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M esoporous SnO,/CaP,0; hybrid (TCP) was derived from waste chelating resin.
TCPreduced corrosive HCI release from flexible PV C composite during combustion.
Flexible PV C composite with TCP show good smoke suppression and flame retardancy.
TCP has the great potential to replace harmful antimony trioxide as flame retardant.
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ABSTRACT: Flexible poly(vinyl chloride) (fPVC) composites dertake potential high
fire and smoke hazards. Withal, commercial flamardant, antimony trioxide ($05),

in application to fPVC is proved to be harmful aoyh Meanwhile, corrosive HCI gas
evolves inevitably from fPVC during combustion. lilis article, mesoporous
SnQ/CaP,0; hybrid crystals with high specific surface area pate volume was firstly
synthesized via a facile way by utilization of ttieelating resin as the precursor. The
composition and structure of the hybrid materiateneharacterized by X-ray diffraction,
scanning electron microscope/transmission elecinicroscope coupled with energy
dispersive X-ray detector and, Norption isotherms. The results from limiting ogyg
index, vertical burning test and cone calorimetesveed that the synthesized product
reduced the fire and smoke hazards of fPVC andedsed the amount of HCI gas
emission due to the combined impact of sa@l CaP,O;. Moreover, this novel flame
retardant holds great potential to replace antimoioxide and provides the promising
manner to develop 90s-free environmental friendly fPVC composite withwidire

hazards.

KEYWORDS: flexible poly(vinyl chloride); smoke suppression; HCI removal; flame

retardancy



1. Introduction

Poly(vinyl chloride) (PVC) is a type of universainshetic plastic, widely used in
various fields [1]. Among these applications, fldei forms of PVC occupy a high
proportion. Generally, pristine PVC is regardednascombustion resin under normal
circumstances [2]. However, the introduction ofspilzizers augments the fire hazard of
flexible poly(vinyl chloride) (fPVC). It divulgesh&t the flame retardancy of flexible
products is extremely inferior to the rigid ones. [Bis recognized that fire hazards of
polymeric materials consist of thermal and smolsi&sri[4-6]. The underlying smoke
hazards of fPVC pose a serious threat to humargbegince choking smoke poisoning
is the leading cause of fire deaths [7]. Accordingthe current report, fire smoke
toxicity of PVC was discerned to be the most tateong all the investigated polymers
[8]. Meanwhile hydrogen chloride (HCI) gas is ateteased from PVC in the course of
combustion. This inorganic irritant exacerbatesdti@ulating and stifling results of the
smoke [9]. Antimony trioxide (SKD3) has been exploited as traditional flame retardant
for fPVC, but antimony compounds were proved tohbemful [10, 11]. Nowadays,
inorganic tin compounds are assumed to be one efnthst suitable candidates to
substitute S}Os [3, 12-14].

The content of calcium is one of the key parameterdetermine the hardness of
groundwater [15]. The high hardness of groundwai@nsed by the existence of
plentiful calcium deteriorates its practical apption. The most common methods for

removal of extra metal ions are the usage of resinshemical precipitation [16].



Macroporous chelating resin D402 with poly(styreivnylbenzene) as matrix and
aminophosphonic acid as active site provides oudgtg ability of coordination with
metal ions, especially these divalent ones inciydia*. Howbeit, after several rounds
of recycling, regeneration and reutilization, Cehirresin is not able to be further used
and its disposal appears to be a challenging pmablieterestingly, copious amount of
phosphorous in the waste resin is to generateanbtirning process, a compact and
integrated barrier intrinsically consist of polypboric acid and to motivate the
behavior of intumescence [17]. Since basic salt thaspotential to react HCI thus
reduce the amount of effluent, reminiscent of calticarbonate that is proved to be
considerably effective as filler for removal of H&#composed from PVC according to
the previous report. Inspired by this, the wast@nrean be converted into calcium
pyrophosphate (GR.O;) via several steps afterwards reduce HCIl amounived from
PVC during combustion and improve flame retardarafy the PVC composite
simultaneously [18, 19]. In addition, thanks to @@undant pores in the carbonized
resin, the facile loading of tin oxide (Sg)dn the hybrid enables the flame retardancy of
the composite to be further enhanced.

