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Abstract - The effect of heating rate on the slow pyrolysis behaviour and its kinetic parameters was inve' igated in this study.

Pyrolysis experiment with oil-palm shell waste as raw material was conducted in nitrogen atmosphere at heating rates of 5, 10,

15, and 20 °C /minute and final temperature of 550 °C by a simultaneous thermogravimetric analyser. The results show that

heating rate affects the thermogravimetric curve position, maximum decomposition rate, and the temperature on which the

maximum mass loss rate occur. Moreover, it can be known that calculated activation energies and frequency factors vary,

depend on the specified temperature range and reaction order. By approximating the pyrolysis stages into four temperature
ranges for reaction order of one and into five ones for reaction order of two and three, it was obtained that the activation
energy values are from 6.90 to 203.10 kJ/mol and frequency factor values range from 1.283E-01 to 707E+15 57
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1. Introduction

In recent times, pressures on the global environment
have been demanding the use of renewable energy sources
[1]. Biomass is one of the most common forms that is widely
used due to its abundant availability in agricultural and
plantation residues [2], [3]. In this case, the oil-palm (Elaeis
guineensis Jacg.) could be an appropriate choice due to its
intensive development for palm-oil production.

The oil palm grows well in wet-tropical plains, lay along
equator region, between 10° N and 10° S of three continents.
The historical and fossil evidence suggests that it was
originally planted in West before being spread over in Africa,
East Asia, and America [4]. At the present time, large scales
of oil-palm plantations have been intentionally expanded for
palm-oil production by extracting the flesh part and the
innermost nut of the palm fruit. Based on the data from
Foreign Agriculture Service, United States Department of
Agriculture (2007), it can be known that world’s oil-palm
production in 2006 was very great in quantity, as 36.845
mega tons, in which Indonesia and Malaysia had the most

contribution, each gave 15.9 mega tons and 15.88]1 mega
tons, respectively, followed by Thailand, Nigeria, Columbia,
each gave 0.82; 0.815; 0.711 mega tons, respectively and the
rest of 2718 mega tons from other countries [5]. That
production from Indonesia and Malaysia has been increasing
during this last decade and is being predicted to be
continuously increasing for the upcoming years.

As a consequence from the production increase, the
quantity of oil-palm solid wastes, including shell, fibre and
kernel will certainly be abundant. For every ton of palm oil
produced from fresh fruit bunches, approximately one ton of
empty fruit bunch, 0.7 ton of palm fibres, 0.3 ton of palm
kernels and 0.3 ton of palm shells are remained [6]. By this
approximation, it can be estimated that the total biomass
generated from the palm oil industry would be around 84.74
mega tons. To prevent environmental threats, of course,
proper handling is needed for this large amount of biomass.
So, these renewable energy materials could be used as
alternatives for producing valuable chemical-products by
applying thermochemical conversion processes, including
pyrolysis, combustion, gasification [7]-[12].




INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

F.Surahmanto et al,, Vol.7, No.3, 2017

Pyrolysis is a promising process for biomass upgrading
by cracking polymer structure of lignocellulosic materials
and converting it into volatile fraction consisting of gases,
vapours, tar components and char [13]-[15]. The knowledge
and understanding on pyrolysis kinetics of biomass are
needed to properly design and establish efficient and safe
process [16]-[19].

Pyrolysis kinetics have been studied by means of several
technologies, however, thermogravimetric analysis is the
technique generally used, and regarded as a referential
technique for accessing the thermal degradation behaviour of
solid materials [20], [21]. In this technique, the change of
sample mass is monitored against time or temperature in the
absence of oxygen at specified heating rate. This technique
has been widely applied for utilizing biomass wastes such
as: microalgae [13], mosso bamboo [22], hazelnut husk [23],
sugarcane baggase and cotton stalk [16], olive oil pomace
[24], wood [14], [21], date palm [25], wheat straw [19], corn
stover [26]. There have been various studies on pyrolysis
analysis of different biomasses but their properties can
significantly affect both heat transfer and reaction rates so
that the operating conditions will be highly variable [27].

Although there are many studies on biomass pyrolysis
using thermogravimetric analysis, however, that study on oil-
palm shell is still limited. Therefore, this research aimed at
investigating slow pyrolysis behaviour of oil-palm shell and
its kinetic parameters in various heating rates.

