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Abstract -  The functional relationships of industrially interesting variables such as pyrolysis temperature, heating rate, 
and sample size with pyrolysis time were explored to provMe basic information on designing energy efficient processes. 
Pyrolysis kinetics of scrap tire rubbers tested in this study were investigated to formulate the functional relationships of 
pyrolysis temperature and heating rate. The pyrolysis time decreases exponentially with increasing pyrolysis ternperature 
and heating rate, indicating high activation energies of pyrolysis reaction of the scrap tire rubbers tested in this study. The 
effect of heat transfer on the pyrolysis kinetics was evaluated by seeking the functional relationship between the sample 
size and pyrolysis time.The pyrolysis time increases linearly with increasing sample diameter. The slope of the straight 
line is proportional to the specific heat of the sample. 
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INTRODUCTION 

Fast industrialization in Korea leads to high generation and 
accumulation rate of scrap tires; but few methods have been 
proposed to tackle the problematic wastes in a systematic and 
efficient way. q~e scrap tires will soon emerge as one of the 
most burdensome wastes. It is, hence, time to review existing 
techniques and suggest appropriate ones to fully reflect specific 
management conditions of scrap tires in Korea. 

Since natural resources in Korea are scare, it is desirable to 
adopt a method which can close a recycling loop of solid wastes. 
In the case of scrap tires, there is no feasible techniques to con- 
vert them completely into new tires. Among various treatment 
options, pyrolysis of scrap tires is considered to be one which 
may be a closet option to close their recycling loop because of 
recovery of authentic carbon black and generation of valuable 
by-products [Kim, 1995a: Kim et al., 1995b]. Economic mar- 
ginality of tire pyrolysis, however, has been pointed out fre- 
quently [Clark et al., 1991; US. Environmental Protection Agen- 
cy, 1991; Eastman, 1993]. Despite the critics, any systematic 
research has been rarely achieved on seeking optimum process 
conditions to increase the process economics because of com- 
plex decomposition reactions of scrap tires. 

Recent studies opened a new avenue to estimate the kinetic 
parameters of complex decomposition reactions [Kim, 1995a; 
Kim etal., 1995b; Kim and Park, 1995c; Kim and Chun, 1995d]. 
The present author developed the subtraction method to es- 
timate kinetic parameters of complex decomposition reactions 
of a heterogeneous substance like scrap tire rubbers [Kim, 1995a; 
Kim etal . ,  1995b]. The kinetic parameters derived by the sub- 
traction method were verified experimentally under isothermal 
conditions [Kirn et al., 1995e]. It was concluded that the sub- 
traction method may be a reliable tool to estimate the kinetic 
parameters of complex independent decomposition reactions 

[Kim and Chun, 1995d]. 
The effect of heat transfer on the pyrolysis kinetics of scrap 

tire rubbers was also investigated [Kim and Chun, 1995d]. Ow- 
ing to the recent developments, it was possible to clarify the 
roles of operating variables in designing energy efficient process- 
es. 

The objective of this research was to investigate the role of 
process variables in designing pyrolysis processes by means of 
developing functional relationships of the process variables with 
design criteria. The process variables tested here were pyrolysis 
temperature, sample size, and heating rate. As a design criterion, 
pyrolysis time, operationally defined as the time it takes for de- 
gradable tire rubbers a conversion of 99.99%, was used in this 
study [Kim, 1995a; Kim etal., 1995b; Kim and Park, 1995c]. 

T H E O R E T I C A L  

The functional relationships of the process variables with the 
pyrolysis time were implemented mathematically in this section. 
It was proposed that the pyrolysis reaction of scrap tires would 
be accounted for by first-order irreversible independent reactions 
of compositional components. 
1. Pyrolysis Temperature 

The kinetic equation for pyrolysis reaction is expressed by: 

/l  dx _ ~  dxi _ ~ Aiexp ~-~ ( 1 - x  i) (1) 
dt i=l dt ,=~ 

where x=weight conversion fraction of degradable tire rubber; 
n=total number of compositional components; A=frequency fac- 
tor (rain '); E=activation energy (J/tool); R=gas constant (J/ 
tool. K); T=absolute temperature (K); and subscript i=degrad- 
able compositional component i. 