In an attempt to reduce fire hazards, suppress snu#crease corrosive HCI release
and replace harmful $0; for fPVC composite, mesoporous £z0; was synthesized
through carbonization and calcination, in the mi@agttin element was introduced into
the system via incipient wetness impregnation witiie procedure in this study. Such

sustainable engineering method has generality bocite MQ/MyP,O; by means of
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choosing different adsorbed/chelated initial metais. It is anticipated that the
as-synthesized robust material (donated as TCH) Wmigh specific surface area and
pore volume could exhibit high performance in fP¥@mposite during combustion,
thus leading to improved fire safety in practigapkcation.

2. Experimental sections

2.1. Materials

D402-11 chelating resin was provided by JiangsuiSgi§Vater Treatment Engineering
Group Co., Ltd. Calcium bicarbonate solution [Ca®}z] (98.5%), tin (IV) chloride
(SnCly) and trioctyl trimellitate (TOTM) were bought fro®igma Aldrich. PVC resin
with K=70, thermal stabilizer (calcium-zinc stearahixtures), epoxidized soybean oll,
wax (polyethylene) and 903 were supplied by Quimidroga, s.a.

2.2. Synthesis of SNO,/Ca,P,0; hybrid material (TCP)

Firstly, 1 g Ca(HC®), solution was dropped into 400 ml deionized waied stirred
sufficiently for 1 h. Then 3 g D402-11 macroporottselating resin was poured into the
solution and stirred mildly for another 2 h. The-@#ed resin was filtered followed by
washing with de-ionized water three times and cetepy drying in the oven at 80 °C
overnight. Afterwards, Ca-doped carbonized resia pr@pared by utilizing pillar effect
according to the literature [20]. The divalent oati could form ionic crosslinking
connecting two or three functional groups in theing. The crosslinking functional
groups and cations were converted to highly diguersetal salts or elemental metals

during the carbonization, which would form a kinfipillar to maintain pores in the



carbonized resins. In a typical run, Ca-doped reg&wed on a combustion boat were
carbonized in a horizontal tubular furnace in titeogen stream of 300 cltmin at the
rate of 10 K/min up to 700 °C at which they wergtkéor 10 min. After that, the
fabrication of porous carbonized resin functionediavith SA™ within the cavity was
accomplished by incipient wetness impregnation egipfy a tin chloride aqueous
solution based on the weight ratio of 90 g S€I100 g water. 1 g solution was utilized
to soak 2 g carbonized resin. Then the productdvesl and calcined at 800 °C in a
muffle furnace for 5 h. Finally, the particles werglled into powders by high-energy
planetary mill at 300 rpm for 30 min. The final drect was donated with the name TCP.

The details about the synthetic process were skdtchScheme 1.

=% carbonization micropore
) shrinkage
macropore impl‘egnation
Sn**

mesopore

\ SnO,
// & (P
Ill S-
/1 &C\}/C%PZO7
’
s % filtration
- .‘s‘}f}:‘; }
milling e t-322% s
\‘%7

Scheme 1. Procedure for the preparation of the hybrid malteria

2.3. Process of flexible PVC composites



Flexible PVC composite comprises 100 g PVC resing3rioctyl trimellitate, 7.5 g
thermal stabilizer (calcium-zinc stearate mixturés)y epoxidized soybean oil, 0.2 g
wax and 5 g (3.2 wt.%) flame retardant {Spand TCP). The neat PVC resin with
additives was blended first and then extruded bwyia-screw extruder system (KETSE
20/40 EC, Brabender). The working temperature Was°C and the screw speed was at
around 75 rpm. The pellets after cutting were aditdal injection molding machine
(Arburg 320 C) at 175 °C to obtain the specimerit wroper shapes for LOI and cone
calorimeter tests. For the vertical burning tdst, $pecimens were prepared by hot-plate
press (LabPro 400, Fontijne Presses) at 175 °C.

