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ABSTRACT

A considerable variation exists in the kinetics constants that were derived using
Arrhenius equation in the study of the reaction kinetics for wood pyrolysis. It is of
interest to evaluate whether compensation behaviours that usually associate with a series
of related reactions might have contributed to the observed variations in the non-
isothermal pyrolysis kinetics. The study of the compensation effects was intended to seek
a logical explanation for the observed variations of the apparently large and differed
values of activation energy and pre-exponential factors. Statistical regression analyses
were performed to correlate the Arrhenius parameters derived from the non-isothermal
Thermogravimetry Analysis (TGA) data. To gain an insight on the competing reactions
so as to expound the varied Kinetic data, these transition Kinetics were also analyzed for
exothermic transition using Differential Scanning Calorimetry (DSC) for heat of
pyrolysis. This study showed that compensation effect existed, but found that the
enthalpy of transition held a stronger proposition on the transition kinetics.

KEYWORDS: fire chemistry, wood pyrolysis, compensation effects, activation energy,
pre-exponential factors, heat of pyrolysis

NOMENCLATURE LISTING

A pre-exponential factor (min™) Greek

E activation energy (kJ/mol) o standard deviation

k rate constant subscripts

kic,  isokinetic rate constant £ activation energy (kJ/mol)
R molar gas constant ( 8.314 JJK.mol) i running number

T absolute temperature, K

Tiso  isOKinetic temperature (K)
AH  heat of pyrolysis (J/g)

INTRODUCTION

The Arrhenius equation has been popularly used in the pyrolysis of cellulosic materials to
present the rate data as a function of temperature [1]. The Arrhenius equation is
expressed as:

k=A exp (‘%Tj
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where k is the rate constant, A is the pre-exponential factor and E is the activation energy.
The logarithmisation of pre-exponential factors (A), when plotted with the activation
energies (E) could exhibit a linear relationship for a series of related reactions. This
relation is referred to as the “compensation effect” or “isokinetic effect,” or the 6 rule.
Compensation effect is of interest to pyrolysis reaction since it expounds the relation
given a group of rate processes. The linear relation may be obtained from linearised
Arrhenius Equation that was expressed as follow:

_ E
In A=Ink,, + ATM

where Kis, is the isokinetic rate constant and T, is the isokinetic temperature.

)

Pyrolysis kinetics of hardwood samples showed a considerable variation in the kinetics
constants derived from using the non-isothermal thermogravimetry analysis (TGA) [2].
The variation in the kinetic constants within the same thermochemical regime for
hardwood samples was large and random, showing different values of activation
energies. The rampant activation energies made a compelling reason to investigate the
existence of interrelated kinetic behaviour within a group of rate processes using the
compensation effect.

It would be superfluous however to discuss the reactivity among the groups of kinetic
parameters for a set of related reactions without considering the enthalpy of transition.
The quantification of the energetics of the pyrolysis phase provides an identification of
the pyrolysis pathway of cellulose, where the dehydration process was characterized by
exothermic reaction; the depolymerisation, by an endothermic process [3]. Further, the
quantum of the energetic related to the chemical reaction has been shown to relate to the
extent of the pyrolysis reactions where the occurrence of the secondary pyrolysis would
result in a higher quantum of heat evolved as compared to the occurrence of the primary
pyrolysis alone [4]. Indeed, the measurement of the enthalpy changes imparts a
fingerprinting of the pyrolysing components and their behaviour and enables the
pyrolysis of the biomass to be related to the known features of the pyrolysing
components, therefore providing a quantitative framework for analyzing and
understanding the complex pyrolysis behaviour of wood.

In this study, statistical procedures were performed to treat the data described in Eq. 2 to
detect the linear compensation behaviour. Differential Scanning Calorimetry (DSC)
measured the exothermic and endothermic transitions that produced the peak areas which
were proportional to the total enthalpy change in the thermograms.

EXPERIMENTAL

Non-isothermal Thermogravimetric Analysis (TGA)

The samples of Balau, Kapur, Meranti and Durian were cut from the knot-free boards of
the respective hardwood, milled and passed through a 40-mesh screen. The hardwood
samples were heated in the alumina crucibles with a constant heating rate of 12°C/min
[5], with dynamic heating commencing from 25°C until 600°C. The system was first
purged for air using nitrogen, and then maintained inert with the flowing nitrogen of
90 ml per min.
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Differential Scanning Calorimetry (DSC)

The same experimental conditions such as heating rate and atmosphere were as that of the
TG experiments were imposed, except that the weighted samples for DSC analysis were
to be placed in the aluminum pan and hermetically sealed. Thermal analysis was carried
out at a constant heating rate of 12°C/min in an inert atmosphere from 25°C to 550°C.
The selection of the transition peak and baseline were performed using the Universal
Analysis software, version 2.5H 1998-1999 © TA Instruments Inc.