Integration of the above kinetic equation yields a functional 
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relationship of the pyrolysis time of a compound i with iso- 
thermal pyrolysis temperature [Kim, 1995a; Kim et ah, 1995b]. 

9.2i03 r, - - -  (2) 
A i exp(- Ei/RT) 

The pyrolysis time of a tire rubber (x) is determined by that of 
the most themially stable degradable component in a tire rub- 
ber. 
2. Heating Rate 

At a linear heating rate. a first-order kinetics of component i 
is described by: 

- [- ](l-x~) (3) dx, A, E, 
dT 0 exp 

Integrating Eq. (3) gives: 

(A,  E, ] P(u/) (4) -In(1-xi): t-~--R--) 

E where u = - -  and 
RT 

p(ui)=_f "i e x p ( - u )  du.  (5)  
U 2 

Taking a natural logarithm of Eq. (4) yields: 

As sample size increases, heat transfer etfects become sig- 
nificant. Hence, it is necessary to formulate heat balance acting 
on a tire sample. The heat balance is expressed mathematically 
by: 

bE - V-q + m AH~,,, (10) ~t 
where V.q=rate of heat transfer by conduction per unit volume 
(j/m3/sec); m=decomposition rate of tire robbers per unit volume 
[Eq. (1); kg/m3/sec]; and AH,~=heat of reaction per unit mass (J/ 
kg). If temperature gradients within a sample become negligi- 
ble, the heat balance equation becomes [Kim, 1995a; Kim and 
Chun, 1995d]: 

dT . . . .  
mCp d i -  = - ( m  Ce +h"uA~)T+h~ + y- rn/AH'~ (11) 

where re=tire weight at a time t; C,,=specific heat of tire (J/kg- 
K); h,,,=ovcrall heat transfer coefficient (W/m2-K); A~=surface 
area of sample (mZ); Tr=isothermal reaction temperature (K); 
arid AH,,=heat of reaction per unit mass (J/kg). 

It is difficult to analytically derive a functional relationship 
of the pyrolysis time with sample size (AD from two coupled 
ordinary, differential Eqs. (1) and (11) (ODEs). lhastead, the Runge- 
Kutta 4th order method was introduced to solve the ODEs nu- 
merically, thus seeking empirical relationship between the py- 
rolysis time and sample size. 

If Doyle's approximation [Doyle, 1962; Ozawa, 1970; Kim and 

Chum 1995d] where In P(u)-- .- 5.3305 ~ 1 . 0 5 1 6 [ ~ T /  is adopt- 
\ / 

ed, the above equation is approximated as: 

- 5 . 3 3 0 5 -  1.(t516 -~-. (7) 

A final temperature (Tr) where a conversion of 99.99% is ac- 
complished is de,;cribed as a function of the heating rate: 

E, (8) 
T f -  kl lnfl+k2 

and subscript t=compositional component which determines the 
pyrolysis timc of the tire sample. Thus, the pyrolysis time is ex- 
pressed as a function of heating rate: 

Tf -- To 
r = - -  (9)  

t3 

where %=room temperature (K). 
3. Sample Size 

E X P E R I M E N T A L  

1. Tire Sample 
A scrap tire (195/60 R15 86H) produced by the Bridgestone 

Company in Japan was used throughout this study. Elemental 
and proximate analysis of the tread and sidewall rubbers tested 
in this study were reported elsewhere [Kim and Chun, 1995d]. 
The rubber samples were obtained from sidewall and tread sec- 
tion of the tire. Fibers and steel wires were removed and the 
tire rubbers were shredded into granules with a cutting knife. 
The tire samples were sieved into four classes with mean di- 
ameters of 0.45, 0.73, 0.93 and 1.2 mm. Then, the samples 
were washed and dried at 500C for two hours and put in a 
desiccator before analysis. 
2. Thermobalance 

The thermobalance consisted of a laboratory scale pyrolysis 
reactor and a weight detection unit (Fig. 1). The device was 
designed to constitute a reliable isothermal environment in the 
reactor, to minimize the thermal decomposition during the course 
of sample insertion, and to continuously monitor the weight loss 
with respect to time. 