2.4. Measurements

The powder X-ray diffraction (XRD) was carried oby Philip X' Pert PRO
diffractometer with a Cu K tube and Ni filter X = 0.15405 nm). The voltage and
current was 45 kV and 40 mA, respectively. Microstures of the as-synthesized
materials, fractured surface of the composite dweddhar layers after burning were
studied using a scanning electron microscope (SEXO MA15 Zeiss) equipped with
energy dispersive X-ray detector (EDX), Norption isotherms were recorded on a
Micromeritics instrument (ASAP 2010). Brauner-Emiyidller (BET) equation and
Barrett-Joyner-Halenda (BJH) model were applie@dquire the specific surface area
and the pore size distribution, correspondinghanBmission electron microscope (TEM)
was carried out in a FE6 S/TEM microscope (Talo®B2 FEI) equipped with a

chemical analysis via energy-dispersive X-ray gpscbpy operating at 80 kV.



Thermogravimetric analysis (TGA) was recorded froyom temperature to 800 °C.
The heating rate was 10 °C per minute in nitroggmand the flow speed was 90 ml per
minute by means of a TA Q50 thermogravimetric analyLimiting oxygen index (LOI)
was determined with specimens (120 x 6.5 x 3*nirased on the standard of ASTM D
2863-77. The vertical burning test (UL-94) was iempknted with the help of a vertical
burning instrument (Fire Testing Technology, UKheTtested samples were of sizes
130 x 13 x 0.6 mffilms. Fire hazards of samples in a forced-flamgityation were
studied by FTT Cone Calorimeter according to ISA@b6khe exterior heat flux of 50
kW/m? with shape of 100 x 100 x 4 minDuring the test, the HCI gas containing in the
emitting gas of each sample from cone calorimeteiime was collected by the facility
depicted in Fig. 1. The Ckoncentration in the aqueous solution was meashyed
DIONEX ion chromatograph DX-500 with conductimetand amperometric detector,
composed of module columns guard, and analytidal swppressors LC 20, module GP
40 gradient pump, ED 40 electrochemical detectiovdufe and AS 40 automatic

sampler.
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Fig. 1 Schematic diagram of HCI gas adsorption duringeazalorimeter test.



3. Resultsand discussion
3.1. Characterization of TCP

According to XRD pattern (Fig. 2), the product wasnposed of two components:
calcium phosphate oxide (&&0;) with PDF card number 001-0667 (JCPDS) and
cassiterite (Sng with PDF card number 070-4177. The presence ofPCa
illuminated that the conversion from coordinateltican to calcium pyrophosphate was
completed through carbonization, and the residagban as by-product was removed
through calcination. During the carbonization, thacropores in the resin shrinked into
micropores resulting in higher specific surfaceaaeand larger pore volume of the

product which was beneficial to the adsorptionimelement into the cavity [16].

Calcium pyrophosphate (Ca,P,0;)

Intensity (a.u.)

2 Theta (degree)

Fig. 2 XRD pattern of as-synthesized sample.