2. Methods

2.1. Material and experiment

Oil-palm shell samples used in this study were obtained
from a palm-oil mill. Prior to thermogravimetric
experiments, oil-palm shells were previously crushed into
small fractions and then sieved into size of 0.21 mm.
Proximate and ultimate analysis were carried out to
characterize these samples. The results are shown in Table 1.

Table 1.Proximate and ultimate analysis of oil-palm shell.

Proximate analysis (wt. %)

Moisture 763
Volatile matter 63.36
Ash 1.04
Fixed carbon 2798
Calorific value (cal/g) 4781.01
Ultimate analysis (wt. %, dry basis)

Carbon 4901
Hydrogen 6.18
Nitrogen 027
Sulphur 0.04
Oxygen 4346

Pyrolysis tests were conducted by an automatic

simultaneous thermal analyser, which provides simultaneous
thermogravimetry (TG) and differential thermal analysis
(DTA) on a single sample (Shimadzu, DTG — 60, Japan; with

temperature accuracy of 0.1 K, DTA sensitivity of 0.1 pV
and TG sensitivity of 1 pg ). For every run, about 8 mg
sample was used and 15 ml/minute nitrogen was flowed to
provide an inert atmosphere. Heating rate variation of 5, 10,
15, 20 °C/minute were applied and initial temperature of 30
°C, final temperature of 550 °C, and then holding time for 20
minutes were set. The instrument provided continuous
recording of TG and DTA curves and data that were used to
calculate the kinetic parameters. Each experiment was
repeated at least twice to ensure its reproducibility.

2.2, Kinetics theory
Non-isothermal solid decomposition rate, is mathematically
expressed as:
da
% = kf(a) (1

where a is flammable material conversion which is defined
as:

mi—mg

a=—— (2)

ﬂli_mj
where mu, mi, and my represent instantenuous, initial and final
mass of sample.
Reaction rate constant, k, is expressed by Arrhenius equation

terms:

k(T) = ae®T) )
Function fa) can be written as:

fla)=1—-a)" ()
where n is a reaction order.
Substitution of eq.(3) and eq.(4) into eq.(1), results in:

da _ . —E/RT[{_ \n
.n_Ae (1—a) (5)

. . dT
By using constant heating rate, B = a eq.(5) can be
arranged as:

A 7

- *B;Rr —_— n
ar ¢ (1—a) (©)
Solution of Eq.(6) results in:
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Using asymptotic approximation, where 2RT/E << 1, so
AR 2RT AR —In{1-a)
ARf4 _ZETA . 48 I [_]
In [,GE (1 )] In [35] - Both plot ==

E
) : [1—(1—1)"“
versus 1/T for n= 1 and plot {12 m——

n # 1 will give linear curves. Activation energy, E and
frequency factor, A can be determined by the slope and the
intercept of the regression line.

] versus 1/T for
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3. Results and Discussion
3.1 Thermogravimetry analysis

Thermogravimetric experiment results at heating rate of
5, 10, 15, and 20 °C/minute are illustrated in
thermogravimetric (TG) and derivative thermogravimetric
(DTG) curves as shown in Fig. 1 and Fig. 2.
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Fig. 1. TG curve of oil-palm shell slow pyrolysis at
different heating rates.
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Fig. 2. DTG curve of oil-palm shell slow pyrolysis at
different heating rates.

It can be seen that the increase in heating rate shifts the
curve consecutively to the higher temperature zone and
significantly affects maximum decomposition rate, which
tend to increase and be reached at higher temperature. This is
in agreement with previous studies [17], [27], [28]. These
shifts were possibly caused by the minimum heat required
for cracking the particles were reached later at higher
temperatures, due to less efficient and less effective heat
transfer in faster heating rates [19]. In more detail, the rate

values of maximum mass loss, and the temperatures where
those values reached are presented in Table 2.

Table 2. T . Ta2maxs Tamax and (dm/dt)/m; at different
heating rates.