A high stainless steel tube (5.5 cm i.d.• 1.0 m) was used as 
a pyrolysis reactor. The reactor was heated to a reaction tem- 
perature under a stream of nitrogen with a linear velocity of 8.3 
cm/sec, yielding a laminar flow (Re<100 at most reaction tem- 
peratures). Tire rubber samples were suspended in a 100 mesh 
stainless steel wire basket. The sample basket was connected to 
an electric balance (Presisa Model 205-A) by a 0.3 mm di- 
ameter nichrome wire. The balance was lowered down quickly 
by a winch to insert samples to a reaction zone after a reaction 
temperature was stabilized. Weight loss of a sample with re- 
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Fig. 1. Schematic diagram of the thermobalance unit. 

Table 1. Activation energies, frequency fractors and weight frac- 
tion of the compositional components of the sidewall 
and tread rubber [Kim et al., 1995b] 

Tread rubber Sidewall rubber 
Compound E' In A "~ wt% E' In A 2 wt% 

1 12;'.3 20.59 63.6 203.9 32.95 69.5 
2 209.0 38.17 21.3 195.1 35.27 22.5 
3 38.7 6.84 15.1) 42.1 7.27 7.7 

1: Activation energy (kJ/mol) 
2: Frequency factor (min ~) 

spect to time was recorded continuously over time by an on- 
line personal computer. 

RESULTS AND DISCUSSION 

Previous studies demonstrated that there were three thermally 
degradable compounds in both the tread and sidewall rubbers 
[Kim, 1995a; Kim et al., 1995b] and their kinetic parameters 
for pyrolytic decomposition reactions are listed as Table 1. Among 
the three degradable compounds, the pyrolysis times of the scrap 
tire rubbers may be determined by the decomposition rate of 
the most thermally stable compound, named here as compound 
1. In the previous research, natural rubber (NR) and butadiene 
rubber (BR) were tentatively assigned as compound 1 of the 
tread and sidewall rubber, respectively [Kim et al., 1995b]. 

First, it was necessary to verify the theoretical relationships 
of the process variables, pyrolysis temperature and heating rate, 
with pyrolysis time [Eqs. (2) and (9)]. As shown in Eqs. (2) 
and (9), the reliability of the theoretical relationships was sole- 
ly dependent of whether or not the kinetic parameters were es- 
timated correctly. Hence, the theoretical relationships would be 
applicable only if the kinetic parameters were estimated cor- 
rectly. The present author developed the subtraction method to 
estimate kinetic parameters of pyrolytic reactions of the scrap 

Table 2. Comparison of pyrolysis time between theoretical and 
experimental results at various heating rates 

Heating rate Theoretical Experimental Relative error 
('~C) results (rain) results (min) (%) 

5 93.25 104.95 12.6 
7.5 64.17 63.77 0.6 

10 49.23 53.80 9.3 
12.5 40.08 40.18 0.3 
15 33.89 32.78 3.3 

1,000,000 ~. , , . ~ 

100"000 ~ k �9 Tread Rubber i ! 

1.000 

b.- 

0 
400 6[X~ g [~  I 0(X) 1200 

Pyrolysis Temperature (~ 

Fig. 2. Pyrolysis times of tire tread and sidewall rubber with 
respect to pyrolysis time. 

tire rubbers and verified the subtraction method experimentally 
[Kim et al., 1995b; Kim, 1995e]. Also, it was already demon- 
strated that the theoretical pyrolysis times under isothermal op- 
erating conditions were in good agreement with the experiment- 
al results [Kim, 1995a; Kim, 1995e]. 