The morphology and composition of as-synthesizedl fproduct (after milling into

fine powders) were detected by SEM/TEM and theltesuvere shown in Fig. 3. As
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could be observed in the SEM image (Fig. 3a), ttoelyct presented irregular shapes
and the average grain size of the product was sntathn 500 nm. The morphology and
elemental analysis were further studied by TEMthia low magnification TEM image
(Fig. 3b), the particle possessed dimension in stidem range, consistent with the
result disclosed by SEM. The lattice fringes in igh-resolution TEM (Fig. 3d) can be
ascribed to SnPand CaP,0;, respectively. Meanwhile, the lattice mismatchwstn
the two components happened in the hybrid, probealsed by the high-temperature
heat treatment during calcination. The distinct amdividual spots in selected area
electron diffraction (SAED) discerned in Fig. 3e@yded the evidence that the hybrid
was the mixture of two single crystals, namely tihrgght spots were ascribed to
CaP,0O; while the darker ones, observed from the insefigf 3e, were belonged to
SnQ. The elemental analysis was also accomplishetidac¢cessary energy dispersive
X-ray detector of TEM, and the spectra were shownFig. 3f. The calcium,
phosphorous and tin elements existed in the hybiidout any other impurities. The
atomic ratio of calcium was close to that of phasphs, in accordance with the
stoichiometric proportion of GR,O;. The molar ratio of C&#,0; to SnQ in the hybrid
calculated from the atomic ratio of calcium to was nearly 2.35 : 1. Apart from the
EDX, the elemental mapping was also collected. Fiéign 3g, the calcium and
phosphorous were well distributed all over the ip&rtwith nearly the same intensity,
while tin element sporadically scattered in the tiper with some level of

agglomeration.
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Fig. 3 (a) SEM image; (b) Low magnification TEM image) Enlarged TEM image; (d)
High-resolution TEM (HRTEM); (e) Selected area #&iec diffraction (SAED); (f)
Energy dispersive X-ray spectra from TEM; (g) HAASFEM image and elemental
mapping for final product with milling into fineopvders (scale bar: 100 nm).

The prominent benefit for the aforementioned digposf chelating resin was
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providing a broad range of possibilities to contiee product with large BET surface
area, multiple pores and large pore volume. In #énigle, corresponding properties of
TCP were discerned by,;Norption isotherms and pore size distribution depidn Fig.

4. According to the graph, a remarkable hysterkegdp emerged at relative pressure
p/pp>>0.4 giving evidence that the ;Nadsorption-desorption process of TCP was
ascribed to well-defined type-1V isotherms, whigloyed mesoporous structure existing
in the sample. Likewise, the pore size distributitlwwed the mean aperture dimension
was 2.1 nm within the range of mesopores. The extg&t of mesopores could be
deduced that annealing process removed the residdabn in the system thereby the
pore size increased slightly from micropores to apeses. In addition, the specific
surface area and pore volume of TCP were 129 and 0.124 ciifg correspondingly,
predicting its high performance in the composithe Tispersion state and interfacial
interaction of flexible PVC/TCP composite were istigated by fractured surface
image obtained from SEM. From the SEM image (Fip), 4 can be seen that the TCP
particles resided in the polymer. The porous featdrTCP facilitated strong interfacial
adhesion and interaction between TCP and PVC malfhere was no obvious
agglomeration of TCP particles found in fracturedace, indicating good dispersion of

TCP particles in flexible PVC matrix.
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Fig. 4 (a) Ny sorption isotherms and pore size distribution fnéer TCP; (b) SEM
image of fractured surface of fPVC/TCP composite.

The preparation process for TCP is discussed belodetails. The SEM images of
raw resin were shown in Fig. 5a, and the morpholo§yoriginal resin was quite
different from the final milled product. The respossessed spherical shape with
average particle diameter of 5Q@n. The surface of the resin was relatively smooth
decorated by several pores. The EDX spectra coratdxb the existence of sodium and
phosphorous elements in the system, which was stensiwith the chemical formula of
the raw resin. After chelating with €athe particle size remained the same as the
previous resin shown in Fig. 5b, however, the sgrfaf the resin was broken due to the
vigorous mechanical stirring. The stack of some Isparticles was detected in the
broken area. The elemental analysis showed therCaas successfully chelated by the
resin while the Na element was disappeared. Aeieanizing in inert atmosphere, the
Ca-resin was transferred into £g0; and graphitic carbon (derived from the carbon
skeleton of the resin), evidenced by XRD patterig.(5c) in which a sharp peak

