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Pyrolysis of butyl rubber tube waste was performed under an inert nitrogen gas environment for temperature
ranging between 25 and 1,000 °C, by varying the heating rates (5, 10, 20, 35, and 55 °C min™). Five different iso-
conversional approaches, namely, Differential Friedman, Ozawa-Flynn-Wall, Kissinger-Akahira-Sunuse,
Distributed activation, and Starink, were employed to investigate the kinetics and thermodynamic parameters.
The mean activation energy (E.), and pre-exponential factor (ko) varied between 222.67 and 244.73 k] mol™ and
6.82x10%! and 2.73x10* s! respectively, for all iso-conversional approaches. From the kinetic investigation, a
strong correlation co-efficient (R*>0.97) was ascertained in the conversion range of up to a=0.8 for all the iso-
conversational approaches. By thermodynamic analysis, the mean values of change in enthalpy and change in
Gibbs free energy were 217.06-239.13 k] mol* and 185.12-218.11, k] mol’}, respectively. From the master plot
analysis, diffusion model (D3), and several reaction order models (F1, F2, F3, and F5) were predicted throughout
the conversion (0.1 to 0.8) limit at 20 °C min™! for the pyrolysis of BRT.
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INTRODUCTION

Energy scarcity and environmental pollution are the two
most pressing issues confronting humanity today. This is due
to the rapid industrialization, increasing population, and
disposal of various solid wastes generated on regular activity.
Scientists are developing advanced technologies to recover
energy and valuable products from solid waste, including non-
biodegradable materials, to address energy scarcity and
pollution. Examples of such materials include biomass,
municipal, industrial and agricultural solid wastes, and
plastics and rubbers.

Rubber is an elastic material classified into diene, (which
contains C=C bonds and water) and non-diene (which contains
C-C bonds). Diene rubbers are categorized into natural
(isoprene) and synthetic (chloroprene, butadiene, styrene-
butadiene, and acrylic nitrile-butadiene) rubbers. Non-diene
rubbers, such as acrylic, ethylene-propylene, fluorine,
urethane, silicone, and butyl, are synthetic rubbers (SRs)
(Armada et al., 2022; Shimada et al., 2020; Xu et al., 2020).
Butyl rubber is a copolymer of isobutylene (about 98 mass%)
and isoprene (about two mass%), which has been utilized for a
variety of applications, including automobile parts, cable
insulation, gas masks, pharmaceutical stoppers, protective
clothing, vibration-dampers, and vehicle inner tubes (EPA,
2020; Nkosi et al., 2021).

Tube and tire waste disposal and management is a
significant economic and environmental challenge in the
current period of growing globalization (Labaki & Jeguirim,
2017; Nikiema & Asiedu, 2022; Sibeko et al., 2020). Globally,
9.16 MT of vehicle tire waste produced in 2018, and out of that
18.2%, 27.3%, and 54.5%, respectively, have been assessed for
energy recovery, combustion, and landfill applications (EPA,
2020). According to a case study conducted by the Energy and
Bioproducts Research Institute, the United Kingdom produces
between 30.5 and 150 MT of bicycle tire and inner tube waste
per year (Taylor, 2020). As a result, empirical evidence on the
generation of tire and tube waste must be processed
appropriately to recover the maximum amount of additional
energy from its massive utility. Thus, an environmentally
sustainable mechanism for butyl rubber tube (BRT) waste
utilization is required, and pyrolysis is one of the foremost
intriguing processes.

Pyrolysis of the tube provides the essential information
pertinent to its degradation through kinetic analysis. Most
notably, it elucidates the fundamental knowledge about the
relevant mechanisms of the reactions and the progression of a
mathematical method to demonstrate the process (Huang et
al., 2017; Rammohan et al., 2022b). A thorough understanding
of the various competent kinetic analysis also helps examine
the economic viability of the pyrolytic thermochemical
conversion process (Xu et al.,, 2021; Vo et al., 2017).
Thermogravimetric analysis (TGA) is an efficient technique for
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performing crucial assessments of kinetics of pyrolysis of BRT
waste along with corresponding reaction mechanisms and
thermodynamics using model-fitting and model-free iso-
conversational techniques (He et al., 2019; Vyazovkin et al.,
2011; Yurdakul et al., 2021). The kinetic information collected
from these studies is critical for optimizing the
thermochemical conversion processes, pyrolizer design and
processing parameters. When polymeric material (BRT waste)
is subjected to pyrolysis, complicated reaction mechanisms
such as primary reactions (chain scission), depolymerization,
cyclization, and secondary reactions (cyclic product
degradation) take place (Kishore et al., 2003; Lah et al., 2013;
Pradhan & Singh, 2015). Several authors had studied the
pyrolytic behavior of different types of polymeric materials
such as milk packet waste (MPW) by Singh et al. (2019),
polyethylene (PE) by Singh et al. (2021), natural rubber (NR) by
Danon et al. (2015) and Kordoghli et al. (2017a), Synthetic
rubber (SR) by Danon et al. (2015), Khiari et al. (2018), and
Kordoghli et al. (2017b), butadiene rubber (BR) by Danon et al.
(2015), and styrene-butadiene rubber (SBR) by several
researchers (Aboelkheir et al., 2019; Danon et al., 2015; Kawale
& Kishore, 2021; Khiari et al., 2018; Kordohhli et al., 2017; Lah
et al., 2013; Nkosi et al., 2021; Pradhan & Singh, 2015; Youn
etal., 2021).

From the above cited literature, it is obvious that kinetics
and thermodynamics of pyrolysis of BRT has not been reported
in the open literature. Thus, the current study focuses on the
pyrolysis of bicycle inner tubes, such as BRT waste as a
feedstock to find its pyrolytic kinetics and thermodynamic
properties.

MATERIALS AND APPROACHES

Feed Material Preparation

BRT waste material was gleaned from the backyards of local
bicycle puncture repair shops near Indian Institute of
Technology Guwahati. The gleaned BRT waste was cut into
small particle sizes (<250 um) with the help of a scissor and
then sieved through a BSS 60 mesh. Then after, particles were
cleaned with DI water and sundried. Finally, the purified BRT
feed material was stored in a glass vial and subjected to further
TGA.

