Journal of Thermal Analysis and Calorimetry (2021) 146:1629-1639
https://doi.org/10.1007/510973-020-10170-7

=

Check for
updates

Chitosan-regulated inorganic oxyacid salt flame retardants:
preparation and application in PVC composites

Qingyi Song' - Hongjuan Wu? - Hao Liu' - Tian Wang' - Weihua Meng' - Honggiang Qu'

Received: 11 December 2019 / Accepted: 4 August 2020 / Published online: 12 August 2020
© Akadémiai Kiado, Budapest, Hungary 2020

Abstract

A series of chitosan-modified inorganic oxyacid salt flame retardants (IOS-CS) were synthesized and used as flame retard-
ants to improve the fire resistance of poly(vinyl chloride) (PVC) composites while improving the mechanical properties of
the materials. The thermal stability of the material was analyzed by TG test; the flame-retardant and smoke suppression
properties were evaluated by limiting oxygen index (LOI) and cone calorimeter test, and the mechanical properties were
analyzed by tensile test and impact test. The TG results showed that the addition of flame retardant can promote the early
cross-linking decomposition of PVC composites, not only advance the decomposition temperature of the material but also
promote the formation of char layer and increase the char residual content. LOI and cone calorimeter test results showed that
stannate chitosan (Sn-CS) can improve flame retardant and smoke suppression more effectively than other samples. Com-
pared with pure PVC, the addition of Sn-CS increased its LOI from 26.6 to 30.5% and reduced the total heat release value
and total smoke release by 18.23% and 52.55%, respectively. At the same time, the addition of the flame retardants had no
large deterioration effect on the mechanical properties of the material. The tensile properties of flame-retardant PVC were
slightly reduced compared with pure PVC, and the impact resistance was even improved to some extent.
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Introduction

Poly(vinyl chloride) (PVC) is one of the largest polymer
materials in the world in terms of production and use [1, 2].
It is widely used in daily necessities, wire and cable, pipe
and building materials and plays a vital role in the history
of polymer applications [3—5]. PVC materials have good
flame-retardant properties due to their high chlorine content
[6]. However, some additives are often added during the pro-
cessing, which has a certain impact on the flame-retardant
and smoke suppression properties of PVC materials [7].
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Therefore, it is meaningful to study the flame retardant and
smoke suppression of PVC composites.

Traditional inorganic flame retardants including inorganic
compounds, metal hydroxides and complexes have been
widely used in PVC composites due to their high stability,
low toxicity and low cost [8—10]. However, traditional inor-
ganic flame retardants generally have low flame-retardant
efficiency, which need large quantity of addition to meet
the flame-retardant demand of high-grade materials. For
example, the metal hydroxide represented by magnesium
hydroxide (MDH) is a common kind of flame retardant for
PVC composites. However, the large addition of MDH leads
to a decrease in the mechanical properties of the substrate,
difficulty in processing and a significant deterioration in
mechanical properties, electrical properties and physical
properties [11-13].

Common methods for solving the problem of inorganic
flame retardants include synergistic flame retardancy, ultra-
fine and surface modification [14—16]. Zhang et al. [17]
prepared a multilayer microcapsule flame retardant with
core—shell structure using zinc stannate, aluminum hydrox-
ide and melamine—formaldehyde resin. Experiments showed
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that the flame retardant can effectively increase the limit-
ing oxygen index (LOI) of PVC materials and significantly
reduce its smoke emission. Moreover, the addition of mela-
mine—formaldehyde resin has significantly improved the
mechanical properties of composite materials. Wang et al.
[18] synthesized a nano-graphene oxide/a-zirconium phos-
phate hybrid (GOZP) by an in situ method, which not only
made RPVC foam exhibit good flame retardancy, but also
endowed it with high mechanical properties. In addition,
some novel methods have been applied to the modification
of inorganic flame retardants, such as layer self-assembly
and microcapsule methods. However, these improvements
also have problems such as high cost and complicated
processes. Therefore, the development of high-efficiency
and comprehensive performance of PVC flame-retardant
smoke-eliminating system still has the significance of fur-
ther research.