In the case of variable temperature operations, the theoretical 
pyrolysis times duplicate experimental ones relatively well (Table 
2). Most theoretical results were a little lower than the experi- 
mental ones. The deviation is mainly due to the Doyle's ap- 
proximation [Eq. (7)] which overestimates the P(u,). If possible 
experimental errors would be considered, the theoretical meth- 
od estimating pyrolysis time for variable temperature opera- 
tions seems to be reliable. 

The pyrolysis times of both rubbers were estimated as a func- 
lion of isothermal pyrolysis temperature (Fig. 2). The pyrolysis 
time decreases exponentially with increasing the isothermal py- 
rolysis temperature. Above an isothermal temperature of 500~ 
the pyrolytic decompositions of both rubbers seem to be ac- 
complished rapidly (<5 minutes), while pyrolysis process of the 
scrap tire rubbers may be energy inefficiert below 5O0~ be- 
cause of extremely high pyrolysis times. Since marketable oil 
by-products are produced mainly at low temperalures [Kim, 
1995a: Kaminsky and Sinn, 1980; Mirmiran et al., 1902: Pak- 
del et al., 1991; Roy, 1988; Roy et al., 1990], their market 
values have to justify high operational costs; otherwise, the py- 
rolysis process at low temperatures becomes economically in- 

viable. 
In the case of variable temperature operation, the pyrolysis 

time decreases exponentially as linear heating rate increases (Fig. 
3), but the final temperature where the reaction is completed in- 
creases exponentially until reaching asymptotic region (Fig. 4). 
Thus, it is difficult to conclude that high heating rates are pre- 
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Fig. 3. Pyrolysis times of tire tread and sidewall rubber with 
respect to linear heating rate. 

ferred in light ot  energy efficiency. The energy efficiency of a 
system is judged by total input energy during the course of py- 
rolysis process. The total input energy is denoted by [Kim, 
1995a; Kim et a l ,  1995@ 

El, L m, .,,. ,.,,,., = 4d4 +U A, . (T , -T  ,) r (12) 

= ~. U A. (T/ - 'C~ )2 
m i .. L~k-I .~. ,, 4 (13) 

i=, 2fl 

_ f_~ u A, fi~-" - -  m i  ,0 Z ~ , x n  .t + (14) 

where E,=total input energy (J); m,.,,=initial mass of component 
i: AH,~ c,f reaction per unit mass (J/kg); U=overa[l heat 
transfer coefficient from reactor to ambient environment (W/m:- 
K): A~=surface area of reactor (m2); and T~=ambient tempera- 
ture (K). 

As shown by Eq. (14), the total input energy is proportional 
to heating rate and pyrolysis time. Pyrolysis time, however, de- 
creases exponentially with increasing the heating rate (Fig. 3). 
Thus, it is neces:~ary to seek an optimum combination of heat- 
ing rate and pyrolysis time where the total input energy is min- 
imum. The total input energy may be minimum at a heating 
rate where the partial derivative of total input energy [Eq. (12)] 
with respect to, heating rate is equal to zero. The heating rate 
permitting the minimum total energy was estimated to be 8.8• 
10 ~ and 3.4• l(Y*'C/min for the tread and sidewall rubber, re- 
spectively [Kim, 1995a; Kim et al., 1995e]. The extremely high 
heating rates were expected because of the high activation en- 
ergies of decomposition reactions of the rubbers, reported to be 
203.9 and 127.3 kJ/mol for the sidewall and tread rubbers, 
respectively [Kim, 1995a; Kim et al., 1995b]. Hence, it is desir- 
able to select a heating rate as high as possible in light of en- 
ergy efficiency. 