Physico-Chemical Characterization

Physicochemical characteristics of BRT waste were
determined using ASTM standards. Proximate (volatile:
ASTMES872-82, moisture: ASTM E1756-08, and ash: ASTM
E1755-01) and ultimate analysis (CHNS analyzer: Euro EA
3000), as well as a higher heating value (HHV) (oxygen bomb
calorimeter: IS 1350-1, Toshniwal), were included in these
characteristics.

Thermogravimetric Analysis

BRT waste pyrolytic decomposition was evaluated using a
thermogravimetric analyser (TGA: TG209F1). Non-isothermal
TGA experiments were conducted at different heating rates (5)
such as 5, 10, 20, 35, and 55 °C min'. For each experiment,
about six mg of sample was taken and subjected temperatures

ranging between 25 to 1,000 °C in the TGA, while nitrogen gas
at 20 and 40 mL/min was used as protective and carrier gas.

Kinetics Estimation

Estimations of kinetics of pyrolysis of BRT waste were
investigated in the present study. Activation energy, Ea (K]
mol!), and pre-exponential factor, k, (min!) were included in
the kinetics. These were estimated employing five iso-
conversational approaches (model-free, and model fitting),
and Criado’s master plot approach was utilized for the
prediction of model of the reaction (Zc).

The following general descriptions were given for the
pyrolytic decomposition of BRT waste:
k(T)
BRTsoua =75 =1 000 0¢;
N, = 40 mL/min
where C is condensible, and NC is noncondensible.

> Volatilescync + Chargyig (1)

The conversion rate was, as follows:
da
—=k(Tf(a )
7 = k(Df (@)
where f(a) is reaction model, k(T) is rate constant of the
reaction, and % is conversion rate.

The degree of conversion was expressed, as follows:
m; —my
a=— (3)
m; — mf
Where m;, my, and m: were the masses at the beginning (t=0),
end (t=end), and any time (t>0), respectively.
The reaction rate was calculated using the Arrhenius
equation, as follows:

k(T) = k,exp(— g—;) €))

where T represents absolute temperature (K), E«. represents
activation energy (k/ mol?'), R represents universal gas
constant (J mol! K1), k, represents pre-exponential factor
(min), and k(T) represents reaction rate.

Obtain the following from Eq. (2) and Eq. (4):

da E, 5
i k,exp (—ﬁ)f(a) )
Now, specify the heating rate (B), as follows:
_ar_dr da ©)
dt da dt
Obtain the following from Eq. (5) and Eq. (6):

koEafoo —2 —u koEq
= u “exp~*du = p(x
BR J, BR )

Y

E,
where x= =<,
RT

There was no analytical solution to the above integral form
of Eq. (7), but it can be solved using several approximation
approaches for the solution of E« and k, as explained by below
approaches.

Differential Friedman approach

The generalized differential Friedman (DFM) (Friedman,
1964) expression was, as follows:
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Table 1. Various models in both differential (f[a]) and integral form (g/a))

lda

Model Model code Differential form f(a) = Integral form g(a) = kt Z(a) = f(a) X g(a)
Nucleation model
Power law P2 2(c) 2 ()2 2(0) 2 x ()2
Power law P3 3(0) 3 ()3 3()*3 x () /3
Power law P4 4()*7 (o) s 4()*7 x () /a
Avrami-Erofeyev A2 2(1 — )[-In(1 — )]z [—in(1 - 0)]'2 2(1 = )[=tn(1 = )]z x [=ln(1 = )]
Avrami-Erofeyev A3 3(1 — )[-In(1 — )5 [—in(1 - )]s 3(1 = )[=tn(1 — 0)]%3 x [=ln(1 = )]/
Avrami-Erofeyev A4 4(1 — O)[~In(1 — )]/ [—in(1 — )]s 4(1 — )[=Iin(1 — 1% x [=In(1 — )]s

Geometrical contraction models
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Contracting area R2 2(1 — )2 1-(1-)'2 20—)/2x1—(1—a)2
Contracting vol. R3 3(1— )3 1-(1-)'s 31— x1—(1—a)s
Diffusion models
1-dimensional D1 %((x) ()? %(Ot) x (a)?
2-dimensional D2 —n(1—-o)? 1-0in(l-a) +a —-ml-)t'x1Q-a)in(l-—o) +a
. . 31 — w?? 142 31 - )2 7
3-dimensional D3 72(1 D) [1 -(1- /3] 72(1  CPTE X [1 -1-w 3]
Reaction order models
Zero order FO 1 a 1xa
First order F1 1-a) —In(1-a) 1-a)x-In(1-a)
Second order F2 (1-a)? [1-01-01/-1 1-a)?x[1-1-w]/-1
Third order F3 (1-a) [1-(1-0)?])/-2 1-a)ix[1—-(1-a)?/-2
Fourth order F4 1-a)* [1-(1-a)73]/-3 1-a)*x[1—-(1-a)3]/-3
Fifth order F5 (1-a) [1-01-0)*]/-4 A-a)’x[1-(1-a)*/—4
da d . . . .
In (dt ) —In [ B (dT )] Inlk, f(@)"] — =% 8) Distributed activation energy approach

The Eq and k, factors were calculated using the slope and
intercept obtained from graphing In [ﬁ (Z—: )] VS. Ti
Kissinger-Akahira-Sunuse approach

Kissinger-Akahira-Sunuse (KAS) was proposed by Akahira
and Sunuse (1971). Akahira and Sunnose (1971) employed the
approximation p(x) = x 2exp™ in Eq. (7); and the resultant
mathematical equation, as follows:

5 Eq
l”(TZ) el ©

The E. and k, factors were obtained using the slope and

intercept by graphing In ( ) VS, —

Ozawa-Flynn-Wall approach

Ozawa-Flynn-Wall (OFW) (Flynn & Wall, 1966), and
Ozawa (1965) used Doyle’s (1965) approximation p(x) = exp (—
1.0516x — 5.331) in Eq. (7); and the final expression was, as
follows:
n(B)=In [:()—5331 10516RE—;; (10)

The E. and k, factors were calculated using the slope and
intercept gained from graphing in(f ) vs. i

