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Abstract
The pyrolysis gas products of chlorinated polyvinyl chloride (CPVC) are first discussed based on thermogravimetry–Fourier 
transform infrared spectra–mass spectrometry (TG–FTIR–MS) analysis. The results of TG–FTIR preliminarily show that 
CPVC pyrolysis can be divided into two stages: the main gas products or functional groups are hydrogen chloride (HCl), 
chlorinated compounds, alkanes, alkenes and aromatic compounds in Stage I, while alkanes, aromatic compounds and alk-
enes in Stage II. By coupling MS, the main products can be further refined into hydrogen chloride and benzene in Stage I, 
while homologues, derivatives and polycyclic aromatic compounds of benzene (xylene and ethylbenzene, chlorobenzene and 
1-chloronaphthalene, naphthalene and fluorene and so on) in Stage II. Moreover, compared with the pyrolysis gas products 
of PVC, chlorine is not completely converted into hydrogen chloride, and some of it is converted into other chlorinated 
compounds. Based on the above results, the possible reactions from molecular structure during CPVC pyrolysis are also put 
forward. Furthermore, the CPVC combustion properties and smoke production in cone calorimeter experiment are analyzed 
by the measured mass loss rate, heat release rate, smoke and CO/CO2 production rate.
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Introduction

Nowadays, with the popularization of urbanization and the 
improvement of living standard, plastic products are widely 
used due to its characteristics of durability, low cost and 
convenience and so on [1, 2]. Chlorinated polyvinyl chloride 
(CPVC) is a new type of engineering plastics with broad 
application prospects. It can be obtained by further chlorina-
tion of polyvinyl chloride (PVC). When the PVC is chlorin-
ated, its physical and chemical performance, such as irregu-
larity, polarity, solubility and chemical stability of molecular 

chain arrangement, can be improved [3]. However, due to the 
increase in the use of CPVC, the disposal of its waste must 
be an urgent problem to be solved. As far as waste disposal 
is concerned, converting it into new energy is a hot topic in 
the future. Pyrolysis, as a very promising thermochemical 
technique [4, 5], has been got closely attention by provid-
ing an excellent alternative to transform plastic wastes into 
energy fuels or valuable chemicals, especially decomposing 
long-chain polymer molecules into smaller, less complex 
molecules [6]. The pyrolysis recycling of waste thermoplas-
tics such as polyethylene terephthalate (PET), polyethylene 
(PE), polypropylene (PP), polystyrene (PS) and PVC has 
been widely studied [1, 7, 8].

The pyrolysis kinetics and reaction model of CPVC have 
also been described in our previous studies [9]. It should be 
emphasized that only C and H elements are involved in PE, 
PP, PS plastics, while the presence of Cl element in CPVC will 
lead to the production of toxic and harmful gases in the process 
of thermal degradation. These gases need to be removed or 
recovered at the right pyrolysis temperature and time in the 
pyrolysis process. Therefore, it is necessary to study the gas 
products of CPVC thermal degradation using new research 
techniques. Thermogravimetric (TG) coupled with other 
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techniques, such as Fourier transform infrared spectra (FTIR) 
and mass spectrometry (MS), is an effective way not only to 
investigate the thermal behavior, but also to monitor gas prod-
ucts. Furthermore, pyrolysis as part of gasification and com-
bustion processes can help to provide a better understanding 
and planning of important industrial processes [10, 11]. Kai 
et al. [12, 13] studied the co-pyrolysis of rice straw and corn 
stalk with the high density polyethylene (HDPE) blends using 
TG–FTIR–MS. Chen et al. [14, 15] explored the pyrolysis 
mechanism and gas products of both ethylene–propylene-diene 
monomer (EPDM) and waste phenolic fibre-reinforced plastic 
(FRP) by TG–FTIR–MS. However, to the best of our knowl-
edge, there are quite few studies with respect to the specific gas 
products of CPVC in the whole pyrolysis process. Therefore, 
TG–FTIR–MS was firstly used to explore the gas products at 
the two stages of CPVC. It is valuable for industrial large-scale 
removal or recovery of chlorinated compounds and aromatic 
compounds from CPVC pyrolysis.