B (°C/min) 5 10 15 20

T max (°C) 106.02 11900 121.84 133.37

(‘(J;Eﬂ‘:g' 087 194 262 439

T3 max (°C) 267.11 27960 29166 30325

(dmvd)/ oy 230 453 687 9.6l
(%/min)

T3 max (°C) 34543 35808 36605 383.74

(‘(J;Ejfnz‘:g' 294 588 806 9.40
Pyrolysis process commonly comprises: moisture

evaporation, main devolatilization and continuous slight
devolatilization [29]. This corresponds to this oil-palm shell
pyrolysis, where firstly, moisture evaporation with mass loss
less than 10 % took place up to 200 °C and maximum
decomposition rates which are indicated by the first peaks of
cur.s at Fig. 2, achieved 0.87, 1.94, 2.62 and 4.39 %/min
for heating rates of 5, 10, 15, and 20 °C/minute, respectively.
Then, followed by main devolatilization stage, that exists in a
temperature range of 200 °C - 400 °C. In this active pyrolysis
zone, the mass loss of the samples dropped sharply up to 400
°C, as the loss of water and light volatiles compounds took
place [30]. Finally, devolatilization continued in the passive
pyrolysis zone from 400 °C to 550 °C, by mass loss of
slightly greater than 10%.

As has been known that lignocellulosic biomass
consists of hemicellulose, cellulose and lignin [7], [24], [31].
There have been some reports on the composition of
cellulose, hemicellulose, and lignin for oil-palm shell. Mae et
al.[32] reported that oil-palm shell consists of 31 % of
cellulose, 20 % of hemicellulose and 49 9% of lignin.
Meanwhile, Shibata et al.[33] reported that the proportion of
cellulose, hemicellulose and lignin in the shell was 205 %,
22.3 % and 51.5 %, respectively. So, these indicate that the
lignin content was high. It is known that a higher lignin
content leads to a slower decomposition with more energy
needed, whereas a higher cellulose and hemicellulose content
decomposes faster and produces a larger fraction of gaseous
products [34].

Based on the previous studies previously conducted, it
can be known that each of the components decomposed at
different temperature ranges [18], [31], [35]. For example,
Vamvuka et al. [18] found that lignin started to decompose at
low rate and low temperature of about 200 °C continued until
600 °C. Thus, it decomposed at both active and passive
pyrolysis zone. Whereas, hemicellulose decomposed
between 200 °C and 350 °C. Then, cellulose is the last
component that decomposed at higher temperature range of
280 — 400 °C. These can be described by the fact that
cellulose is a semi-crystalline material, while hemicellulose
and lignin are non-crystalline ones, so the pyrolysis of
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cellulose must first destroy the lattice structure of cellulose
which needs extra energy, leading to higher activation energy
[22], [36].

By considering the decomposition temperature ranges
of to those three components, two peaks of the curves in
both active and passive pyrolysis zone in Fig. 2 can be
related to the decomposition of hemicellulose, cellulose and
lignin. The first peak probably involved hemicellulose and
lignin decomposition. While the second peak was formed of
cellulose and lignin decomposition.

Maximum peaks were reached at 303.25 °C and 383.74 °C
for heating rate of 20 °C/minute. This result has likeness to
the studies that have been previously conducted by Slopiecka
etal. and Yang etal. [21], [35].

3.2. Effect of heating rate 1o the kinetic parameters

Based on the thermogravimetric data calculation results,
activation energy and frequency factor values at different
heating rates can be determined and are shown in Table 3.

Table 3. Activation energy and frequency factor values at different heating rates and reaction order = 1, 2, 3.

(a). at heating rate of 5 °C/min

Temperature Activation  Frequency
range energy factor
(°C) (kJ/mol) (s

p=35°C/min,n=1
355-515 905 1.283E-01
330 - 355 61.38 2.029E+04
280 - 330 22.06 2.842E+00
245 - 280 52.07 4.591E+03
B=5°C/min,n=2
486 - 525 08.35 1.395E+07
355 -477 38.89 4.068E+02
330 - 350 11487 2. 707TE+09
291 - 326 33.95 T.693E+01
242 - 287 58.93 2.922E+04
f=35°C/min,n=3
481 - 525 194 88 1.598E+15
355 -477 79.78 6.053E+06
330 - 350 18396 TA28E+15
306 - 326 55.85 1.812E+04
237 - 301 65.82 1.891E+05