Starink approach

Starink (STK) (Starink, 2003) used their own approximation
p(x) = exp (—1.0008x — 0.312)x*°? in Eq. (7); and the resultant
expression was, as follows:

k R0:92 E
n fgz = In| =553 - 0312 - 1.0008 - (1D
Ty Ea”?g(a) RT,

The E. and k, factors were calculated using the slope and

intercept gained from plotting In ( f = ) VS. Ti .

a

Distributed activation energy (DAE) was proposed by Miura
and Maki (1998) used their own approximation p(x) = 0.6075 —
x in Eq. (7); and the outcome expression was, as follows:

B koR Eq
= - = 12
nn <T2 In [ £ ] +0.6075 [RTa] (12)
The E. and k., factors were calculated using the slope and

intercept ascertained from plotting In ( ) vs. —.
Ol

Predication of Reaction Mechanism
Criado’s master plot approach

Reaction mechanism (Z) of pyrolysis of BRT waste was
predicted by Criado’s (Cradio et al., 1989) approach. The
multiple reaction models were presented in Table 1, which
includes differential (fla]), integral (g/a]), and theoretical
expressions.

Z@1neo = F@ oo X 9(@rneo (13)
2@y = ()  ex (22) x [ T exp(—S2Yar a9
Z(@)pxp = (‘2‘:) NEL IV (gr) X p(x) (15)
205)ex = (50) % ET x exp (22) x p(o) (16)

where, p(x) = 0.00484exp (—1.0516x) (Doyle, 1965), Eq.
(13), Eq. (14), Eq. (15), and Eq. (16) were used for the CMP
studies (Alam et al., 2021a, 2021b; Irmak Aslan et al., 2017;
Rammohan et al., 2022a, 2022b).

Thermodynamic Properties Estimation

Thermodynamic properties of pyrolysis of BRT waste were
investigated in the study as presented below. The following Eq.
(17), Eq. (18), and Eq. (19) were used for the thermodynamic
studies (Balogun et al., 2021; Rammohan et al., 2022b; Singh
et al., 2021; Volli et al., 2021; Wang et al., 2021):
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Table 2. Physico-chemical characterization of butyl rubber tube waste

Proximate analysis (mass% on dry basis) Ultimate analysis (mass % on dry basis-ash free) HHV
Sample VM FC Ash C H N s 0 We 0% kg
BRT waste 56.66 33.76 10.26 57.99 6.22 - 1.1 35.73 1.28 0.82 22.06

Note. VM: Volatile matter; FC: Fixed carbon; C: Carbon; H: Hydrogen; N: Nitrogen; S: Sulfur; O: Oxygen; & HHV: Higher heating value
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Figure 1. Thermal degradation of butyl rubber tube waste (A: TG and B: DTG) (Source: Authors’ own elaboration)

Eq
_ B XE, xe(ﬂ)

_ a7
° RT2
Change in Gibbs free energy is, as follows:
KgT,
AG = E, + RT,, xIn <ﬂ) (18)
hk,
Change in enthalpy is, as follows:
AH = E, — RT, (19)

where Ty, represents temperature of peak decomposition (K), h
represents Planck’s constant (6.626x1073*]s), and Kz represents
Boltzmann constant (1.381x10-2 J K1),

Pyrolysis Performance Characteristics

BRT waste pyrolysis performance characteristics (PPC)
such as devolatilization index, D, (K min’), combustion
index, S (K3 min‘%), burnout index, Dy (min), ignition index,
D; (min3), and flammability index, C (K2 min'!) were reported
using below equations (Balogun et al., 2021; Rammohan et al.,
2022b; Wang et al., 2021; Wen et al., 2019):

—R
C= (_”> (20)
TL-2
D, = < —Fp ) 21)
t Xty
—R
D =(—m01"P 22
b (Ato_s Xty X t,,) 22)
o (TRoX R 23)
TEXTy,
D, = <M> (24)
ATos X T; X T,y

where, R, represents maximum rate of decomposition (mass%
min'), R, represents mean rate of decomposition (mass% min-
1), t; represents time of ignition (min), t, represents time of
burnout (min), t, represents maximum time of decomposition
(min), Atos represents half time of the R, (min), T; represents
temperature of ignition (K), T» represents temperature of

burnout (K), T, represents maximum temperature of
decomposition (K), and ATos represents half temperature of
the R, (K).

RESULTS AND DISCUSSIONS

Physicochemical Characterization

The physicochemical properties of BRT waste, including
proximate analysis, ultimate analysis, and HHV values were
shown in Table 2. Proximate analysis revealed that BRT waste
with no moisture content was more susceptible to pyrolysis
(Danon et al., 2015; Singh et al., 2021; Volli et al., 2021). BRT
waste consists of volatile constituents (56.66%), and ash
(10.26%) signifies its suitability for pyrolysis (Pradhan &
Singh, 2015). The elemental analysis showed a carbon
(57.99%), hydrogen (6.22%), and sulfur (1.1%), respectively,
and no nitrogen components. This analysis was consistent
with earlier results (Danon et al., 2015; Pradhan & Singh,
2015). Due to a linear relationship between carbon content and
HHYV, higher carbon content implies a better HHV (Khiari et
al., 2018). HHV of the BRT waste (22.06 MJ kg'!) concurs with
NR, BR, SR, and SBR, and it is identified as a possible co-
feedstock for the pyrolysis process (Aboelkheir et al., 2019;
Khiariet al., 2018; Kordoghli et al., 2017a, 2017b; Lah et al.,
2018; Pradhan & Singh, 2015).