In addition, plastic products in daily life cannot avoid indus-
trial fire accidents when they are produced or used [16], it is nec-
essary to study its smoke properties during combustion. Cone 
calorimeter has been widely used to evaluate the fire hazard 
and investigate the smoke properties of materials. Some typical 
plastic in the industry have been researched for their combustion 
characteristics by cone calorimeter experiment, such as PS [2], 
HDPE and poly(methyl)methacrylate, PMMA [17, 18], epoxy 
resin/carbon fiber composites [19], PVC [20] and so on. How-
ever, the smoke properties of CPVC during combustion have 
been little studied [21]. Hence, the effect of the external heat 
flux with the combustion parameters and their correlation are 
discussed. Meanwhile, the relationship between CPVC combus-
tion heat release and smoke generation was also determined.

As discussed above, the aim of current paper is to explore 
the gas products during pyrolysis and smoke properties during 
combustion of CPVC. TG–FTIR–MS was used to confirm its 
pyrolysis gas products and predict possible reactions. Cone 
calorimeter experiment was used to analyze its combustion 
behaviors including the mass loss rate (MLR), heat release 
rate (HRR), fire performance index (FPI), fire growth index 
(FGI), smoke production rate (SPR) and CO,  CO2 production 
rate. The four different external heat fluxes (35, 50, 65 and 
80 kW  m−2) were selected according to the heat required by 
CPVC in the fire. It also determines whether the correlation 
between the HRR and the SPR was influenced by the external 
heat fluxes.

Experimental

Materials

The CPVC samples used in this study are produced by the 
Shenzhen Hong Cheng Plastic Co., Ltd. The product type 

of CPVC is N-500. The chlorine content of CPVC sample 
is 63.85%, and its specific element analysis has been men-
tioned in our previous study [9].

TG–FTIR–MS experiments

The TG–FTIR–MS experiment was performed using a Per-
kin Elmer Pyris 1 thermogravimetric analyzer coupled with 
Frontier FTIR spectroscopy spectrophotometer and a Clarus 
SQ 8 T mass spectrometer. Before the experiment, about 
6 mg powder sample was evenly distributed in a capless 
alumina cup. The experiment was conducted from 400 to 
900 K at 20 K  min−1 in helium atmosphere with a gas flow 
rate of 100 mL  min−1. The temperature of gas transporta-
tion connection between the apparatuses was set to 763 K 
to ensure the pyrolysis products in a gas state.

Cone calorimeter experiments

Cone calorimeter is an instrument for measuring the com-
bustion parameters of materials and can be used to evalu-
ate the material hazard. It is mainly to test the samples 
based on the oxygen consumption principle. The exter-
nal heat flux of the sample mainly comes from the cone 
heater. The external heat flux is generally adjusted from 
0 to 120 kW  m−2 by the temperature controller. In this 
study, the cone calorimeter experiment with multiple 
external heat fluxes including 35, 50, 65 and 80 kW  m−2 
was carried out based on ISO 5660–1 standard [22]. 
Prior to the experiment, the size of the sample was cut 
to 100  mm × 100  mm × 6  mm (length × width × thick-
ness). Base on the study of Srivastav et al. [23], the ther-
mal response characteristic of CPVC is constant when the 
sample thickness is more than 4 mm for both the case of 
with aluminum and without aluminum. Hence, the sam-
ple bottom and sides were covered with aluminum foil 
to prevent heat loss to the outside. Meanwhile, insulation 
cotton was placed between the sample and the standard 
sample box. During the experiment, the sample box was 
placed horizontally on the lifting platform. By adjusting 
the lifting platform, the distance between the upper sur-
face of the sample and the heating cone was guaranteed to 
be 25 mm. MLR and HRR were measured and recorded. 
The gas smoke generated after the sample combustion 
was pumped through the gas collection system to the gas 
smoke measurement and gas analysis device. The gas com-
position analysis was mainly performed by the CO/CO2 
gas analyzer, and its variation with time was recorded by 
the data terminal.
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Results and discussion

Pyrolysis gas products analysis

TG analysis

The detailed pyrolysis behaviors of CPVC have been investi-
gated in our previous study [9]. Figure 1 shows the mass loss 
and MLR at 20 K  min−1 with two obvious stages (marked in 
green dashed boxes). The two stages are in the temperature 
range of about 547–627 K and 680–792 K with peak tem-
perature of 585 K and 743 K, respectively.