In view of environmental considerations, researchers have
recently noticed the possibility of bio-based substances as
flame retardants. Chitosan (CS) is an amino polysaccharide
having a polyhydroxy and amino structure, and this makes it
easy to react with other compounds [19, 20]. In addition, the
materials have the advantages of low cost, easy degradation
and non-toxicity, which make it a good choice for prepar-
ing flame retardants [21, 22]. Therefore, we can molecularly
design CS according to the flame-retardant requirements.
Zhang et al. [23] prepared a novel CS-based flame retard-
ant containing phosphorus, nitrogen and carbon by reacting
phytic acid with CS. Applying this flame retardant to eth-
ylene vinyl acetate copolymer (EVA) not only effectively
reduces heat release, but also increases the Young’s modulus
of the material. This proves that CS has great research value
in improving polymer materials.

In this study, a series of oxyacid salts containing CS cati-
onic including chitosan stannate (Sn-CS), chitosan molyb-
date (Mo-CS), chitosan silicate (Si-CS) and chitosan tung-
state (W-CS) were prepared by reacting acetic acid-dissolved
CS with stannate, molybdate, silicate and tungstate, respec-
tively. The flame retardants were applied to PVC composites.
The thermal stability and flame-retardant properties of PVC
composites were investigated by thermogravimetric analysis
(TG) and cone test. Meanwhile, the mechanical properties of
the composites were investigated by tensile test and impact
test. This research will provide new insights into the design
and preparation of bio-based inorganic flame retardants.

Experimental
Materials

Chitosan (CS, AR, deacetylation degree >95%) was
acquired from Aladdin Chemistry Co., Ltd. (Shanghai,
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China). Sodium stannate trihydrate (Na,SnO5-3H,0, AR),
sodium molybdate dihydrate (Na,MoO,-2H,0, AR), sodium
silicate (Na,S10;3-9H,0, AR) and sodium tungstate dihydrate
(Na,WO,-3H,0, AR) were obtained from Kemiou Chemis-
try Co., Ltd. (Tianjin, China). Acetic acid (CH;COOH, AR)
was obtained from Tianjin Damao Chemistry Co., Ltd. PVC
(TL-1000, density D 1.35 g cm™, average polymerization
degree K67) was supplied by Tianjin LG Dagu Chemical
Co., Ltd. The lubricants calcium stearate and stearic acid
were offered by Tianjin Branch of the USA and Europe
Chemical Reagent Co., Ltd. Dioctyl phthalate (DOP, TP)
and organotin stabilizer were supplied by Baoding Yisida
Co., Ltd. Coupling agent (KH-550) was provided by Shang-
hai Guoyao Chemical Co., Ltd.

Synthesis of chitosan-modified inorganic oxyacid
salt (10S-CS)

Taking the preparation of Sn-CS as an example: First, 0.50 g
of CS was stirred in 50 mL of deionized water for 1 h.
3.50 mL of glacial acetic acid was added to the CS suspen-
sion, and the stirring was continued for several hours to form
a homogeneous solution. Then, 5.33 g of Na,Sn0O;-3H,0
was dissolved in 50 mL of deionized water and stirred until
dissolved. Thereafter, the two of solutions were slowly added
dropwise to the three-necked flask to which 50 mL of deion-
ized water was preliminarily added. And stirring was con-
tinued. The batch was agitated at 80 °C for an additional 4 h
and then cooled to room temperature. And then, the product
was filtered, washed three times with deionized water and
lyophilized for 24 h. Finally, Sn-CS was obtained, and the
yield of the product is 86%. The Mo-CS, Si-CS and W-CS
were prepared in the same way, and the yields are 75%, 80%
and 82%, respectively.

Preparation of PVC/I0S-CS composites

The PVC composites consisted of 100 phr (per hundred
resin) PVC resin, 40 phr DOP, 3 phr stabilizer, 1 phr silane
coupling agent KH550, 0.5 phr calcium stearate, 0.5 phr
stearic acid and 10 phr flame retardant. The mixture was
then blended with a two-roll mill at 140 °C for 8 min. After
this, the composites were transferred to a stainless steel
mold, preheated at 170 °C for 3 min, pressed at 120 MPa for
5 min and cooled to room temperature at 120 MPa for 5 min.