Behavior of Thermal Degradation

During the pyrolysis process, the thermal degradation
behavior of BRT waste was explored employing a non-
isothermal mode thermogravimetric analyzer (TGA). TGA was
operated at temperatures ranging from 25 to 1,000 °C in an
inert environment (nitrogen) of 40 mL/min at varying heating
rates (5, 10, 20, 35, and 55 °C min™). According to the TG
pyrograms (Figure 1), the degradation of BRT waste could be
classified into three zones (I, II, and III).
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Table 3. Different zones of pyrolysis of thermal degradation of butyl rubber tube waste
Zones
Heating I (dehydration zone) II (pyrolytic zone) III (passive zone)
rate TG DTG TG DTG TG DTG
(°CCmin?)  Trange Massloss DTmax DRumax T ¢C) Mass loss  DTmax DRumax Trange Mass loss DTma DRuax
(°C) (mass%) (°C) (mass% min?') " (mass%) (°C) (mass% min?) (°C) (mass%) x(°C) (mass% min™)
5 25-150 0.4 - - 150-698 60 359 4 698-984 3.5 - -
10 25-165 0.5 - - 165-716 59.4 370 7 716-982 1.5 - -
20 25-153 0.5 68 0.1 153-739 59.7 381 15 739-983 0.7 908 0.1
35 25-179 0.4 31 0.5 179-751 59.9 392 27 751-982 0.7 933 0.3
55 25-181 0.9 34 2.5 181-768 60.5 401 41 768-983 1 961 0.4
Note. DTmax: Maximum degradation temperature & DRmax: Maximum degradation rate
The devolatilization of BRT waste was described by two  plasticizers, oils, and additives were removed at the

significant zones of mass loss during pyrolysis, as follows:

1. Polymeric components—> Volatile 1 + Radical 1 (main split

of the chain)

Depolmerization reactions:

a. Radical 1->Volatile 2

b. Radical 12Radical 2

¢. Radical 2->Volatile 3

Radical 2-2Radical 3 (cyclization reactions)

4. Radical 3->Volatile 4 + Radical 4 (cyclic products
degradation).

For the above reaction steps, initially, the polymeric
components (isobutylene and isoprene) present in BRT were
fragmented into volatile 1 compounds (monomers) and stable
radical 1 (Hz, CH4, and CO) at lower temperatures according to
Aboelkheir et al. (2019), Kordoghil et al. (2017a, 2017b), and
Qu et al. (2020). Then, the radicals were further transformed
into volatile compounds (dimers/trimers) by depolymerization
reaction at intermediate temperatures. Following that,
intermediate radical products were further cracked to yield
stable radical 3 products such as aliphatic, aromatic, and H.S
via cyclization reactions (Danon et al., 2015; Kardoghli et al.,
2017a, 2017b; Khiari et al., 2018; Nkosi et al., 2021). Finally,
the stable radical 3 products were further degraded to volatile
4 and radical 4 products such as alkenes, alkanes, and solid
char at higher temperatures (Khiari et al., 2018). A free radical
reaction mechanism contributes significantly to the
decomposition of BRT waste. The chain scission primarily
occurred at the B-position of the BRT (Aboelkheir et al., 2019;
Xu et al., 2018). Through the scission and dehydrogenation
reactions, the 2-butenyl radical obtained from scission was
converted to 1,3-butadiene.

Furthermore, chain scission can give rise to other free
radicals, which can then rearrange into Cs- and Cs-radical
species. The Cs- and Cr-radical species can be cyclized to form
1,3- and 1,4-cyclooctadiene. Due to the fact that the C-C single
bond in -C-C=C- was much stronger than the one in -C-C-C-,
the rearrangement of -C-C=C- in Cs and Cy radical species can
occur only at higher temperatures (T>800 °C) during the
pyrolysis of BRT (Aboelkheir et al., 2019; Xu et al., 2018). The
pyrolysis pathways of major pyrolytic components such as
isoprene, isobutylene, 1,3-butadiene, 1,3-and 1,4-
cyclopentadiene had a significant effect on the pyrolysis of
BRT (Aboelkheir et al., 2019; Xu et al., 2018).

From the TG and DTG results (A & B in Figure 1 and Table
3), it was observed that the minor fractions such as

temperature range from 25-180 °C in the zone I (Khiari et al.,
2018; Penalver et al., 2021; Pradhan & Singh, 2015). At this
zone, negligible mass losses from 0.4 to 0.9 mass% were
observed at all heating rates of 5-55 °C min’!. The major
devolatilization of BRT waste was elucidated at the
temperature range from 180 °C to 768 °C in zone II. It was
noticed that in this zone II, the formation of radicals and high
conversion of BRT took place rapidly. Several reactions, such
as depolymerization and cyclization, occurred with maximum
mass loss. The maximum mass losses were from 59.4 to 60.5
mass% and were ascertained for increased heating rates in the
order of 5-50 °C min. The pyrograms revealed that higher
heating rates resulted in increased decomposition of BRT
material. The maximum decomposition of BRT occurred at
359, 370, 381, 392, and 401 °C. The temperature shift was due
to increased heating rate delay (Dziemidkiewicz et al., 2019;
Han et al., 2018; Neves et al., 2022; Qui et al., 2022). Moreover,
at a higher heating rate of 50 °C min!, the maximum DTG (rate
of mass loss) was increased (Dziemidkiewicz et al., 2019; Han
et al., 2018; Qui et al., 2022). Three peaks of DTG pyrograms
for every heating rate signify the major devolatilization of
BRT, isobutylene, and isoprene, respectively. Similar kinds of
pyrograms trends were reported elsewhere (Penalver et al.,
2021; Pradhan & Singh, 2015; Rammohan et al., 2022b).
Furthermore, from B in Figure 1, the peaks at 390-459 °C and
620-783 °C indicated that isobutylene and isoprene
disintegrated between the temperatures of 390-435 °C and
620-687 °C at 5 °C min‘!; 402-450 °C and 632-709 °C at 10 °C
min!; 421-456 °C and 635-737 °C at 20 °C min!; 435-458 °C
and 641-754 °C at 35 °C min'!; 447-459 °C and 636-783 °C at
55 °C min! correspondingly (Kawale & Kishore, 2021; Pradhan
& Singh, 2015). Additionally, no sharp peaks were observed for
the undecomposed solid char at temperatures above 800 °C
(Han et al., 2018; Xu et al., 2018; Volli et al., 2021). Finally,
because of more secondary reactions (cyclization products
degradation) between IIR co-polymers, approximately 45-55
mass% (for 5-55 °C min! of heating rates) of the tube waste
remains undecomposed and may lead to solid char by the end
of pyrolysis (Han et al., 2018; Kawale & Kishore, 2021; Nkosi
et al., 2021; Pradhan & Singh, 2015).