TG–FTIR analysis

FTIR coupled with TG was conducted to monitor functional 
groups and gas products during pyrolysis of CPVC. Con-
sidering that CPVC is the product of further chlorination of 
PVC and the reaction mechanism of CPVC may be similar 
to that of PVC, the FTIR spectral analysis of CPVC in this 
paper is also based on the FTIR spectral study of PVC [7, 
24–26]. The possible functional groups corresponding to 
characteristics absorption bands of the FTIR spectra are 
listed in Table 1.

To further compare the difference of pyrolysis gas in 
Stages I and II, the FTIR spectra at two peak temperatures 
(585 K and 743 K) are shown in Fig. 2a. It can be seen 
that the absorption bands 2400–2250  cm−1 of C=O and 
3800–3500  cm−1 of O–H appear in Stage I, which may be 
due to the high sensitivity of FTIR to  CO2 and  H2O [27]. 
In addition, the absorption peaks at 3100–2600  cm−1 cor-
respond to H–Cl asymmetrical stretching, which is attributed 
to the production of hydrogen chloride (HCl). Moreover, the 
absorption peaks of –CH3 and –CH2– are overlapped with 
the absorption bands of H–Cl in the 3000–2800  cm−1. Mean-
while, there is an obvious absorption band of 800–600  cm−1 
in the fingerprint region, which is the characteristic of C–Cl 
stretching vibration. In the process of dehydrochlorination, 
the rupture of C–Cl will form C=C corresponding to the 
absorption band of 1680–1600  cm−1 [26]. Due to the high 
absorption peak of H–Cl and C–Cl, the two absorption bands 
of 1500–1000  cm−1 and 970–670  cm−1 (aromatic hydrocar-
bons) are less noticeable. The above analysis suggests that 
the main gas products in Stage I of CPVC pyrolysis may be 
HCl, chlorinated compounds, alkanes, alkenes and aromatic 
compounds. In Stage II, the absorption band of H–Cl basi-
cally disappears, and the most obvious absorption peaks are 
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Fig. 1  The pyrolysis curves of TG and DTG at 20 K  min−1

Table 1  A summary of IR 
bonds selected for analysis of 
functional groups

Functional group Vibrational mode Assigned 
wavenumber/
cm−1

H–Cl H–Cl asymmetrical 2820–2600
C–Cl Stretching 800–600
C=C Stretching 1680–1600
C=C (benzene skeleton) Stretching 1690–1450
=C–H (benzene skeleton) Stretching 3100–3000
=C–H (benzene skeleton) Bending 900–700
–CH3, –CH2– Stretching 3000–2800
–CH3, –CH2– Bending 1480–1300
Mononuclear aromatic hydrocarbons Skeletal vibrations 1500–1400
Mononuclear aromatic hydrocarbons In-plane bending 1300–1000
Aromatic hydrocarbons Out of plane bending 910–670
O–H Stretching 3800–3500
C=O Stretching 2400–2250
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–CH2–. Instead, two absorption bands of 3100–3000  cm−1 
and 900–700  cm−1 with benzene skeleton =C-H appear. 
Besides, the bending vibration absorption band of –CH3 and 
–CH2– (1480–1300  cm−1) can also be observed. It is inferred 
that the main gas products in Stage II of CPVC pyrolysis 
should be alkanes, aromatic compounds and alkenes.

In order to better reflect the variation of gas products in 
the two stages, typical gas products are taken as a func-
tion of temperature and shown in Fig. 3b. Zhou et al. [28] 
analyzed the FTIR spectra of PVC and concluded that the 
main gas products in the Stage I of pyrolysis were hydrogen 
chloride, benzene and alkyls, while the second stage was 
more alkyls and alkenes. However, by comparison with our 
current study, it is found that the biggest difference of FTIR 
spectra between CPVC and PVC is the presence of chlo-
rinated compounds in Stage I. Namely, all chlorine during 
PVC pyrolysis is converted into hydrogen chloride In Stage 
I, while part of chlorine during CPVC pyrolysis is converted 
into chlorinated compounds.