Characterization

The morphology of the char residues was measured by scan-
ning electron microscopy (SEM, JSM-7500, JEOL) with the
acceleration voltage of 15 kV.
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The crystal structure was analyzed by X-ray diffraction
(XRD, D8-Avance, Bruker, Germany) scanned in the range
10°-80° at 0.1° s

The Fourier transform infrared spectroscopy (FTIR)
spectra were recorded with a Tensor 27 spectrometer using
KBr pellets. Spectra in the range of 4000-400 cm™! were
obtained by 32 scans at a resolution of 4 cm™".

TG and derivative thermogravimetric analysis (DTG)
were performed using a STA 449C thermal analyzer
(Netzsch, Germany). About 7 mg of the specimens
was heated from 20 to 800 °C at a linear heating rate of
10 °C min~!. All runs were performed in N, at a flow rate
of 50 mL min~".

The limit oxygen index (LOI) values were determined
in accordance with ASTM standard D2863-2000 using a
JF-3 oxygen index meter (Jiangning Analytical Instrument
Factory, China). The specimens used for the test were of
dimensions 100.0x 6.5 3.0 mm®.

Cone calorimetry was performed using a cone calorimeter
(Fire Testing Technology Ltd., UK) according to ISO5660.
Each specimen (100.0 x 100.0x 3.0 mm?®) was wrapped in
aluminum foil and exposed horizontally to a 50 kW m™>
external heat flux.

The tensile strength and elongation at break of the sam-
ples were tested using a tensile tester at a tensile rate of
200 mm min~! according to the ISO527-2(1996). The size
of the sample is 25.0x 1.0x 6.0 mm?.

The samples were previously frozen at —30 °C for 3 h,
and then, the impact strength was measured by notched
impact on a pendulum impact tester. The size of the spline
is 50.0x4.0% 5.0 mm’.

Fig. 1 SEM images of four
flame retardants: Sn-CS (a),
Mo-CS (b), Si-CS (c¢) and
W-CS (d)

Results and discussion
Structural characterization

Figure 1 shows the SEM image of four flame retardants
M-CS. It can be seen from the figure that the four products
are randomly flocculent. It is worth noting that the product
has no obvious agglomeration and shows good dispersion.
This may improve the mechanical properties of the flame-
retardant polymer material to some extent.

Figure 2a shows the XRD pattern of the flame retardants.
It can be seen that the XRD curves of the flame retardants
are messy and disorderly, showing very low crystallinity,
indicating that the flame retardants are disordered amor-
phous state. Combined with the SEM and XRD patterns,
it can be concluded that the flame retardants M-CS all are
amorphous precipitate.

The FTIR spectra of CS, Sn-CS, Mo-CS, Si-CS and
W-CS are shown in Fig. 2b. The spectra reveal that abun-
dant surface functional groups are present on CS. It can be
seen that the wide band at 3433 cm™' can be assigned to the
stretching vibrations of -OH and -NH, [24]. At 2938 cm™!
and 2863 cm™!, there are two absorption peaks generated
by the stretching vibration of —C—H. The absorption peaks
at 1628 cm™! and 1590 cm™ are attributed to the amide I
(owing to the stretching vibration of C=0) and an amide
II (owing to the deformation vibration of N-H) [25]. And,
there is a strong absorption peak at 1086 cm™' generated
by asymmetric vibration of C—O-C [26]. Different from
CS, the flame retardants all contain a stretching vibration
peak corresponding to its acid radical. The peaks at 560,
880, 800 and 700-1000 cm™" correspond to characteristic
absorption peaks of Sn—0, M-0O, Si—O and tungstate. And,
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Fig.2 XRD patterns (a) and FTIR spectra (b) of Sn-CS, Mo-CS, Si-CS and W-CS

it can be seen from the result that all the products have the
basic structures of CS, from which it can be inferred that the
inorganic salts all react with CS.