emerged at 2 theta = 28ttributing to (002) diffraction of graphitic carb and all the
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other peaks were indexed to£#D; [21, 22]. The particle size of the resin shrinked
remarkably because of the collapse of organic freonke in the system and the
diameter of the spheres changed into 308 in average. Correspondingly, the
macropores of the pristine resin also contractéal mmcropores indicated by the type-|
isotherm in N sorption measurement, conducive to the adsormfotmn ion into the
aperture. Meanwhile, the smooth surface becamehraditn many small granules after
carbonization. The carbonized resin was able torads ion with a little amount of Cl
ion which was proved by the EDX spectra in Fig. 3d. the final step, the
tin-calcium-doped resin was annealed in air ang-tratained product transformed into
loose and fragile balls with little shrinkage (Fige). The SEM image inside one broken
ball exhibited the incompact and porous structdrthe final product. The C{ormed

by above mentioned graphitic carbon escaping frben dystem conferred the loose
structure for the material with pore size extensimm micrometric to mesometric.
From EDX spectra of the specimen, Cl ion was rerdovg heat treatment and the
ultimate elements in the product were calcium, phosous and tin. Meanwhile, the
atomic ratio of the three elements retained nehdysame as the results gathered from
TEM for the milling one. Moreover, the elemental ppang was also carried out,
disclosing the uniform distribution of the threemkents in the particle. Finally, the

spheres were milled into fine powders (TCP) and thiended into PVC composite.
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Fig. 5 (a) SEM graphics with EDX spectra of pure resin; 3EM graphics with EDX

spectra of Ca chelated resin; (c) SEM images, XRidem, N sorption isotherms and
EDX spectra of Ca chelated resin after carboninaffear-Ca-resin); (d) SEM graphics
with EDX spectra of tin doped Car-Ca-resin (Sn-Carresin); (e) SEM images, EDX

spectra and elemental mapping of Sn-Car-Ca-redier afalcination (TCP before
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milling).
3.2. Thermal stability of flexible PVC composites

TGA is generally accepted techniques for fast estenof the thermal stability for
multiple polymeric materials [23]. The profiles dexible PVC composites were
displayed in Fig. 6, and the relative results wésted in Table 1. The onset
decomposition temperaturesf) is defined as the temperature at 5 wt.% weigks,lo
while the temperature of the maximum mass loss (atg, is termed as the
temperature when the specimens exhibit the highass loss rate (MMLR).

The thermal degradation of flexible PVC compasieas separated into two steps
[24-27]. In presence of $03, the onset decomposition temperature was a httber
than that of untreated fPVC. Conversely, with tbditon of TCP, T, of the composite
was slightly decreased by 12 °C compared with gi"¢C. At the beginning of
dehydrochlorination process, a few part of HCI wapped by tin oxide to generate the
strong Lewis acid-tin chloride. Such Lewis acidatgted the decomposition of fPVC,
promoting early cross-linking and char layer fonmat Meanwhile, the HCI reacted
with CaP,0; to form polyphosphoric acid which was strong dehtidn agent for
polymer, beneficial to further char formation. Colesing the char residue at 780 °C,
ShOs-treated sample had the similar amount with thetrobrsample (15.4 wt.%),
which meant the addition of &b did not influence the decomposition of fPVC, while
the relatively high residue amount of TCP-treatathgle (21.2 wt.%) implied that the

introduction of TCP reduced the generation tempegeadf char barrier to prevent fPVC
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composites from further pyrolysis.