MS analysis

It is worth noting that the TG–FTIR results can only reflect 
the variations of main function groups during pyrolysis, 
but the exact gas products cannot be identified. Hence, it is 
necessary of MS analysis to be replenished to establish the 
specific gas products. Figure 3 shows the total ion chromato-
gram (TIC) reconstruction of the gas products and the evolu-
tion curves of the main ion fragments (m/z = 36.5, 62, 64, 
78, 80, 92, 106, 113.5, 128, 142, 148, 154, 162.5, 166, 178) 
during the whole CPVC pyrolysis. Table 2 lists the typical 
fragmented ions corresponding to the possible gas products.

As shown in Fig. 3a, there are two distinct peak regions 
in the TIC diagram, which correspond to the two stages 
of CPVC pyrolysis. For certain gas products, single ion 

monitor (SIM) was adopted in the mass detector. Figure 3b 
shows that the two main gas products in Stage I are HCl 
(m/z = 36.5) and benzene (m/z = 78). Meanwhile, the maxi-
mum MS signal of HCl is more than 4 ×  105, nearly 3.85 
times that of benzene, which is consistent with the research 
results of PVC by Sun et al. [29]. The changes of four main 
gas products with temperature in Stages I and II are shown 
in Fig. 3c. For m/z = 62, 64 and 78, 80, it is deduced to be 
chloroethylene and chloropropane due to the existence of 
chlorine isotopes (35Cl and 37Cl). Then it means that the 
chlorine of CPVC pyrolysis is not completely converted to 
HCl, which is consistent with the results of FTIR spectra. 
According to the MS of PVC by Knümann et al. [30], the 
gas products corresponding to m/z = 128 and 166 may be 
polycyclic aromatic hydrocarbons (PAHs) naphthalene and 
fluorene. Furthermore, the main gas products produced in 
Stage II are shown in Fig. 3d. For m/z = 92 and 148, it is 
regarded as methylbenzene and amylbenzene, respectively. 
For m/z = 106, it may represent two different homologues 
of benzene, xylene or ethylbenzene. For m/z = 113.5 and 
162.5, they could be chlorobenzene and 1-chloronaphtha-
lene, respectively, which also indicates that chlorine in Stage 
I has not been completely transformed. The most possible 
gas products for m/z = 142, 154 and 178 are PAHs.

Reactions prediction

It is well-known that the main repeating unit of PVC is 
–CH2–CHCl–. However, since CPVC is obtained by fur-
ther chlorinating PVC, there are three main types of repeat-
ing units in CPVC molecular structure: –CH2–CHCl–, 
–CHCl–CHCl– and –CCl2– units. The number of these three 
units is related to the chlorine content. In this study, chlo-
rine content of sample is 63.85%, less than 65%, and then 
it is referred that the main repeat units of current CPVC are 
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–CH2–CHCl– and –CHCl–CHCl– [31]. Due to the increase 
of chlorine content, CPVC pyrolysis products at two stages 
are different from PVC pyrolysis, especially in the transfor-
mation of chlorine in the whole process. Therefore, based 
on the gas products analyzed by TG–FTIR–MS, the pos-
sible reactions of CPVC pyrolysis at two stages are shown 
in Figs. 4 and 5.

In Stage I, the main reactions can be divided into three: 
First, C–Cl and C–H in repeated –CH2–CHCl– units are 
broken to form repeated C=C chain structure and generate 
hydrogen chloride; Second, on the basis of reaction (a), part 
of repeated C=C chain structure is cycled to form aromatic 
hydrocarbons; Third, repeated –CHCl–CHCl– units remove 
hydrogen chloride and produce chlorinated hydrocarbons 
and some C=C structure containing chlorine.

In Stage II, as the temperature increases, the new reac-
tions will be happened through repeated C=C chain struc-
ture and C=C structure containing chlorine. There are 
four kinds of main reactions in Fig. 5: First, C=C bond 
breaks to produce large quantities of hydrocarbons; Sec-
ond, benzene homologues (methylbenzene and xylene, 
etc.) may be produced when chain C=C is cyclized; Third, 

PAHs (such as biphenyl, phenanthrene) can also be pro-
duced; Fourth, repeated C=C chain structures containing 
chlorine can be cyclized to produce chlorobenzene and 
1-chloronaphthalene.