Thermal stability of flame retardant

TG analysis is an important means of characterizing the ther-
mal stability of a test sample. We can get the mass change
and the mass loss rate curve of the sample over the test
temperature. Figure 3a shows the TG curves of the samples
under a nitrogen atmosphere. It can be seen that the tem-
peratures of 5% mass 10ss (T’ %) and the maximum mass
loss rate (T},,,) of CS are 271.7 °C and 297.0 °C, respec-
tively, and the residual rate of the sample is 35.53% at the
temperature of 800 °C. The reaction with inorganic oxyacid
salts has a significant effect on the thermal decomposition
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Fig.3 TG curve of four flame retardants
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behavior of CS. The T, and T, of the flame retardants
Sn-CS, Mo-CS, Si-CS and W-CS are significantly reduced
compared to CS. It is worth noting that all of them have high
residual rate of residues, with the values 71.34%, 41.18%,
83.40% and 71.51%, respectively. These results indicate
that the flame retardants M-CS all have high residual rate
under high temperature. At the same time, the sufficient
thermal stability of the flame retardant can meet the pro-
cessing temperature of engineering plastics, making it better
used in polymer materials. From Fig. 3b, it can be seen that
the residue of CS in the air atmosphere approaches zero.
According to the residual amount of various flame retard-
ants, the content of CS in Sn-CS, Mo-CS, Si-CS and W-CS
can be roughly calculated as 9.6%, 48.3%, 13.5% and 22.6%,
respectively. The higher CS content of Mo-CS is mainly due
to the poor binding capacity of molybdate and CS, which can
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also be seen from the low yield of Mo-CS. This result will
reduce the flame-retardant performance of Mo-CS to a cer-
tain extent. In turn, the content of CS in the flame retardant
also affects the thermal degradation behavior of the flame
retardant. Mo-CS has the highest CS content, which leads to
its early decomposition, and its residue is significantly less
than other flame retardants.

Fire behavior

The LOI test is a traditional method to evaluate the flamma-
bility of flame-retardant materials. The results of the samples
are presented in Table 1. As can be seen from Table 1, the
pure PVC shows a certain flame retardancy with an LOI of
26.6% due to the addition of DOP and other additives. When
Mo-CS, Si-CS and W-CS were added as flame retardants,
the LOI value of PVC composites was improved to some
extent compared with that of pure PVC. And it is worth
noting that Sn-CS has superior performance. The LOI of
the PVC/Sn-CS increases to 30.5%, which is 3.9% higher
than that of the pure PVC. We can give a verdict that the
introduction of Sn-CS has a certain flame-retardant effect
on pure PVC.

Cone calorimetry test is considered to be an effective
means of simulating the combustion of materials in a real
environment, and it can provide some important combustion
data and a comprehensive evaluation of the flame-retardant
properties of the materials [27]. Heat release rate (HRR) is
the main index of fire risk, and Fig. 4 shows the HRR curves
of pure PVC, PVC/Sn-CS, PVC/Mo-CS, PVC/Si-CS and
PVC/W-CS. It can be seen from Fig. 4 that the HRR of the
pure PVC has two peaks and the PHRR is 297.49 kW m~2
and 232.12 kW m~2, respectively. When Mo-CS and W-CS
were added as flame retardants, there was no significant
change in the PHRR of PVC composites, and the PHRR
is 283.44 kW m~2 and 326.41 kW m™2, respectively. This
indicates that Mo-CS and W-CS do not play a good role in

350 F
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o
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Fig.4 HRR curves of PVC composites under a heat flux of
50 kW m™>

reducing the HRR of the PVC materials, while it is worth
noting that the PHRR of PVC composites decreased to
206.86 kW m™~* and 253.86 kW m™* when adding Sn-CS
and Si-CS as flame retardants. Compared with pure PVC, it
decreased by 30.46% and 14.67%, respectively. Sn-CS shows
the best performance among the four flame retardants. This
phenomenon is mainly because stannate can catalyze the
early decomposition of PVC and promote the carbonization
of the product [28]. The carbonized product can effectively
protect the polymer backbone and inhibit the transfer of heat
and oxygen. In addition, the content of CS in Sn-CS is the
lowest in the prepared flame retardant, which makes the con-
tent of flame-retardant element Sn higher than other flame
retardants. For various reasons, Sn-CS has played a more
efficient flame-retardant role.