Sample sizes; of scrap tires are closely related to operational 
costs because of high shredding costs. Application of whole 
tires may be economically desirable, but the effect of heat trans-- 
fer may be so dominant that the pyrolysis time may be ex- 
tended significantly, thus nullifying the advantage of treating 

whole tires. 
The pyrolysis time is composed of heating-up time and a 
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u 

K 
E 
[- 
'N 

9qlq  

81t(I 

70 ( I  

* ] 

i_ zz : . . . . . .  . . . . . . . .  _ 
2., { 

{ 

6~)0 7- - #  q r e a d  R u b b e r  [ 
I - -c S t J e w a l l  R t l b b e r  ] 
L . . . .  : j 

II 5(I 1 O0  15(  2(1'1 

Heating Rate ('C/rain) 

Fig. 4. Final temperatures with respect to linear heating rate. 

period of isothermal decomposition where chemical reaction 
controls overall reaction rate. The pyrolysis time may increase 
with increasing sample size because of an increase in the heat- 
ing-up time. The increasing pattern may exhibit a specific func- 
tional relationship between them. However, the relationship was 
rarely derived analytically, as already mentioned. Instead of de- 
veloping analytical relationships, empirical relationships were 
obtained. As shown in Fig. 5a and 5b, the pyrolysis times at 
isothermal temperatures of 673 (Fig. 5a) and 770 K (Fig. 5b) 
exhibit linear relationships with sample sizes. Also the same 
pattern was observed at an isothermal temperature of 573 K. 
The heating-up time is inversely proportional to heat transfer 
conditions (heat transfer coefficient and surface area), bul is 
proportional to the thermal capacitance of a sample, which in 
turn is expressed as: 

f ,? mCp dt __ 
C, -'- = ~ C  p (15) 

g, 

where C,:thermal capacitance (J/K); zh=heating-up time (sec); 
and n5 =average sample weight during the period of heating-up 
time (kg). 

Thus, the proportionality of heating-up time (z,,) is described 
a s :  

( ~  hC--J-P i/ (16) rh~: D 

where p =average sample density during the period of heating- 
up time (kg/m'). 

The slope of the straight line in Fig. 5a and 5b is closely re- 
lated to the sensitivity of heating-up time to sample size and 
may increase with increasing the specific heat of tire sample, 
as shown by the above relationship [Eq. (16)]. The sidewall 
rubber is more sensitive to the variation of sample size (Fig. 5a 
and 5b), due to its higher specific heat. Hence, it is appropriate 
to come to a conclusion that the pyrolysis time increases linear- 
ly with the sample diameter of the scrap tire rubbers at low 
and medium pyrolysis temperatures. 

The characteristics of pyrolysis products as to operating vari- 
ables would be considered together with the energy-efficient 
operation to evaluate the economics of tire pyrolysis. As iso- 
thermal pyrolysis temperature increases, gas by-products increase 
considerably, whereas solid products decrea~s (Table 3). If one 
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Fig. 5a. Pyrolysis times of tread and sidewall rubber as a func- 
tion of sample diameter at an external temperature of 
673 K. 
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Fig. 5b. Pyrolysis times of tread and sidewall rubber as a func- 
tion of sample diameter at an external temperature of 
770 K. 

would like to recover or generate a specific marketable sub- 
stance in an energy-efficient manner, it seems to choose a py- 
rolysis temperature as high as possible within the temperature 
range where the specific compound is recovered or generated 
considerably. On the other hand, there was a little effect of 
heating rate on the product yield [Williams, 1990]. implying 
that, in case of variable temperature operations, the economics 
of tire pyrolysis would be mainly affected by energy-efficient 
operations. The sample size may influence the product yields 
because of non.isothermal decomposition during the heating-up 
time. Thus, the product yields at the beginning of the pyrolysis 
process may be deviated from what are expected at an operat- 
ing temperature. If one would design a pyrolysis plant of scrap 
tires, the sample size would be determined carefully because of 
heat transfer effects. A systematic research on heat transfer ef- 
fect may be carried out to determine the sample size prior to 
designing a pyrolysis plant. Although engineering data directly 
applicable for process design were rarely demonstrated in this 
study, this research may provide an insight into designing the 
pyrolysis process. 