Smoke properties analysis during combustion

Mass loss rate

MLR is a important parameters to characterize the fire risk 
of materials. Figure 6a shows the MLR under four different 
external heat fluxes (35, 50, 65 and 80 kW  m−2). There are 
two peaks in the whole combustion process. The higher the 
external heat flux is, the faster the peaks appear. Namely, 
with the increase of heat flux, the peak position appears 
earlier. Based on the heat and mass transfer model of ther-
moplastic solid fuel proposed by Rhodes and Quintiere [32, 
33], the transient MLR can be estimated as:
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where ṁ′′ denotes the transient MLR of the sample, g 
 s−1  m−2. L represents the heat of gasification of the sample, 
kJ  g−1. q̇′′

e
 is the external heat flux, kW  m−2. q̇′′

f,c
 and q̇′′

f,r
 

are the convective and radiative heat flux from the flame, 
kW  m−2, respectively. q̇′′

cond
 denotes the thermal conduction 

loss from the sample, kW  m−2. �
(

T4

V
− T4

∞

)

 denotes the 
surface re-radiation heat loss of the sample, kW  m−2. � is 
Stefan–Boltzmann constant (5.6704 ×  10−8 W  m−2  K−4). TV 

and T∞ are the vaporization temperature of the sample, K, 
and environment temperature, K, respectively.

In the field of engineering, for a given material and speci-
men size, Rhodes and Quintiere [32] believes that except for 
the term q̇′′

e
 , other terms can be regarded as constants when 

MLR reaches the moment of peak value or at steady-state 
combustion. Therefore, the peak and average MLRs may 
have a linear relationship with the external heat flux. Then 
Eq. (1) can be reduced as follows:

where C1 is a constant.
The first peak, second peak, and average MLR  (PMLR1, 

 PMLR2 and AMLR) values are listed in Table 3. Figure 6b 
shows the correlation between the three kinds of MLR ver-
sus external heat flux. With the increase of heat flux, the first 
MLR, second MLR and average MLR keep rising, and the 
linear fitting expression can be written as follows:

where ṁ′′
1
 , ṁ′′

2
 and ṁ′′

a
 represent the first peak, second peak 

and average MLR of the sample, respectively.
Generally speaking, the thermal behaviors of materials 

change from thermally thick in the first phase to thermally 
thin in the last ones during the decomposition process. In 
this process, due to phase transition, carbonization, vapori-
zation and other effects, the thermal properties of the mate-
rial have undergone a complete change [19]. Therefore, the 

(2)ṁ�� =
1

L
q̇��
e
+ C1,

(3)ṁ��
1
= 0.1046q̇��

e
+ 2.9438,

(4)ṁ��
2
= 0.1395q̇��

e
+ 1.9543,

(5)ṁ��
a
= 0.0771q̇��

e
+ 1.9256,

Table 2  The main ion fragments corresponding to the possible gas 
products

No m/z Molecular formula Possible gas products

1 36.5 HCl Hydrogen chloride
2 44 C3H8 Propane
3 62.64 C2H3Cl Chloroethylene
4 72 C5H12 Pentane
5 78 C6H6 Benzene
6 78.80 C3H7Cl Chloropropane
7 92 C7H8 Methylbenzene
8 106 C8H10 Xylene/ethylbenzene
9 113.5 C6H5Cl Chlorobenzene
10 128 C10H8 Naphthalene
11 142 C11H10 Methylnaphthalene
12 148 C11H16 Amylbenzene
13 154 C12H10 Acenaphthene/biphenyl
14 162.5 C10H7Cl 1-Chloronaphthalene
15 166 C13H10 Fluorene
16 178 C14H10 Phenanthrene/anthracene
17 202 C16H10 Fluoranthene/pyrene
18 218 C16H26 Hexadecyl aromatic alkane
19 228 C18H12 Chrysene/tetraphene
20 252 C20H12 Benzo[b]fluoranthene/

benzo(k)fluoranthene/
benzo(a)pyrene

Fig. 4  Possible reactions of 
CPVC pyrolysis in Stage I
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average MLR as a function of external heat fluxes will lead 
to wrong value of the heat of gasification. Then the correla-
tion coefficient of the first peak MLR against external heat 
flux is not high (R2 = 0.7046), so the second peak MLR is 
selected to calculate the heat of gasification. Based on the 
slope of Eq. (2), the heat of gasification L can be calculated 
as 7.1666 kJ  g−1.