METHODOLOGY

Based on the linearised Arrhenius equation stated in Eq. 2, the statistical procedures
proposed by Agrawal [6] were adopted as follows:

1 _nIE InA -YEXInA

Slope = 3
RT., ny EZ-(xE?)
1
>IinA —( JZ E;
_ _ RTiso
Intercept=Ink;g, = (4)
n
Correlation coefficient Z(}/RTiso )GE ®)
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The Standard Error about the fitted regression line was given as SE:
InA ) -Inkg, = In -—( ) E;In A
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RESULTS AND DISCUSSION

To examine the compensation effect, the pre-exponential factors (A) were logarithmised
and plotted against the activation energies (E) that were obtained from the non-isothermal
TGA experiments. These TGA data were tabulated in Table 1. The values of the slope
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and intercept, as well as the resulting standard error and standard deviation of the slope
and intercept were computed using the statistical formulas listed from Eq. 3 to 8. The
resulting plot of I n A vs. E, as shown in Fig. 1, was a linear curve. This linear
relationship indicated the compensating effect between the kinetic parameters. A linear
statistical analysis between | n A and E, of which also included a pair of kinetic data taken
from Chornet and Roy’s work on cellulose and o-cellulose [7] suggested the following
linear equation:

In A=—1.5419(+4.212)+0.719(+0.1024)E 9)

The figures in the parenthesis represented the error limits at the 95% confidence level.
The goodness of fit was reasonably rigorous; the correlation coefficient showed a value
of 0.864. The statistical analysis also showed that :/RT;s, < 0.1 E, the significance of this
rule, for which according to Galwey’s research [8], established the compensation effect
for the kinetic parameters derived from the pyrolysis of hardwood samples. Accordingly,
the effect implied that for a series of related reactions, large apparent activation energy
could co-exist over a narrow temperature range.

In terms of the study of wood pyrolysis as a solid-state kinetics, this compensating
behaviour purported the simultaneous pyrolysis of a considerable number of components
within wood [9,10]. It supported the view that within cellulose, two parallel competing
reactions occurred for the primary degradation process [11,12], with the subsequent
consecutive reactions occurring that accounted for the products first formed decomposing
or reacting to form a new set of final products [13]. Side reactions may occur between the
different sets of the final products [14].

On the note of compensation effect, it was however important to consider the controversy
confounding the application of the compensating behaviour in cellulosic materials on its
implication on the pyrolysis kinetics. Agrawal [15,16] has objected the postulation of
compensation effect occurring in cellulosic materials, in contradiction to the Chornet and
Roy’s work (1980, op., cit). The argument was grounded on the basis of theoretical
analysis; no further experimental evidence has however been established. Wendlandt [17]
has on the other hand suggested that compensation effect was indeed a mathematical
effect thus limiting its implication on physical significance. The study of energetics thus
offered a rigorous investigation into the processes of pyrolysis involving several
components with the use of enthalpy of transition.

Analysis of the Heat of Reaction (AH)

The typical DTG analysis (not shown) of hardwood pyrolysis normally showed a single
DTG peak with a preceding shoulder, characterizing the pyrolysis reactions of
hemicellulose and cellulose in the region 200-400°C, and then ensued by a flat tailing
section beyond 400°C, which was associated with the pyrolysis of lignin [18-20].

It would be however presumptuous to fit a single reaction scheme across the shoulder and
the main peak, even though it was commonly adopted in many research studies [21]. The
analysis of the Arrhenius parameters derived from the nonisothermal TGA experiments
in this study showed that the reactivity of the shoulder and the main DTG peak differed,
suggesting that a separate designation of the conversion regime for a more rigorous
evaluation of kinetic data (See Table 1). A number of Kinetics works [22-24] have indeed
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adopted a similar approach of selecting conversion ranges instead of an entire conversion
regime for the derivation of the order of reaction, or the kinetic parameters for the same

reasons cited.

Table 1. First-order kinetic parameters for dynamic TGA of
wood nitrogen atmosphere.

a Activation | Frequency
. Temperature Energy Factor
Material o
Range (C) | W;(%) | W (%) E A
(kJ/mol) (min™)

Balau 210-310 90.69 77.44 139.17 4.643E09
B(N)

310-370 77.44 29.09 199.40 2.062E13

370-550 29.09 10.65 100.70 1.900E03

Durian 230-320 87.30 70.18 171.63 5.029E12
D(N)

320-400 70.18 18.54 212.04 1.509E14

400-550 18.54 7.436 110.85 1.001E04

Kapur 210-300 92.25 79.78 150.10 8.080E10
K(N)

300-390 79.78 34.65 169.65 9.912E10

390-550 34.65 28.14 85.69 2.149E02

Meranti 220-310 87.24 74.86 148.03 3.534E10
M(N)