Figure 5 shows the total heat release (THR) curve of PVC
and its composites. As can be seen from Fig. 5, the THR
curves of the PVC composite materials rise rapidly and tend

Table 1 Data of LOI and cone

. Sample PVC PVC/Sn-CS PVC/Mo-CS PVC/Si-CS PVC/W-CS

calorimeter tests for PVC

composites LOI/'% 26.6 30.5 26.8 26.3 27.0
TTI/s 20 11 16 17 16
PHRR/KW m™> 297.49 206.86 283.44 253.86 326.41
tpHRR/S 30 40 70 45 90
THR/MJ m™2 58.30 47.67 54.66 53.72 58.24
PSPR/m? 57! 0.1980 0.1011 0.1656 0.2256 0.1821
TSP/m? 28.26 13.41 19.60 22.43 21.17
Av-EHC/MIJ kg™! 14.56 12.93 14.58 14.74 15.11
Av-SEA/m? kg™! 789.37 403.89 576.49 690.42 584.80
Av-COY/kg kg™! 0.1070 0.1353 0.0993 0.0945 0.0954
Av-CO2Y/kg kg™! 0.8863 0.7510 0.9125 0.8993 0.9560
Residue/% 4.74 17.90 13.39 12.12 10.76
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to be stable at 500 s. The pure PVC has a high THR with
a value of 58.30 MJ m~2. Unlike pure PVC, the THR val-
ues of PVC composites rise slowly when flame retardants
are added. After burning for 500 s, the PVC/Sn-CS, PVC/
Mo-CS and PVC/Si-CS all have a lower THR, whose val-
ues were 47.67 MJ m™2, 54.66 MJ m~2 and 53.72 MJ m2,
respectively. We can know from the results that Sn-CS can
more effectively reduce the heat release of PVC composites.
This is mainly because stannate promotes the formation of
char layers and prevents the release of heat, which can effec-
tively inhibit the burning of PVC in real fire.

In addition to heat release, another hazard associated
with burning PVC is the smoke produced during combus-
tion. The smoke production rate (SPR) and total smoke
production (TSP) are used to evaluate the smoke suppres-
sion performance of PVC composites. It can be seen from
Fig. 6 that the SPR of pure PVC has a high peak and reaches
a maximum after 25 s of ignition, and the value of PSPR
(peak smoke production rate) is 0.198 m? s~!. When the
flame retardants are added, the SPR of the PVC compos-
ite materials changes a lot. The SPR values of PVC/Sn-CS,
PVC/Mo-CS, PVC/Si-CS and PVC/W-CS rise rapidly after
combustion and reach the maximum, which may be due to
the fact that the addition of flame retardant promotes the
early decomposition of the material, resulting in the rapid
release of smoke. However, as the combustion progresses,
the smoke released by the flame-retardant PVC is rapidly
reduced and is much less than pure PVC. Sn-CS exhibits
excellent performance in suppressing the release of smoke
from PVC composites, in both the early and late stages of
combustion, and the PSPR value of PVC/Sn-CS is only
0.101 m? s™!, which is 48.99% lower than that of pure PVC.
The decrease in the SPR value indicates that the amount of
smoke generated by the burning of the material per unit time
is reduced, which can effectively lower the density of smoke
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Fig.5 THR curves of PVC composites under a heat flux of
50 kW m™2
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Fig.6 SPR curves of PVC composites under a heat flux of
50 kW m™?

in the unit space and reduce the casualties caused by smoke
poisoning in the event of fire.