(b). at heating rate of 10 °C/min

Temperature Activation  Frequency
range energy factor
(°C) (kJ/mol) (s

f=10°C/min,n=1
377 -533 946 2.753E-01
338 -377 55.64 9.268E+03
208 - 338 22.41 5A431E+00
249 - 208 47.61 2.389E+03
B=10°C/min,n=2
503 - 533 97.86 1.984E+07
377 -494 43.29 1.741E+03
348 - 368 11848 6.773E+09
308 - 338 36.86 2.505E+02
249 - 299 57.17 2.836E+04
f=10°C/min,n=3
503 - 532 203.10 T.07E+15
387 -494 92.59 1.03E+08
338 - 337 15950 5.61E+13
208 - 323 48.02 4 8TE+03
259 - 289 77.09 3.69E+06

(c). at heating rate of 15 °C/min

Temperature Activation Frequency
range energy factor
(°C) (kI/mol) (s

f=15°C/min,n=1
395 - 539 8.56 3.037E-01
351 - 381 53.84 8.021E+03
306 - 351 25.46 1.565E+01
260 - 306 4918 4.236E+03
B=15°C/min,n=2
454 - 539 55.17 1.939E+04
395 - 440 34.35 3.745E+02
351 - 381 106.06 6.319E+08
306 - 336 36.70 3.172E+02
260 - 292 61.70 9. 771E+04
B=15°C/min,n=3
454 - 539 116.91 7.31E+09
395 - 440 70.22 1.84E+06
351 - 381 174.03 931E+14
306 - 336 52.22 1.57E+04
260 - 292 72.72 1.53E+06

(d). at heating rate of 20 °C/min

Temperature Activation Frequency
range energy factor
(°C) (kJ/mol) (s

f=20°C/min,n=1
403 -540 6.90 2.321E-01
343 - 403 46.46 2.102E+03
303 - 343 27.36 3.069E+01
261 - 303 4994 6.054E+03
B=20°C/min,n=2
462 - 540 47.10 4.830E+03
403 - 443 31.29 2.376E+02
343 - 384 87.75 1.912E+07
303 - 343 40.98 1.026E+03
261 - 303 60.06 7.752E+04
p=20°C/min,n=3
442 - 540 95.55 1.76E+08
384 - 423 65.46 8.03E+05
343 - 384 140.96 1.58E+12
303 - 343 57.20 561E+04
261 - 303 71.27 1.25E+06
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The energy activation and frequency factor values vary
according to specific temperature ranges due to the slope
difference in a curve at specific heating rate and reaction
orders. At reaction order of one, the values of energy
activation and frequency factor can be approximated by four
temperature ranges, while at both reaction order of two and
three, by five temperature ranges. The heating rate increase
shifted the temperature ranges into higher temperature values
for the corresponding ranges. The activation energy values
are from 6.90 to 203.10 kJl/mol and frequency factor values
range from 1.283E-01 to 707E+15s™".

Moreover, It can also be seen that the activation energy
and frequency factor increase with the increase of reaction
order. This is possibly caused by different chemical
structures among cellulose, hemicellulose and lignin which
may affect their activation energies. Furthermore,
Amorphous nature of hemicellulose cause it to be less stable
than two others. Due to its strong inter-molecular hydrogen
bonding, cellulose required higher activation energy than
hemicellulose. Whereas, complex structure with many
oxygenated functional groups, and the scission of the
associated bonds in lignin which can occur in different
temperature ranges cause various thermal stability in lignin
[37].

1/T
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Fig. 3. Plots of In(P) versus 1/T at different heating rates ; P = In{[-In(1-0)]/T?} for n=1 and

It appears at Fig.3 that for all heating rates applied, the
second order reaction gives generally a best representation of
the main pyrolysis process with the correlation coefficient,
R2, around 099, eventhough at heating rate of 20 °C/min,
the second and third order reaction have the same correlation
coefficient.

4, Conclusions

Heating rate affects the
position, maximum decomposition rate
temperature where maximum loss rate took place.

thermogravimetric curve
and maximum

The activation energy and frequency factor values vary
according to the specific temperature ranges due to the slope
difference in a curve at specific heating rate and reaction
order.

Accordingly, the pyrolysis stages were approximately
divided into four temperature ranges for reaction order of one
and into five ones for reaction order of two and three, so that
the activation energy values obtained are from 6.90 to 203.10
kJ/mol and frequency factor values range from 1283E-01 to
TOTE+155".
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The temperature ranges tend to shift into higher
temperature values with heating rate increase at the
corresponding ranges, and for all heating rates applied, the
second order reaction gives generally a best representation of
the main pyrolysis process.
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