Heat release rate

HRR denotes the rate of thermal energy released from the 
combustion of the solid combustibles and is considered as 
the most important variable in fire hazard evaluation [34]. 
Figure 7a shows the HRR against time under four different 
external heat fluxes. Similar to MLR curves, there are also 
two peaks in the HRR curves.

Based on the references [35, 36], the transient value of 
HRR can be expressed by MLR and theoretical combus-
tion heat:

(6)q̇�� = ṁ��ΔHeff = ṁ��𝜒ΔHc,s =
ΔHeff
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where q̇′′ represents the transient HRR, kW  m−2. χ is the 
combustion efficiency. ΔHeff is the effective heat of combus-
tion based on the evolved gas components, kJ  g−1. ΔHc,s is 
the theoretical heat of combustion, kJ  g−1.

As demonstrated in Sect. 3.2.1, the peak and average MLRs 
can be linearly correlated with the external heat flux, and then 
HRR is proportional to the MLR with constant effective heat 
of combustion for a specific material according to Eq. (6). 
Thus, the HRR, just like the MLR, also have a linear relation-
ship with the external heat flux:

where C2 is a constant.
The first peak, second peak, and average HRR  (PHRR1, 

 PHRR2 and AHRR) values are listed in Table 4. Figure 7b 
shows the first, the second and the average HRR against exter-
nal heat flux. It shows that all of them increase with the heat 
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ΔHeff

L
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e
+ C2,
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Fig. 6  a MLR at different external heat fluxes, and b MLR versus external heat flux

Table 3  Summary of MLR data

External heat 
flux/kW  m−2

PMLR1/g 
 s−1  m−2

PMLR2/g 
 s−1  m−2

AMLR/g  s−1  m−2

35 7.4861 6.5883 4.4447
50 7.2596 9.1724 6.1356
65 8.9172 11.2911 6.7571
80 12.1617 12.8589 8.0911
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flux, similar to the trend of MLR. The mathematical expres-
sion between them can be expressed as:

where q̇′′
1
 , q̇′′

2
 and q̇′′

a
 represent the first peak, second peak and 

average HRR of the sample, respectively.
The highest correlation coefficient (R2 = 0.9848) among 

the three fitting relationships is the second peak versus 

(8)q̇��
1
= 0.6049q̇��

e
+ 31.6528,

(9)q̇��
2
= 0.8567q̇��

e
+ 25.8718,

(10)q̇��
a
= 0.3488q̇��

e
+ 42.4412,

external heat flux. Based on MLR results, the second peak 
HRR is also selected to calculate the effective heat of com-
bustion (ΔHeff = 6.1393 kJ  g−1) base on Eq. (7).

Fire performance index and fire growth index

To evaluate the fire safety better, two representative param-
eters FPI and FGI are be used to characterize. FPI can be 
used to evaluate the propensity to flashover in the whole 
fire process. High FPI value denotes large fire hazard. FGI 
usually represents the development rate of fire from the per-
spective of heat release. More detailed information about 
FPI and FGI is presented in Table 5. The values of FPI and 
FGI can be calculated by the following Eqs. (11) and (12):

where TTI and TTP are time to ignition, s, and time to 
PHRR, s, respectively. TTI,  TTP1 (time to PHRR corre-
sponding to the first peak) and  TTP2 (time to PHRR cor-
responding to the second peak) values are listed in Table 5.

(11)FPI = PHRR∕TTI,

(12)FGI = PHRR∕TTP,

Table 4  Summary of HRR data

External heat 
flux/kW  m−2

PHRR1/kW  m−2 PHRR2/kW  m−2 AHRR/kW  m−2

35 59.2687 57.3046 55.2590
50 55.3278 67.2640 58.0075
65 65.9891 80.0862 67.0289
80 86.1842 95.8634 69.6915

Table 5  Summary FPI and FGI data

External heat 
flux/kW  m−2

TTI/s TTP1/s TTP2/s FPI1/kW  s−1  m−2 FPI2/kW  s−1  m−2 FGI1/kW  s−1  m−2 FGI2/kW  s−1  m−2