Figure 7 shows the TSP curve of the sample after the
cone test. We can see from Fig. 7 that the TSP curves of all
samples show a linear growth trend in the initial stage and
remain stable after 300 s. Combining Fig. 7 and Table 1, we
can find that the TSP value of pure PVC is 28.26 m* which
is much higher than that of the flame-retardant PVC sam-
ple. PVC/Sn-CS has the lowest TSP in all samples, with a
value of 13.41 m?, which is 52.55% lower than pure PVC. At
the same time, the TSP values of PVC/Mo-CS, PVC/Si-CS
and PVC/W-CS were reduced to 19.60 m?, 22.43 m* and
21.17 m?, respectively. Compared with pure PVC, the smoke
suppression performance has been greatly improved. From
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Fig.7 TSP curves of PVC composites under a heat flux of
50 kW m™>
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the result, we can find that PVC/M-CS has good smoke sup-
pression performance after adding ten parts of M-CS.

Thermal stability of PVC and its composites

In order to investigate the thermal degradation properties
of PVC composites, TG and DTG tests were performed on
PVC samples under nitrogen atmosphere. The results are
shown in Fig. 8 and Table 2.

The thermal degradation of PVC composites is divided
into two stages. The first stage is in the vicinity of
200-350 °C, corresponding to the decomposition of DOP
and the removal of hydrogen chloride (HCI) [29]. The sec-
ond stage is around 420-530 °C due to the cross-linking of
the C=C bond and the further oxidation of the unstable char
residue. For pure PVC, the T .. 15 255 °C and the R,
is 12.32% min~"'. The addition of flame retardant has a great
influence on the thermal degradation of PVC. Compared
with pure PVC, the T .. of the four flame-retardant PVC
composites has a certain reduction. It is worth noting that
the R,,,, of PVC/Sn-CS composite is 53.36% min~" in the
first degradation stage, which is much higher than that of
pure PVC. In addition, the T,,,, of PVC/Sn-CS is 255.7 °C,
which is much lower than that of other samples. This showed
that Sn-CS can catalyze the early thermal degradation of
PVC materials and promote their cross-linking into char.
This result can be explained by the reaction of tin with the
hydrogen chloride emitted from PVC to generate tin chloride
(a strong Lewis acid), which catalyzes the decomposition of
PVC and enhances its early cross-linking. At the same time,
the release of HCI during the degradation process helps to
improve the self-extinguishing performance of the material,
which corresponds to the LOI value of PVC composites in
the LOI test results. The thermal decomposition rate of PVC/

100
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Fig.8 TG and DTG curves of PVC composites

Table2 TG and DTG data for PVC composites at 10 °C min~' under
nitrogen atmosphere

Sample T5q/°C Ry /% min™! T, /°C  Residue
at 800 °C/
mass%

PVC 255.1 -12.32 311.1 10.53

PVC/Sn-CS 2523 —53.36 255.7 16.90

PVC/Mo-CS  254.0 -21.13 274.9 19.67

PVC/Si-CS 251.8 —-10.95 311.6 15.24

PVC/W-CS 253.3 —12.05 303.7 17.23

Sn-CS in the first stage is significantly greater than that of
other samples, giving it the maximum value of LOL

In the second stage, the maximum mass loss rate of the
four flame-retardant PVC composites and the temperature
corresponding to the maximum mass loss rate are substan-
tially the same as those of pure PVC. However, the residual
quality of the flame-retardant PVC is greatly increased. The
char residue rates of PVC/Sn-CS, PVC/Mo-CS, PVC/Si-CS
and PVC/W-CS were 16.90%, 19.67%, 15.24% and 17.23%,
respectively, which were increased by 60.49%, 86.80%,
44.73% and 63.63%, respectively, compared with pure
PVC. This indicates that the stability of the char residual of
the flame-retardant PVC composites is improved, resulting
in an increase in the amount of char residue. The increase
in char residue effectively improves the thermal insulation
properties and the oxygen barrier properties of the material,
thereby improving the flame-retardant and smoke-suppress-
ing properties of the material. It is worth noting that the
PVC/Sn-CS gives the material the best flame-retardant prop-
erties even its char residue is not the most. However, it can
be seen from the microscopic morphology that the surface
of the char residue of the PVC/Sn-CS is denser, showing the

0
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high-efficiency catalytic char formation of tin. In addition, it
can be found that the char residue of PVC material is slightly
different from the cone test results. This is mainly because
the TG test of PVC materials is carried out in a nitrogen
atmosphere, which makes the activity of the flame retardant
suppressed to a certain extent so that the gap between the
flame retardants is reduced. In this case, even the amount of
char residue in PVC/Mo-CS slightly exceeds PVC/Sn-CS.
Mo-CS with lower Mo content has a higher char residue rate,
which also shows that Mo has better char-forming ability.