Estimation of Kinetics

Kinetic triplets (KT) including activation energy (E.), pre-
exponential factor (ko.), and model of the reaction mechanism
(Z«) were evaluated for the pyrolytic decomposition of BRT
waste by using five iso-conversional approaches. Five iso-
conversional approaches (DFM, OFW, KAS, DAE, and STK) and
five heating rates () (5, 10, 20, 35, and 55 °C min’!) were
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Figure 2. Iso-conversional plots by A: DFM, B: KAS, C: OFW, D: STK, E: DAE, and F: Activation energy vs. conversion plot for all
five approaches (Source: Authors’ own elaboration)

Table 4. Activation energy & pre-exponential factor from various iso-conversional approaches for BRT waste pyrolysis

« DFM KAS OFW STK DAE
Ex ko R? Eq ko R? E« ko R? Eax ko R? Ex ko R?

0.1 165.12 1.56E+13  0.96 143.47 6.16E+11  0.97 145.70 5.17E+09 0.97 143.75 5.1E+11  0.97 143.47 5.79E+12  0.97
0.2 208.12 3.06E+16 0.99 191.49 2.58E+15 0.98 191.96 1.40E+13 0.99 191.75 2.1E+15  0.98 191.49 1.13E+16 0.98
0.3 201.54 7.56E+15 0.99 201.10 1.12E+16 0.99 201.33 5.73E+13  0.99 201.37 9.0E+15  0.99 201.10 3.05E+16 0.99
0.4 223.90 4.32E+17 0.99 207.31 2.94E+16 0.99 207.37 1.46E+14 0.99 207.58 2.4E+16  0.99 207.31 5.64E+16 0.99
0.5 226.26 4.83E+17  0.99 210.32 4.29E+16  0.99 210.36 2.13E+14  0.99 210.59 3.5E+16  0.99 210.32 6.14E+16  0.99
0.6 263.59 2.51E+20 0.98 228.25 9.41E+17 0.99 227.55 4.08E+15 0.99 228.51 7.6E+17  0.99 228.25 1.01E+18 0.99
0.7 329.59 1.16E+25 0.97 272.10 1.66E+21 0.98 269.44 5.28E+18  0.98 272.33 1.3E+21  0.98 272.10 1.36E+21  0.98
0.8 339.72 1.02E+25 0.98 332.94 2.40E+25 0.96 327.62 5.45E+22  0.97 333.13 1.9E+25 0.96 332.94 1.48E+25 0.96
Mean 244.73 2.73E+24 0.987  223.37 3.00E+24 0.987  222.67 6.82E+21 0.988  223.63 2.35E+24 0.987  223.37 1.84E+24 0.987

Note. a: Conversion; Eq: Activation energy (k] mol™); & k.: Pre-exponential factor (min)

employed for the investigation of E«, and k.. DFM graph was

generated from Eq. (8) by drawing In [ﬁ (Z—: )] vs. 1/T, as

provided in A in Figure 2.

In addition, (E<) and (ko) were calculated by associating the
—Eq

slope ( R
0.8) limit and these results were presented in Table 4.

) and intercept throughout the conversion (0.1 to

Similarly, plots and data for the other approaches KAS,
OFW, STK, and DAE (according to Eq. [9], Eq. [10], Eq. [11], and
Eq. [12], respectively), were presented in B-E in Figure 2,
respectively and Table 4. The experimental kinetic results
were fitted well (R?>0.98) between 0.1 to 0.8 conversion.
Secondary reactions (cyclization product degradation) that
produced significant amounts of solid residues (char/ash)
occurred at conversions greater than 0.8 during BRT pyrolysis
(Han et al., 2018; Xu et al., 2018). From the findings (F in
Figure 2 and Table 4), E, (k] mol!), and k, (min™') were 244.73
and 2.73x10%; 223.37 and 3x10%; 222.67 and 6.52x10%'; 223.63
and 2.35x10%; 223.37 and 1.84x10%; obtained respectively for
all five approaches. It was observed that from 0.1 to 0.8
conversion, the OFW and KAS approaches yielded the lowest
kinetic parameters 222.67 and 223.37 (k] mol') respectively.
The values of E,were presented for pyrolysis of MPW by Singh

et al. (2019) using KAS and OFW approaches were 175 and 178
k] mol !, respectively; for PE by Singh et al. (2021) using DFM
and OFW approaches were 171 and 159 k] mol’}, respectively;
and for NR, SR, BR, and SBR by Danon et al. (2015) using DFM
approach were 434, 372, 409, and 305 k] mol!, respectively.

Table 5 depicted a comparison of the present mean
kinetics findings with published literature counterparts.
According to the findings of kinetic studies, the mean E, values
of BRT pyrolysis was lower and more significant than SBR.
Thus, pyrolysis of the BRT waste may be more energy-efficient
than SBR based on the activation energies found. However, a
comparable trend of E. was evidenced between the
conversions of 0.1 to 0.8 for all iso-conversional approaches
(Danon et al., 2015; Han et al., 2018; Xu et al., 2018) [22,46,48].

From the kinetic results (F in Figure 2 and Table 4), the
alterations in E, and k., (10" to 10'°) were increased between
conversion of 0.1 to 0.3 as a result of a reaction on the surface
of BRT waste, which indicates degradation of isobutylene
polymer (to volatile 1 compounds (monomers) and radical 1 by
depolymerization) as per Kordoghli et al. (2017a, 2017b) and
then E. and k, (order of <10%°) decreases marginally up to
conversion of 0.6, in which the isoprene polymer was degraded
(to radicals and volatile compounds (dimers/trimers) by
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Table 5. Comparison of kinetic & thermodynamic parameters of pyrolysis of different synthetic polymers & BRT of present study

DFM KAS OFW STK DAE
Feed E« AH AG E« AH AG E« AH AG E« AH AG E« AH AG Ref.
® @ W oW ® W W W W W W & W W W
mol!) mol') mol!) mol!) mol!) mol!) mol!) mol!) mol!) mol!) mol!) mol!) mol!) mol') mol?)