With the regard to the DTG profiles, various institeg phenomena were revealed.
Notably, the temperature of the maximal mass l@de (Tnaxy) at first stage for
fPVC/TCP was the highest among all the samplesenth# MMLR was the lowest. Yet
based on the previous report, Saused Fax: to happen in advance and had higher
MMLR in comparison with those of pristine fPVC [3]he reason was attributed to the
integration of CgP,0O; which contributed to stabilize the fPVC compositée basic
salts have the ability to shift the peak tempert{i.,) of dehydrochlorination to a
higher temperature and decrease the rate of mas418]. Therefore, the combination
of SnGQ and CaP,0O; was able to improve the thermal stability of fP¥@d facilitated

char forming.
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Fig. 6 TGA and DTG profiles of flexible PVC compositesNa gas.
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Table1 TGA and DTG results of flexible PVC composites

TS% Tmax]_ Tmax2 ReSIdue at 7800C
Sample
(°C) (°C) (°C) (wt.%)
fPVC 271 289 465 154
fPVC/ShOs 277 291 463 155
fPVC/TCP 259 292 455 21.2

3.3. Fire and smoke hazards of flexible PVC composites

Limiting oxygen index (LOI) test and vertical bungi test (UL-94) are extensively
exploited to estimate the flame retardancy of paynctomposites [28]. The
corresponding data of flexible PVC composites abeifated in Table 2. The LOI value
of fPVC was 25%. The value increased to 34.5% withhelp of SEO;while that of
fPVC containing TCP achieved nearly the same |évet.UL-94 test, the conventional
thickness of the test sheets is not suitable dulkeeantrinsic flame retardancy of fPVC
composite: even the pristine sample can pass Wigravith the thickness of 3.2 mm. In
this research, 0.6 mm thickness was adopted fosdh®ple sheets to implement UL-94
test to monitor the distinctions between differsamples. During the test, the burning
speed of pure fPVC was fast once ignited, and onky ignition the flame reached to
clamp which meant the sample sheet was exhaustidnwirating. With the help of
SkOs3, the composite burned slowly and finally passe@® Yating, however, the
dripping behavior happened (not ignite the cottdime condition became better for the

case of TCP, the specimen also reached a V-0 ramagdripping was avoided. The
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dripping phenomenon of fPVC/8B; sample was probably because of the brittle char
layer generated during burning process, which wasasteak to keep the char complete.
On the contrary, the char of TCP-treated sample awasiderably tough and compact
because of the contribution of Sxni@ the condensed phase thus this sample featured
best fire behavior. In summary, the addition of T@#roved the LOI value of the
composite by 10%, and helped the composite pasgaidg for UL-94 test without
dripping, illuminating that fire hazard of the coogite was lowered efficiently.

Table 2 LOI and UL-94 details of flexible PVC composites

Sample LOI (%) UL-94 (0.6 mm) Dripping behavior  mato clamp

fPVC 25.0 No rating Yes Yes
fPVC/ShOs 34.5 V-0 Yes No
fPVC/TCP 35.0 V-0 No No

For various situations, cone calorimeter test garded to be the relative crucial test,
herein, heat release rate (HRR), total heat rel€ddR), total smoke production (TSP)
and mass loss were monitored to detect the firloppeance of composites [29]. The

data attained from cone calorimeter were recordddble 3.
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Table 3 Cone calorimeter data summary of flexible PVC cosilges

Sample
Parameter

fPVC fPVC/ShOs fPVC/TCP

TTI(s) 20 + 1 25 + 1 26 + 0

PHRR (kW/nf) 218 + 9 192 + 3 161 + 4
THR (MJ/nf) 81 + 4 84 + 2 55 + 2
TSP (nf) 23 + 1 21+ 1 15 + 1
Av-EHC (MJ/kg) 16.1 = 0.8 16.8+ 1.1 19.3+ 0.5
Char residue (wt.%) 12 £ 1 10 £+ 2 23+ 1
CI" concentrationy(@/ml) 58+6 53+4 342

In the course of the test, time to ignition (TTlheams the time needed for the
specimen to ignite within the heat flux of a corsdodmeter [30]. In this case, pure
fPVC spent 20t 1 s to be ignited while the sample containingCaband TCP
prolonged the TTI to around 25 s. The HRR curvgsaled in Fig. 7 conveyed that the
fPVC composites burnt fiercely once ignited, indicg its vulnerable property to the
fire. The PHRR emerged at the early stage in the tange 20-50 s, and this sharp peak
represented the extent of fire hazards attacheelath sample. The PHRR value of
pristine fPVC was 218+ 9 kWi/nt, while after adding SkD; into the system, the
PHRR value deceased to 192 3 kWi/nf, whereas the PHRR value of fPVC/TCP
further reduced to 161 kW/mwith a 23% decrease in comparison to that ofptine
one. In addition, whole curve for fPVC/TCP was belehe other two curves,