35 81 127 982 0.7317 0.7075 0.4667 0.0584
50 37 66 486 1.4953 1.8179 0.8383 0.1384
65 19 54 383 3.4731 4.2151 1.2220 0.2091
80 10 34 342 8.6184 9.5863 2.5348 0.2803

0

2

4

6

8

10

30 40 50 60 70 80 30 40 50 60 70 80
0.0

0.5

1.0

1.5

2.0

2.5 FPI
1

 FPI
2

FP
I/k

W
 s–

1  m
–2

Heat flux/kW m–2

(a)

R
2
 = 0.8376

R
2
 = 0.9987

 FGI 1

 FGI 2

FG
I/k

W
 s–

1  m
–2

Heat flux/kW m–2

(b)
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Figure 8a shows the first and second peaks FPI  (FPI1 and 
 FPI2) with the external heat flux, respectively. Both  FPI1 
and  FPI2 increase gradually with the increase of external 
heat flux. The linear fitting relationship in the first and sec-
ond peaks FGI  (FGI1 and  FGI2) with the external heat flux 
is shown Fig. 8b. Compared with  FGI1,  FGI2 has a higher 

correlation with external heat flux. It also showed that  FGI2 
was more reliable in the characterization of CPVC fire risk.

Smoke and CO/CO2 production rate

Except for MLR and HRR, SPR is also an important param-
eter to evaluate the fire safety of materials during combus-
tion. Materials may produce poisonous and harmful gases 
in the process of pyrolysis and combustion, which will not 
only harm human life and health, but also pollute the envi-
ronment. The variation of SPR with respect to time under 
four different heat fluxes is shown in Fig. 9a. It can be seen 
that the change of SPR curves are similar to that of HRR and 
MLR. The two peaks increase with the increase of the exter-
nal heat flux. The first peak and second peak SPR  (PSPR1 
and  PSPR2) values are listed in Table 6.
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Table 6  Summary of SPR data

External heat flux/kW 
 m−2

PSPR1/m2  s−1 PSPR2/m2  s−1

35 0.0241 0.0351
50 0.0449 0.053
65 0.0634 0.0664
80 0.085 0.0797
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The relationship between HRR and SPR of four deco-
rative materials was studied by Xu et al. [37]. The results 
show that peak SPR and peak HRR have linear correlation. 
The positive correlation indicates that the material is com-
bustible while the negative correlation is noncombustible. 
Taking into account the correlation between heat and smoke 
in material combustion, the first peak SPR versus the first 
peak HRR and the second peak SPR versus the second peak 
HRR are shown in Fig. 9b. It can be seen that the positive 
correlation between peak SPR and HRR. It also indicates 
that CPVC is combustible.

CO and  CO2, as the important toxic gas components 
involved in the smoke, are paid more attention in the fire 
risk. Figure 10 illustrates the CO and  CO2 production rate 
against time under four external heat fluxes. The variation 
trend of CO and  CO2 is similar, corresponding to SPR, 
while the value of production rate of  CO2 is almost ten times 
higher than that of CO.

Conclusions

TG–FTIR–MS were used to study the gas products of 
CPVC pyrolysis, which could be considered as two main 
stages (Stages I and II). By comparison with pyrolysis gas 
products of PVC, there were other chlorinated compounds 
of CPVC pyrolysis besides HCl in Stage I, and the gas 
products mainly consisted of homologues or derivatives of 
benzene and polycyclic aromatic compounds (xylene and 
ethylbenzene, chlorobenzene and 1-chloronaphthalene, 
naphthalene and fluorene and so on) in Stage II. The pos-
sible reactions during CPVC pyrolysis were put forward 
based on the results of TG–FTIR–MS.

Cone calorimeter experiments were conducted to explore 
the combustion properties and smoke production. The peaks 
of MLR, HRR and SPR appear earlier with the increase of 
the external heat flux. The second peak corresponding to 
MLR, HRR, FGI and SPR curves has a good correlation 
with the external heat flux. In addition, the positive correla-
tion between peak SPR and peak HRR not only indicates 
that CPVC is a combustible material, but also shows there 
is a correlation between the heat release and smoke emis-
sion of CPVC during combustion. The variations of smoke 
and CO and  CO2 rate in the whole combustion process are 
similar. These results would be the important references for 
the fire risk.
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