BRT waste 244.73  239.38 185.44 223.37 218.03 214.46 222.67 217.32 185.93 223.63 218.28 185.92 223.37 218.03 185.93 PS
MP waste - - - 175.36 - - 177.94 172.14 159.76 - - - - - - 20
PE 171 176 222 156 - - 159 - - 148 - - - - - 21
NR, 434 for NR,

SR, 372 for SR, ) ) ) ) ) ) ) ) ) ) ) ) ) ) 2
BR, 409 for BR,

SBR 305 for SBR

Note. BRT: Butyl rubber tube; MP: Milk packet; PE: Poly ethylene; NR: Natural rubber; SR: Synthetic rubber; BR: Butadiene rubber; SBR: Styrene-
butadiene-rubber; PS: Present study; 20: Singh et al. (2019); 21: Singh et al. (2021); & 22: Danon et al. (2015)
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Figure 3. Possible mechanism of pyrolysis of BRT waste by Criado’s master method at multiple heating rates (A: 5°C min™!, B:
10°C min!, C: 20°C min'}, D: 35°C min™!, & E: 55°C min') (Source: Authors’ own elaboration)

Table 6. Possible mechanism of pyrolysis of butyl rubber tube
waste by Criado’s master method at multiple heating rates

Heating rate (°C min™)

Conversion (a)

5 10 5 35 5
0.1 D2 A4 D3 F1 F1
0.2 F2 P4 F1 F2 F2
0.3 D3 F3 F2 F2 F2
0.4 F4 F3 F3 F3 F5
0.5 - - - - -
0.6 >F5 >F5 >F5 >F5 F5
0.7 >F5 >F5 >F5 >F5 >F5
0.8 >F5 >F5 >F5 >F5 >F5

Note. Reaction mechanism models: P2 & P3: Second & third power
law models; A4: Fourth Avrami-Erofeyev model; R2 & R3: Area &
volume contracting models; D2 & D3: 2- & 3-dimensional diffusion
models; & F1, F2, F3, & F5: First, second, third, & five reaction order
models

cyclization reaction), and then E. and k, (order of >10'7)
increases progressively up to conversion of 0.8 as a result of
frequent collisions between molecules (to form volatile 4 and
radical 4 by cyclic degradation), thus pyrolysis of BRT waste
requires a significant amount of energy (Khiari et al., 2018;
Kordoghli et al., 2017a, 2017b; Nkosi et al., 2021).

According to E. and ko findings, as the rate of heating
increases, the rate of collisions between the molecules
increases, causing the faster rate of reaction for BRT waste
pyrolysis. Due to the heterogeneity of BRT waste, the major
polymeric components such as isobutylene and isoprene were
decomposed at different temperatures as demonstrated by
changes in E. and k, as per studies of Danon et al. (2015) and
Nkosi et al. (2021). Therefore, the pyrolysis of BRT waste goes
through a complex reaction with a multi-step mechanism.

From the Criado’s plot analysis, the reaction mechanism
was predicted for the pyrolysis of BRT waste. Criado’s graphs
were derived from Eq. (13), Eq. (14), Eq. (15), and Eq. (16) by
plotting a plot of z(a)/z(0.5) vs. a, and provided in A-E in
Figure 3 and Table 6 for each for each heating rate.

For example, at 20 °C min’!, it was observed that the
experimental result indicated a trend of 3-dimensional
diffusion (D3) and first-order (F1) at a=0.1 to 0.2, second (F2)
and third-order (F3) at a = 0.3 to 0.4, and then higher-order
reaction (>F5) at @=0.6 to 0.8. Finally, the master plot analysis
demonstrated that the pyrolysis of BRT waste exhibited a
multistep reaction mechanism.
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Figure 4. Thermodynamic parameters of pyrolysis of BRT waste (A & B: Change in enthalpy, C & D: Change in Gibbs free energy

from DFM & DAE approaches) (Source: Authors’ own elaborati

Estimation of Thermodynamics

Thermodynamic parameters of pyrolysis of BRT waste,
such as enthalpy change (AH), Gibbs free energy change (AG),
and pre-exponential factor (k,), were evaluated and depicted
in Figure 4 and Table 7.

Thermodynamic assessments were calculated employing
Eq. (17), Eq. (18), and Eg. (19) for DFM, KAS, OFW, STK, and

on)

DAE approaches. The results included thermodynamic
parameters of pyrolysis of BRT waste via DFM and DAE (Figure
4), while Table 7 included those by KAS, OFW, and STK
approaches. A-B in Figure 4 depicts AH vs. « variations for
both DFM and DAE approaches. A-B in Figure 4 illustrated
that the effect of heating rate on AH seems to be negligible.
Variations in E. dependent upon «, also influenced the
variation in enthalpy.

Table 7. Thermodynamic properties of butyl rubber tube waste at multiple heating rate (5)

DFM KAS OFW STK DAE

¢ ko AH AG ks AH  AG ko

AH AG ko AH AG ko AH AG

(B=5 °C min™)

0.1 1.84E+11 159.86 187.56 2.60E+09 138.22 188.30 4.03E+09

140.44 188.22 2.74E+09 138.49 188.29 2.60E+09 138.22  188.30

0.2 8.32E+14 202.87 186.34 3.23E+13 186.23 186.78 3.54E+13

186.71 186.77 3.40E+13 186.50 186.77 3.23E+13 186.23  186.78

0.3 2.30E+14 196.29 186.51 2.11E+14 195.85 186.52 2.21E+14

196.07 186.52 2.22E+14 196.11 186.52 2.11E+14 195.85  186.52

0.4 1.80E+16 218.64 185.96 7.10E+14 202.06 186.36 7.18E+14

202.11 186.36 7.47E+14 202.32 186.36 7.10E+14  202.06  186.36

0.5 2.85E+16 221.00 185.90 1.28E+15 205.07 186.29 1.29E+15

205.10 186.29 1.35E+15 205.33 186.28 1.28E+15 205.07  186.29

0.6 4.04E+19 258.33 185.10 5.73E-03 223.00 414.11 3.67E+16

222.30 185.87 4.42E+16 223.25 185.85 4.20E+16  223.00  185.86

0.7 1.44E+25 324.33 183.93 2.11E+20 266.84 184.93 1.26E+20

264.19 184.99 2.20E+20 267.07 184.93 2.11E+20  266.84  184.93

0.8 1.02E+26 334.47 183.77 2.76E+25 327.68 183.87 9.85E+24

322.36 183.96 2.86E+25 327.88 183.87 2.76E+25 327.68  183.87

Mean 1.46E+25 239.48 185.63 3.44E+24 218.12 214.65 1.23E+24

217.41 186.12 3.58E+24 218.37 186.11 3.44E+24  218.12 186.12

(=10 °C min™)