20



manifesting much milder combustion process andpessntial fire hazards. In contrast,
the curves of the rest two samples both gave asadditional peaks with the height
equal to the first one, verifying the poor abildf char formation. From this important
graph, the tendencies of heat release were chastictéor these two flame retardants:

SO acted in gas phase and TCP mainly worked in caetephase.

200 ] 218 KW/m’

——fPVC
—— fPVCISb,0,

——fPVC/TCP

167 KWim’
(-23%)

0 100 200 300 400 500 600
Time (s)
Fig. 7 Heat release rates of fPVVC composites under taeflux of 50 kW/nf.

Additionally, the THR curves were portrayed in F8.It can be seen that when the
time went to 640 s, the THR value (8t 4 MJ/nf) of fPVC was greatly higher than
that of other samples. The gradient of THR curvg bmregarded as the representation
of flame spread [31]. The gradient of THR curvenirPVC/ShOsreduced, exhibiting
the slowdown of the flame spread speed. For thepkawontaining TCP, the flame
spread further decreased. It might be explainedh vagsumption that much more

expandable and robust char layer producing uponstmple, obstructing the fire

extension. Note furthermore the average effectieat hof combustion (Av-EHC)
21



presented in Table 3. The Av-EHC measures the freah the combustion of
combustible gases evolved. A flame retardant ethgpilame inhibition in the gaseous
phase would lead to incomplete combustion of th&atiiaed materials, thus the
corresponding composite owns relatively low Av-EHOn the contrary, an increased
Av-EHC indicates a condensed phase effect in flasterdant [32]. The Av-EHC of
fPVC/TCP was higher than that of fPVC/El, suggesting that TCP mainly presented
condensed phase effect in the composite, whig©Skmainly functioned in the gaseous
phase. It also implied that the formation of théepb smoke-formers, aromatics were
inhibited which corresponded to the formation ofrenaliphatic fragments in presence

of TCP, thus leading to less smoky.
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Fig. 8 Total heat release of fPVC composites under thefheaof 50 kW/nf.
The smoke hazards were reflected by monitoringTi8P under the heat flux of 50

kW/m? in the cone calorimeter test. The results werevshio Fig. 9. It obviously took

on a significant decrease with the help of the 8aetardants. The distinction between
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the untreated fPVC composite and the flame retasdedples became apparent after
200 s. When the experiments finished, the TSP gCfland fPVC/SkO; were 23 + 1

m? and 21+ 1 nt, respectively. Nevertheless, the TSP value forGP\CP was
merely 15 = 1 nf, with 35% lower than that of the pure sample. gheat decrease of
TSP value with the addition of TCP was becausé®fsimoke suppression properties of
TCP. The reason was probably that TCP promotedeheration of robust char layer to
hamper combustible volatiles from emitting to the How that surface area of flame
retardant might play a vital role in cone calorieretest, the porous microstructure of
TCP with enlarged specific surface area madar@ flammable volatiles trap in the
channel, resulting in low heat release and smo&dyation. Likewise, the free radicals
might enter into the pores and quench to slow ddlen combustion. The further

