore the flame retardant mechanism of RE/
TA.*> PVA almost had no carbon residue left after combustion.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Cone test data of PVA/RE-PVA/TA-PVA/RETA-PVA
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Peak-HRR (kW

Mass retention

Sample TTI (s) m~?) THR (MJ m™?) Peak-SPR (m” s™) MLR (g s ") (Wt%)
PVA 61 634.9 58.5 0.180 0.30 0.3
TA-PVA 94 488.2 40.2 0.159 0.32 0.3
RE-PVA 74 273.9 25.3 0.084 0.16 12.5
RETA-PVA-1 83 398.1 43.7 0.127 0.27 8.7
RETA-PVA-2 84 399.1 40.5 0.101 0.26 9.3
RETA-PVA-3 77 391.1 45.2 0.118 0.25 9.2
RETA-PVA-4 78 419.7 42.5 0.101 0.26 8.5

The digital photos of char residue morphology for RE-PVA/TA-
PVA/RETA-PVA are shown in Fig. 8. As shown in Fig. 8(a), the
amount of residual carbon was insufficient and the formed
carbon layer surface was loose and discontinuous after
complete combustion of TA-PVA. After the addition of RE, the
amount of residual carbon increased greatly, and the prepared
four samples with RETA all formed a relatively complete carbon
layer. It is ascribed to the addition of RE that can promote the
formation of carbon. RETA-PVA expands and produces gas
when it burns, forming an expanded carbon layer that protects
the PVA matrix. It can be seen from the residual carbon photos
of RETA-PVA that the formed carbon layer is relatively dense
and only a few holes and cracks after RETA-PVA-3 combustion.
After RETA-PVA-4 combustion, the formed carbon layer displays
obvious cracks and a large number of holes. It means that RETA
can promote char-formation of the PVA matrix. However, the

carbon residue does not increase with the increase of RE. When
the ratio of RE : TA is 3 : 7, the residual carbon is the densest.

In order to further investigate the flame retardant mecha-
nism of RETA, the microstructure of residual carbon after cone
test of TA-PVA, RE-PVA and RETA-PVA was assessed by SEM, as
shown in Fig. 9. TA-PVA has a small amount of residual carbon
and the formed carbon layer is discontinuous after cone test. It
can be observed from Fig. 9(a) that there are a large number of
holes and uneven pits on the surface of TA-PVA, which may be
due to the insufficient char-formation of TA during combustion,
resulting in the carbon layer cannot effectively protect the
matrix and the main chain of PVA is broken. As shown in
Fig. 9(b), there are also many holes on the surface of RE-PVA.
Fig. 9(c—f) shows the microstructure of the residual carbon of
RETA-PVA. Compared with Fig. 9(a) and (b), it can be observed
that the addition of RETA can significantly improve the charring
effect of samples, and the surface of the RETA-PVA carbon layer

Fig. 8 Digital photos of carbon residues in TA-PVA/RE-PVA/RETA-PVA blends: (a) TA-PVA, (b) RE-PVA, (c) RETA-PVA-1, (d) RETA-PVA-2, (e)

RETA-PVA-3, (f) RETA-PVA-4.
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Fig.9 SEMimages of carbon residues in TA-PVA/RE-PVA/RETA-PVA blends: (a) TA-PVA, (b) RE-PVA, (c) RETA-PVA-1, (d) RETA-PVA-2, (e) RETA-

PVA-3, (f) RETA-PVA-4.

is flat and there are only a few holes. Moreover, it can be
observed that the amount of coated residual carbon on the
sample surface is also increased with the increase of RE content
in RETA-PVA. The coated residual carbon can effectively reduce
the heat transfer among the matrix during combustion. At the
same time, the complete and continuous carbon layer can
prevent the release of heat and flue gas, inhibit the heat transfer
among the matrix and effectively protect the matrix from rapid
decomposition, which plays a role of condensed phase flame
retardancy. Therefore, the addition of RETA can effectively
promote the carbonization of the matrix, forms a more
continuous and complete carbon layer, improves the flame
retardancy of blends.

3.5 Mechanical properties of PVA and RE-PVA/TA-PVA/RETA-
PVA blends

The flexural strength and impact strength of PVA and RE-PVA/
TA-PVA/RETA-PVA blends are shown in Fig. 10(a) and (b),
respectively. It can be seen form Fig. 10 that RE-PVA exhibits
the worst mechanical properties, indicating that the addition
of RE alone leads to a great effect on the mechanical proper-
ties of the matrix. As can be seen, the flexural strength and
impact strength of the blends also decreased after adding
RETA. The flexural strength decreased from 75.9 MPa to
36.6 MPa and the impact strength decreased from 8.7 k] m >
to 6.0 k] m~>. It may be due to the fact that the low hydrogen
bond density between RETA and PVA, resulting in the reduc-
tion of the flexural and impact strength of RE-PVA. However,
the flexural strength and impact strength of RETA-PVA had
been improved with the difference of TA/RE ratio in RETA-
PVA, which may be due to the fact that the number of
hydrogen bonds between RETA and PVA increases with the

294 | RSC Adv, 2022, 12, 285-296

increase of RE/TA ratio, and the increase of hydrogen bond
density between RETA and PVA leads to the improvement of
flexural strength and impact strength of RETA-PVA. It can be
seen from Fig. 10 that the flexural strength of RETA-PVA-4
increased from 36.6 MPa to 49.3 MPa, which is 34.7%
higher than that of RETA-PVA-1, and the impact strength

increased from 6.0 k] m~2 to 6.7 k] m 2.

4 Conclusion

In this paper, the effects of different TA/RE ratios on the flame
retardancy of RETA-PVA blends have been studied. The stable
hydrogen bonding among RETA-PVA molecules was demon-
strated by Fourier transform infrared spectroscopy. Thermog-
ravimetric analysis results indicate that the residue carbon for
RETA-PVA-1 is 25% at 600 °C, which is 316.7% higher than
that for PVA. The maximum decomposition rate of RETA-PVA is
lower than that of PVA, indicating that RETA-PVA has relatively
better thermal stability. DSC results indicate that RETA-PVA is
amorphous and it has higher glass transition temperature than
that of TA-PVA and RE-PVA. The glass transition temperature of
RETA-PVA-2 is 51.3 °C, which is the highest among all blends.
The cone calorimeter test results demonstrate that the peak-
HRR decreases from 634.9 kW m~? of PVA to 391.1 kW m>
of RETA-PVA-3. The smoke production rate for RETA-PVA-2 is
43.9% lower than that for PVA, and the residual amount of
RETA-PVA-2 is 30 times higher that of PVA after complete
combustion. Comparing the residual carbon digital photos and
SEM images of PVA, RE-PVA, TA-PVA and RETA-PVA, it can be
observed that RETA-PVA forms a continuous and relatively
complete carbon layer after complete combustion with the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Flexural strength (a) and impact strength (b) of PVA and TA-
PVA/RE-PVA/RETA-PVA blends.

addition of RETA. RETA plays a role of condensed phase flame
retardancy.
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