0.1 2.08E+11 159.77 187.40 3.15E+09 138.13 188.15 4.84E+09

140.35 188.06 3.32E+09 138.40 188.14 3.15E+09 138.13  188.15

0.2 8.16E+14 202.78 186.16 3.34E+13 186.14 186.60 3.66E+13

186.62 186.59 3.51E+13 186.40 186.60 3.34E+13 186.14  186.60

0.3 2.31E+14 196.19 186.33 2.12E+14 195.76 186.34 2.21E+14

195.98 186.34 2.23E+14 196.02 186.33 2.12E+14 195.76  186.34

0.4 1.68E+16 218.55 185.77 6.98E+14 201.97 186.18 7.06E+14

202.02 186.18 7.35E+14 202.23 186.17 6.98E+14  201.97  186.18

0.5 2.64E+16 220.91 185.71 1.24E+15 204.98 186.10 1.25E+15

205.01 186.10 1.31E+15 205.24 186.09 1.24E+15 204.98  186.10
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Table 7 (Continued). Thermodynamic properties of butyl rubber tube waste at multiple heating rate ()
DFM KAS OFW STK DAE

“ ko AH AG ko AH AG ko AH AG ko AH AG ko AH AG
0.6 3.31E+19 258.24 184.89 1.11E-02 222.90 413.91 3.38E+16 222.20 185.68 4.06E+16 223.16 185.66 3.86E+16 222.90 185.66
0.7 9.53E+24 324.24 183.70 1.68E+20 266.75 184.72 1.01E+20 264.10 184.78 1.76E+20 266.98 184.72 1.68E+20 266.75 184.72
0.8 6.54E+25 334.38 183.54 1.80E+25 327.59 183.65 6.55E+24 322.27 183.73 1.87E+25 327.79 183.64 1.80E+25 327.59 183.65
Mean 9.36E+24 239.38 185.44 2.25E+24 218.03 214.46 8.19E+23 217.32 185.93 2.34E+24 218.28 185.92 2.25E+24 218.03 185.93
(=20 °C min!)
0.1 2.39E+11 159.68 187.11 3.87E+09 138.04 187.87 5.92E+09 140.26 187.79 4.08E+09 138.31 187.86 3.87E+09 138.04 187.87
0.2 8.20E+14 202.69 185.85 3.54E+13 186.05 186.30 3.87E+13 186.52 186.29 3.72E+13 186.31 186.30 3.54E+13 186.05 186.30
0.3 2.36E+14 196.10 186.02 2.18E+14 195.67 186.04 2.27E+14 195.89 186.03 2.29E+14 195.93 186.03 2.18E+14 195.67 186.04
0.4 1.60E+16 218.46 185.45 7.03E+14 201.87 185.87 7.11E+14 201.93 185.87 7.39E+14 202.14 185.86 7.03E+14 201.87 185.87
0.5 2.50E+16 220.82 185.40 1.24E+15 204.88 185.79 1.25E+15 204.92 185.79 1.30E+15 205.15 185.79 1.24E+15 204.88 185.79
0.6 2.79E+19 258.15 184.57 2.14E-02 222.81 413.60 3.19E+16 222.11 185.36 3.82E+16 223.07 185.34 3.64E+16 222.81 185.35
0.7 6.53E+24 324.15 183.35 1.38E+20 266.66 184.39 8.39E+19 264.01 184.45 1.44E+20 266.89 184.39 1.38E+20 266.66 184.39
0.8 4.34E+25 334.29 183.19 1.22E+25 327.50 183.30 4.52E+24 322.18 183.38 1.27E+25 327.70 183.29 1.22E+25 327.50 183.30
Mean 6.24E+24 239.29 185.12 1.53E+24 217.94 214.15 5.65E+23 217.23 185.62 1.58E+24 218.19 185.61 1.53E+24 217.94 185.61
(B=35 °C min!)
0.1 245E+11 159.59 187.44 4.24E+09 137.94 188.22 6.43E+09 140.17 188.13 4.46E+09 138.22 188.20 4.24E+09 137.94 188.22
0.2 7.37TE+14 202.60 186.16 3.34E+13 185.96 186.62 3.65E+13 186.43 186.61 3.51E+13 186.22 186.61 3.34E+13 185.96 186.62
0.3 2.17E+14 196.01 186.34 2.00E+14 195.58 186.35 2.08E+14 195.80 186.34 2.10E+14 195.84 186.34 2.00E+14 195.58 186.35
0.4 1.37E+16 218.37 185.75 6.33E+14 201.78 186.18 6.40E+14 201.84 186.18 6.65E+14 202.05 186.17 6.33E+14 201.78 186.18
0.5 2.13E+16 220.73 185.70 1.11E+15 204.79 186.10 1.11E+15 204.83 186.10 1.16E+15 205.06 186.09 1.11E+15 204.79 186.10
0.6 2.12E+19 258.06 184.85 3.62E-02 222.72 413.90 2.70E+16 222.02 185.67 3.23E+16 222.98 185.64 3.08E+16 222.72 185.65
0.7 4.05E+24 324.06 183.62 1.02E+20 266.57 184.68 6.25E+19 263.92 184.73 1.06E+20 266.80 184.67 1.02E+20 266.57 184.68
0.8 2.61E+25 334.19 183.45 7.51E+24 327.41 183.56 2.82E+24 322.09 183.65 7.78E+24 327.61 183.56 7.51E+24 327.41 183.56
Mean 3.77E+24 239.20 185.41 9.38E+23 217.84 214.45 3.53E+23 217.14 185.93 9.73E+23 218.10 185.91 9.38E+23 217.84 185.92
(B=55 °C min!)
0.1 2.51E+11 159.52 187.67 4.59E+09 137.87 188.46 6.92E+09 140.09 188.37 4.82E+09 138.14 188.45 4.59E+09 137.87 188.46
0.2 6.82E+14 202.52 186.37 3.22E+13 185.88 186.84 3.51E+13 186.36 186.82 3.38E+13 186.15 186.83 3.22E+13 185.88 186.84
0.3 2.04E+14 195.94 186.55 1.88E+14 195.50 186.56 1.96E+14 195.72 186.56 1.97E+14 195.76 186.56 1.88E+14 195.50 186.56
0.4 1.22E+16 218.30 185.96 5.87E+14 201.71 186.39 5.93E+14 201.77 186.39 6.16E+14 201.97 186.39 5.87E+14 201.71 186.39
0.5 1.88E+16 220.65 185.90 1.02E+15 204.72 186.31 1.03E+15 204.75 186.31 1.07E+15 204.99 186.31 1.02E+15 204.72 186.31
0.6 1.72E+19 257.98 185.05 5.54E-02 222.65 414.10 2.39E+16 221.95 185.87 2.84E+16 222.91 185.85 2.71E+16 222.65 185.85
0.7 2.80E+24 323.98 183.80 8.09E+19 266.49 184.87 4.99E+19 263.84 184.92 8.44E+19 266.72 184.86 8.09E+19 266.49 184.87
0.8 1.76E+25 334.12 183.63 5.14E+24 327.33 183.74 1.96E+24 322.01 183.83 5.33E+24 327.53 183.74 5.14E+24 327.33 183.74
Mean 2.55E+24 239.13 185.62 6.42E+23 217.77 214.66 2.45E+23 217.06 186.13 6.66E+23 218.02 186.12 6.42E+23 217.77 186.13
Note. a: Conversion; k,: Pre-exponential factor; & AH & AG: Change in enthalpy & Gibbs free energy (k] mol ™)
Table 8. Pyrolysis performance characteristics of pyrolysis of BRT waste at multiple heating rates
B T; Ty Ty ATos ti tp ty Atos -Rp -Ry C D; Dy S D,
5 561 632 1248 608 4.8 4 190 62 3.7 0.3 1.18E-05 1.93E-01 7.85E-05 2.83E-09 5.15E-09
10 573 643 1216 618 27.5 7 91.9 32 7.5 0.6 2.28E-05 3.90E-02 3.64E-04 1.13E-08 1.98E-08
20 580 654 1185 628 14.1 15 39.3 16.5 14.7 1.2 4.37E-05 6.95E-02 1.51E-03 4.43E-08 7.41E-08
35 594 665 1202 640 8.4 27 39.1 9.8 26.8 2.1 7.60E-05 1.18E-01 2.59E-03 1.33E-07 2.23E-07
55 601 674 1212 646 5.5 41 16.6 6.3 41.1 3.4 1.14E-04 1.82E-01 9.59E-03 3.19E-07 5.34E-07