explanation will be demonstrated in the next padambination with the mass loss.
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Fig. 9 Total smoke production of fPVC composites underttbat flux of 50 kW/mh
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Fig. 10 gave the mass loss curve as a functiomud for the specimens. It can be
easily observed that the mass losses for fPVC BMCISBO3; were very large, only
around 10% remained at the end of the test. Bthiencase of TCP containing sample,
more than 20% residue was left. In the course ahibhg, char might exist on the
surface of the sample, generating a physical priodriblayer for heat and mass transfer.
The barrier prevented &rom penetrating into the substrate beneath or glageslow
volatilization rate. The mass loss performance wasonsistence with the performance
of heat release and smoke production. The reduationass loss was ascribed to char
formation and its morphological structure on thefae of the composites [33]. The
continuous and robust char layer formed in the aalerimeter test managed to hinder
heat to the hidden material and combustible vegitihto flame zone, leading to a large

char residue amount.
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Fig. 10 Mass loss curves of fPVC composites under thefheaof 50 kW/nt.

The most worthy noting was that the HCl amountshaa from fPVC composites
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during combustion were measured and compared aih ether among all the samples
in this research. By reason of the toxic and cioveofeatures, the evolution of HCI gas
iIs assumed to be another risk during the combustid®VC composite. The addition
of TCP almost reduced by half of the €bntent in the solution from 58 #@/ml to 34

+ 2 ug/ml, suggesting the decrease of HCI| gas amoumgitine cone calorimeter test.
It is already reported massively that the calciasdanl compounds are very effective for
the removal of HCI by virtue of the reaction torforcalcium chloride which finally
remained in the condensed phase [18]. The mesoporbe structure facilitated the
interaction with evolved HCI gas.

To further comprehend the structure of char laywes char morphology were studied
by SEM (Fig. 11). There were many holes and crevinghe surface of fPVC sample
that provided pathway for the release of smokeigiast combustible pyrolysis
products and formed thermal. The char layer of fFSIgD; had the similar situation
and appeared exceedingly brittle. Amazingly, théromuction of TCP into the
composite resulted in a continuous, expansive amdpact char layer without any
visible pores. The small particles on the char dayeght be the calcium/tin-based
chlorides. This can be explained that TCP helpedhprove charring and forming

dense char layer, inhibiting the heat release amake formation.
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Fig. 11 SEM graphics of residues from fPVC composites.

In summary, the mechanism (Scheme 2) for the ingtdlame retardancy of fPVC
composite in presence of TCP was proposed as fellod the initial stage of
combustion, tin chloride as a strong Lewis acidegated by the reaction between tin
oxide and hydrogen chloride, catalyzed the dehydoomation of the polymer chain in
order to promote early cross-linking and char fdroma The dense and robust char
upon the composite inhibited the discharging ofthaad pyrolysis products, and
prevented the polymer bulk below from forward baogiThe liberated HCI gas was
adsorbed by calcium pyrophosphate. The generatgghmsphoric acid rendered the
dehydration of polymer matrix to form isolated ckayer to protect the underneath bulk
plastic. Mesoporous structure facilitated the iatéon with the HCI gas and polymer
matrix, meanwhile trapping the oxygen and combiestipases, quenching the free

radicals in the channel, thereby leading to rethedilame [34].
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high surface area/pore volume

increase interaction
adsorption of gases

thermal stabilization
HCI gas removal

phophoric acid formation

Scheme 2 Schematic illustration of the possible functioms £ach part of TCP in
flexible PVC composite.
4. Conclusions

A novel mesoporous STaP,0O; hybrid material was successfully prepared
through several experimental steps. The chelagsghrwas chosen as the sustainable
precursor, acting as a suitable scaffold for 86@P.0; and offering the possibility of
mesopore formation to render high specific sur@ea to the product. Such sustainable
synthetic method has generality to fabricate JMQP.O; by means of choosing
different adsorbed/chelated initial metal ions. Tmnbination of C#,0; and Sn@
reduced significantly the fire and smoke hazard&®C and decreased the amount of
hazardous HCI gas release during combustion. Irapthyt based on the fire tests, the
TCP behaved better performance thanCzbwhich meant this novel flame retardant
had great potential to totally replace,Spand offered a promising approach to develop
sustainable S¥;-free fPVC composite with low fire hazard in praetiapplication.
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