Char residue analysis

The surface morphologies of the char residues gathered after
LOI test were studied by SEM. The SEM micrographs are
shown in Fig. 9. The char residue of the pure PVC matrix
is loose, and the char layer is cracked and has many voids.
This indicates that pure PVC is thermally degraded after
ignition and volatilizes a large amount of flammable gas.
These gases can break through the char layer and form a
large number of voids on the surface of the char residue. In
addition, these gases will burn intensely when in contact
with air, causing an increase in fire. Violent fire also creates
an updraft that causes the charcoal to float into the air and
form a large amount of soot. Unlike other flame-retardant
PVC composites, the char residual of PVC/Si-CS loosens
and expands. This may be caused by the inertness of the
silicate. The reason for this phenomenon is that the silicate
will decompose to form a relatively stable silicon-containing
oxide at high temperature, which can play a certain physical
filling role. Moreover, this oxide is rigid and fragile and will
break into fluffy powdery substance during its temperature

drop from high temperature [30]. In addition, a large amount
of gas was generated during the pyrolysis of the composite,
which can cause the residue to expand to some extent, while
the surfaces of char residue of PVC/Sn-CS, PVC/Mo-CS
and PVC/W-CS are dense and have no obvious cracks and
pores. A certain amount of irregular white small particles is
evenly distributed on the surface of the char layer, which can
be presumed to be chlorides and oxides produced during the
combustion process. This indicates that the flame retardant
can promote cross-linking of the PVC composite into char
during the combustion process and form a dense protective
layer. The char layer prevents the substrate from coming into
contact with flammable gases, thereby improving the flame-
retardant properties of the material.

Figure 10 shows the XRD pattern of the char residual
of the PVC composite after cone calorimetry test. It can be
seen from Fig. 10 that the peak corresponding to PVC is
width and gentle which is attributed to the fact that the PVC
residual is amorphous. The diffraction peak of PVC/Sn-CS
is consistent with the standard card of SnO,(PDF#41-1445).
The diffraction peak of PVC/Mo-CS is consistent with the
standard map of MoO;(PDF#65-5787). These results dem-
onstrate the formation of oxides of flame-retardant elemental
during combustion, and this also explains the good catalytic
properties of the flame retardants to some degree.

Mechanical performance analysis

Mechanical tests include tensile testing and impact testing
to characterize the mechanical properties of composites.
The mechanical properties of the material are related to the
shape and structure of the particles and their distribution

(c) PVC/Mo-CS

Fig.9 SEM images of char residues for samples after LOI: PVC (a), PVC/Sn-CS (b), PVC/Mo-CS (c), PVC/Si-CS (d) and PVC/W-CS (e)
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Fig. 10 XRD patterns of char residue of PVC and PVC composites
after CONE test

in the polymer matrix and the intermolecular interaction
between the particles and the polymer matrix. The tensile
testing and impact testing results and curves are given in
Table 3. It can be seen that the elongation at break of pure

PVC is 447.54%, the tensile strength is 23.35 MPa, and
the impact strength is 1.81 kJ m™2. According to previ-
ous experiments, the addition of 5 phr traditional flame-
retardant Sb,0; reduced the elongation at break of PVC
materials by 36% [31]. Compared with Sb,0;, the addi-
tion of chitosan-based flame retardants can significantly
reduce the adverse effects of flame retardants on the elon-
gation at break of PVC materials. The elongation at break
of PVC/Sn-CS, PVC/Mo-CS, PVC/Si-CS and PVC/W-CS
is 394.74%, 427.01%, 371.70% and 419.18%, respec-
tively, which decrease only by 11.80%, 4.59%, 16.95%
and 6.34%, respectively, compared with that of pure PVC.
This is mainly because the -NH, in chitosan is a reactive
group that can lose electrons. When NH, encounters a
strong electron-withdrawing functional group —Cl, there is
a weak interaction between them. A large amount of such
bonding can form a cross-linked network to improve the
compatibility between the chitosan-based flame retardant
and the PVC substrate, thereby improving the mechanical
properties of the PVC material [32-34].