At a=0.8 conversion, the maximum values of AH were
183.77 k] mol! for DFM and 183.87 k] mol! for DAE
approaches, correspondingly. From 0.1 to 0.8 conversion, a
positive value of AH was observed, revealing that the pyrolysis
of BRT waste was endothermic in nature. Additionally, as the
enthalpy change was increased from 0.1 to 0.8 conversion, the
endothermicity of pyrolysis of BRT waste increased.
Furthermore, change in Gibbs free energy (AG) vs. (a)
variations were illustrated in C-D in Figure 4.

Minor differences in AG were noticed (between a=0.1 to
0.8), with the major values being 185.63 k] mol!, and 183.87 k]
mol! for the DFM and DAE approaches, correspondingly.

Furthermore, Table 5 illustrated a comparison between
mean thermodynamic parameters obtained in the present
work and with existing literature reports.

Pyrolysis Performance Characteristics

PPC of the BRT waste were provided in Table 8. From the
tabulated data, it was observed that all the characteristic
values such as flammability (C), ignition (D;), burnout (Dy),
combustion (S), and devolatilization (Dy) of pyrolysis of BRT
waste were increased with heating rates (5 to 55°C min‘!).

Also, as the heating rates, increased the values of
temperatures (ignition T;, degradation T, burnout T») and
times (ignition t;, degradation t,, burnout t;) factors of
pyrolysis of BRT waste were increased and decreased,
respectively. The higher C value of BRT waste was (1.14x10%)
observed at 55°C min! because of lower moisture content. The
higher D; and Dj values of pyrolysis of BRT waste (1.82x10! and
9.59x107%) indicated the good combustion ability. The higher S
value of pyrolysis of BRT waste (3.19x107) suggested a better
combustion performance.
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The higher D, value of pyrolysis of BRT waste (5.34x107)
reveals the formation of the more volatile matter when it was
subjected to pyrolysis. The ascertained PPC findings of the
current research work were consistent with the other reports
(Rammohan et al., 2022b; Singh et al., 2021).

CONCLUSIONS

In this work, BRT was pyrolyzed in a TGA so that to
examine its thermal degradation behavior, kinetics, reaction
mechanism, thermodynamic properties and PPC. The
following conclusions were drawn from the results of the
present work:

e Pyrolysis of BRT waste occurred in the temperature
between 150 and 768 °C resulting highest mass loss of
about ~60 wt.%.

e The activation energy (E«) by DFM, KAS, OFW, STK, and
DAE was estimated to be between 222.67 and 244.73 k]
moll. Among all approaches, OFW model (222.67 k]
mol!) is the lowest energy demanding and propinquity
to KAS model (223.37 k] mol!).

e The pre-exponential factor (k,) altered between
6.82x10?! and 2.73x10** s, demonstrated a higher
reaction rate of BRT waste during pyrolysis.

e In accordance with Criado’s master plots (CMP), multi
reaction mechanism were observed for all the heating
rates (5-55 °C min!) throughout the present range of
conversion (0.1-0.8).

e Based on the thermodynamic findings, the mean values
of AH and AG, respectively, were 183.77 k] mol! and
183.87 k] mol! from DAE, exhibited the endothermic
and non-spontaneous reactions. Furthermore, a
variation of 40 k] mol! was found between the mean Ex»
and AH values from DAE, implying that a considerable
amount of energy corresponding to AH must be
supplied for pyrolysis to proceed.

e Inaddition, the higher PPC of BRT waste were recorded.
These included (C=1.14x10"%), ignition (D=1.82x1071),
burnout (D»=9.59x103%), combustion (5=3.19x107) and
devolatilization (Dy=5.34x107).
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