CONCLUSIONS 

Since the chemical compositions of tire vary widely with manu- 
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Table 3. Approximate product of distribution as a function of 
pyrolysis temperature [Dodd et al., 1983] 

Pyrolysis temperature Product we:ight percent 

CC) Gas Oil Char 

773 6 42 52 
873 10 50 40 
973 15 47 38 

1,073 31 40 29 

facturing recipes, conclusions derived here may be limited to 
the specific scrap tire rubbers tested in this study. The follow- 
ing conclusions can be drawn: 

1. The functional relationship ot pyrolysis time with iso- 
thermal pyrolysis temperature is expressed as: 

9.2103 
r , -  

A i exp(- E i/RT)" 

As shown by the above, the pyrolysis time at an isothermal 
temperature is linearly proportional to frequency factor, whereas 
is inversely proportional to activation energy. Since the py- 
rolysis time decreases exponentially as the activation energy in- 
creases, it is expected that the pyrolysis time varies more sen- 
sitively with activation energy. Thus, a compositional com- 
pound exhibiting high activation energy may determine the py- 
rolysis time of a heterogeneous substance like scrap tire rub- 
bers. On the other hand, the pyrolysis time of a specific scrap 
tire rubber decreases exponentially with increasing pyrolysis 
temperature. Pyrolysis products generated at low pyrolysis tem- 
peratures (573-673 K), hence, should be m~trketable enough to 
compensate high operating costs due to slow decomposition rates. 

2. The functional relationship of pyrolysis time with linear 
heating rate is expressed as: 

Tf k-T 0 
" F =  

/3 

The pyrolysis time at a heating rate is proportional to the ac- 
tivation energy and frequency factor of pyrolytic decomposi- 
tion reaction [Eq. (8) and (9)], whereas decreases exponentially 
with increasing heating rate. The higher heating rate inay he 
desirable because of the shorter pyrolysis time, provided that 
the quality and quantity of by-products wor~ld be rarely varied 
with heating rate. 

3. It was impossible to analytically deriw, �9 the functional re- 
lationship between pyrolysis time and sample size. Instead, a 
numerical method was used to determine the relationship between 
them and was verified experimentally. It was founded that the 
pyrolysis time increases linearly with increasing sample di- 
ameter. The slope of the straight line may bc proportional to 
the specific heat of sample, as shown by Eq. (16). 
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NOMENCLATURE 

A : pre-exponential factor [min '] 
A, : surface area of reactor [m-'] 
A~ : surface area of sample [m"] 
C, : specific heat of tire [J/K] 
C, : thermal capacitance [J/kg-K] 
E : activation energy [J/tool] 
E~ : total input energy [J] 
n : total number of compositional components 
ho~ : overall heal: transfer coefficient [W/m:. K] 
I : total number of sample 
m : tire weight at a time t 
m,.~, : initial weight of component i 
m : decomposition rate of component 
~-  : average weight during the period of heating-up time [kg] 
n : number of compositional components 
P(u,) : defined as Eq. (5) 
R : gas constar~t [J/mol. K] 
Re : Reynold number 
T : absolute temperature [K] 
T,, : room temperature [K] 
Tr : final temperature where a conversion of 99.99% is ac- 

complished [K] 
T, : isothermal reaction temperature [K] 
T~ : room temperature [K] 
x : conversion fraction of degradable tire rubber 
U : overall heat transfer coefficient from reactor to ambient 

environment [W/m:- K] 

Greek Letters 
[3 :linear heating rate ["C/rain] 
V.q : rate of heat transfer by conduction per unit volume [J/m3/ 

sec] 
AH,, : heat of reaction per unit mass [J/kg] 
p : average sample density during the period of heating-up 

time [kg/m ] 
"~ : pyrolysis time [min] 
% : heating-up time [min] 

Subscripts 
1 : compound 1 
2 : compound 2 
i : compound i 
t : compositional component which determines the py- 

rolysis time of the tire sample 
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