In addition, the addition of flame retardant effectively
improves the impact resistance of PVC composites. Com-
pared with pure PVC, the impact strength of PVC/Sn-CS,
PVC/Mo-CS, PVC/Si-CS and PVC/W-CS increased by

Table 3 Tensile and impact

. . Sample Elongation at break/% Tensile strength/MPa Impact strength/kJ m™>
resistance data of PVC and its
composites PVC 447.54+2.30 23.35+0.24 1.81+0.19
PVC/Sn-CS 394.74+9.79 21.45+0.60 2.69+0.25
PVC/Mo-C 427.01+7.06 18.82+0.56 2.45+0.13
PVC/Si-CS 371.70+7.30 22.41+0.37 2.62+0.20
PVC/W-CS 419.18+5.16 20.63+0.84 2.17+0.17

" (b) PVC/Sn-CS |

Fig. 11 SEM images of the PVC composites sections: PVC (a), PVC/Sn-CS (b), PVC/Mo-CS (c), PVC/Si-CS (d) and PVC/W-CS (e)
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48.62%, 35.36%, 44.75% and 19.86%, respectively. This
is due to the increased interaction between the CS and the
PVC matrix, which reduces the shear between the flame
retardant and the matrix during impact. At the same time,
the addition of an appropriate number of rigid particles
can effectively absorb the impact energy, thereby enhanc-
ing the impact resistance of the material.

Impact section analysis

The compatibility and dispersion of the flame retardant
in the collective can be studied by analyzing the cross
section of the sample. The impact section of PVC and its
composites is shown in Fig. 11. The interface of the pure
PVC section is relatively flat and smooth, and the cracks
generated during the fracture are evenly distributed on the
section. Compared with pure PVC, the cross sections of
PVC/Sn-CS, PVC/Mo-CS, PVC/Si-CS and PVC/W-CS are
relatively rough, indicating that the polyhydroxy structure
of CS can react with the PVC matrix. The flame retard-
ants are evenly distributed on the cross section, and no
obvious agglomeration occurred. This demonstrates good
compatibility between the flame retardant and the PVC
matrix. This good compatibility also explains the improve-
ment in the mechanical properties of flame-retardant PVC
composites.

Conclusions

In this work, chitosan-regulated inorganic oxyacid salt flame
retardants including PVC/Sn-CS, PVC/Mo-CS, PVC/Si-CS
and PVC/W-CS were prepared and used into PVC compos-
ites to improve the flame-retardant and smoke-suppressing
properties of materials while improving the mechanical
properties of the materials. Compared to the other three
flame retardants, Sn-CS shows the best performance in terms
of LOI. The LOI value of Sn-CS reached 30.5%. In addi-
tion, the incorporation of Sn-CS in the cone calorimetry test
resulted in a significant decrease in heat release rate, total
heat and smoke release, and mass loss rate. The addition of
four flame retardants can increase the amount of char residue
in the PVC composite. Among them, Sn-CS and Mo-CS
can catalyze the removal of HCI from PVC, accelerate the
carbonization process and generate a stable char layer during
the combustion of the substrate. In addition, the addition of
flame retardant had little effect on the tensile properties of
PVC composites, but its impact resistance had been greatly
improved. In summary, the M-CS flame retardant obtained
in the experiment can not only improve the flame retardancy
of PVC, but also improve the mechanical properties of the
substrate. This bio-based flame retardant is a new type of

@ Springer

green high-efficiency flame retardant, which deserves fur-
ther study.
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