310-400 74.86 33.45 171.46 5.885E10

400-550 33.45 26.22 93.13 7.002E02
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Fig. 1. Compensation effect of wood biomass.
Table 2. Legend of materials and the temperature regime.
Material Symbols Temperalture
range °C
Balau Bl 210-310
B2 310-370
Durian D1 230-320
D2 320-400
Chornet & Roy CR1 280-325
CR2 325-350
Kapur K1 210-300
K2 300-390
Meranti M1 200-310
M2 310-400
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Based on the kinetics parameter from TGA analysis, the pyrolysis processes was found to
be first-order kinetics, where the TG data for the hardwood decomposition indicated a
good fit for the three consecutive conversion phases. This experimental analysis was in
good agreement with the mainstream assumption of the first order kinetics for bulk wood
decomposition; it however did not quite agree with the proposed change of the reaction
order with conversion phases [25-27], or adoption of second order kinetics [28]. The
adoption of second order kinetics would be tenuous with the use of Coats and Redfern’s
method [29] on theoretical ground. Besides, the apparent activation energy in the
shoulder regime appeared to associate closely with the value that characterized the
dehydration pathway in cellulose pyrolysis. The activation energy in the shoulder regime
were found close to 30 kcal/mol which was characteristic of the dehydration of cellulose.
This observed low activation energy pyrolysis process would however also arise from the
catalysis and autocatalysis effects, which promoted the secondary reactions. The
decomposition of the primary pyrolysis products was now thermodynamically favoured,
producing the characteristic low activation energy. The presence of the inorganic salts
normally found in wood could also be responsible for this observed low activation energy
in the pyrolysis associated with the shoulder regime [30,31].

The DSC analysis provided some insights as to the occurrence of the secondary reactions
based on the heat of reaction (AH). The heat of pyrolysis measured for all the hardwood
samples ranged between —135 J/g to -304 J/g, the amount of which was too low to
purport the secondary pyrolysis, which was a highly exothermic process that would
produce another —1200 J/g to the heat evolution [32]. The heat of reaction showed that
the secondary pyrolysis was absent in the shoulder regime even though the temperature
of pyrolysis did not exceed 320°C which was necessary for the physical fissuring in wood
to occur in order to promote the escape of the pyrolysis products. The absence of the
secondary reactions and autocatalytic effects could be explained on the ground of the fine
powder form of samples used in both DSC and DTA; the 40 mesh or 0.40 mm in
diameter has been shown to be reaction-controlled for pyrolysis of cellulosic materials
occurred in samples sizes less than 0.2 cm [33]. Only as the particle size increased would
the relative influence of the transfer phenomena and secondary reactions therefore
increase. The results therefore indicated that the secondary reactions were absent and the
autocatalytic effects were minimized by the fine particle size of the samples used. The
AH results were tabulated in Table 3 and the DSC analysis was shown in Figs. 2 to 5.

The absence of the secondary reactions as discussed therefore established a direct cause
and effect relationship between the exothermic reactions and the primary pyrolysis of
wood. The significance of the exothermicity associated with the primary pyrolysis
process suggested that cellulose in this shoulder regime might pyrolyse by the
dehydration and char-forming sequence, which were exothermic in contrast to the
endothermic depolymersation sequence of cellulose [34].
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Table 3. The DSC exothermic transition analysis of wood samples in nitrogen.

Temperature Peak TEnthg iy of
ransition AH
Sample Code Interval (°C) of T?Orgg)%ﬁt#ere (J/g)
th(’;l_ E;(r(::iht?c:rr?m Exotherm (-) Convention
Transition for Exotherm
Balau (B) 201.87 — 356.61 305.48 -304.9
Durian (D) 230.75 — 363.67 304.14 -201.6
Kapur (K) 226.68 — 346.30 293.42 -135.1
Meranti (M) 197.74 - 357.41 297.06 -251.9

The data on energetics also suggested a switch in degradation pathway as temperature
increased. In the next thermochemical regime of 300°C-400°C, the activation energy
leaped from the average value of E = 35 kcal/mol, to E = 40 kcal/mol in Kapur K(N) and
Meranti M(N), and 50 kcal/mol in Balau B(N) and Durian (N), indicating that the
thermochemical conversion process had to overcome a bigger energy barrier in order to
proceed in this conversion zone.

The derived apparent activation energy suggested a high-activation-energy conversion
process, which differed from the previous low-activation-energy dehydration pathway. If
the high-activation-energy conversion was purported to dominate, of which the high-
activation-energy represented the depolymerisation as the alternative pathway [35], then
the interpretation implied a switch between the two parallel competitive pathways, with
transition from a low-activation-energy conversion to a high-activation-energy
conversion with increasing temperature for the pyrolysis of cellulose in wood.

CONCLUSIONS

The statistical analysis of the Arrhenius parameters showed that compensating behaviour
was present in the pyrolysis of hardwood sample, suggesting that the groups of rate
reactions were responsible for the varied kinetic constants observed and collected from
the TGA data. The energetics argument however provided a stronger argument for the
domination of one particular rate process over the other, depending on the phase of the
thermochemical conversion regime. On the ground of the energetic and heat of transition,
the span of activation energies collated between 200-300°C and that of 300-400°C indeed
suggested that as temperature increased, cellulose switched from dehydration to
depolymerisation. These findings agreed with Tang’s (1967) results but disagreed with
Roberts’ (1970) who has attributed the discrepancies to the minor variations that affect
the conditions of pyrolysis such as catalytic or autocatalytic effects.
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