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Global degradation kinetics of pine needles in air
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Abstract

Pine needles are available in large quantities in the hilly region of Himalayas in India. Pine needles have good energy potential for exploitation
through pyrolysis and gasification. This paper deals with the thermal degradation characteristics of pine needles and its kinetics. Thermal
degradation analysis has been done by using a thermogravimetric analyzer from room temperature to 900◦C in air atmosphere at different
heating rates, viz. 5, 10, 15, 25 and 30 K min−1. The TGA, DTG and DTA curves exhibited four distinct degradation zones. However, at the
low heating rate of 5 K min−1, only three degradation zones were found. The second, third and fourth zones had higher values of activation
energy than the first zone. The kinetic parameters were determined by using several methods proposed in the literature assuming single step,
irreversible reaction for a particular zone. Agrawal and Sivasubramanian [AIChE J. 33 (1987) 6] method was found to be most consistent.
For the total degradation zone the orders of reaction were found in the range of 0.00–2.50 by using Agrawal and Sivasubramanian [AIChE
J. 33 (1987) 6] approximation, the activation energy in the range of 34.60–85.34 kJ mol−1 and the preexponential factor in the range of
3.29× 104 to 5.98× 106 mg1−n min−1. The relative simplicity of the model gives it the potential for applications in the design of large scale
biomass-pyrolysis facility in remote areas.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Pine needles are abundantly available in the hilly region
of the Himalayas in the Indian subcontinent. The lower
heating value of the pine needles is found to be in the
range of 18.0–20.00 MJ kg−1 [1,2]. The heating value of pine
needles is comparable to that of saw dust (18.2 MJ kg−1)
and fuel oil (∼18.75 MJ kg−1) and more than that of wood
(15.82 MJ kg−1) [1–3]. Table 1presents the proximate and
ultimate analysis of pine needles along with those of rice
hulls, saw dust, village rice husk, pressmud and bagasse as
reported by different investigators. FromTable 1, it is clear
that pine needles have higher fixed carbon and lower ash
content than rice husk, rice hulls and saw dust; comparable
volatile content with that of saw dust. The proximate and ul-
timate analysis of pine needles as shown inTable 1and the
energy content of pine needles indicate that pine needles are
a good source to meet energy demands of the hilly region of
Himalayas. On thermal decomposition, pine needles gener-
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ate flammable gases such as light volatiles, carbon monox-
ide, hydrogen with other organic vapors. Through pyrolysis,
pine needles can be densified in the form of briquettes which
may be used as a smokeless fuel and can also be used to
generate electric power through gasification process. Ther-
mal gasification of biomass provides an excellent solution to
the problem of energy recovery and waste disposal. It pro-
vides: (i) clean fuel, (ii) higher heating value per unit mass,
(iii) higher combustion efficiency, and (iv) environmentally
friendly technology. Since pine needles pose serious threat
to forests from fires, their collection and disposal for energy
recovery is a very attractive proposition.

Gasification of organic materials such as pine needles pro-
duces a mixture of gases under carefully controlled temper-
ature, pressure and atmospheric conditions in a gasifier in
the presence of an oxidizing agent like air or oxygen. Com-
pared with oxygen, air gasification lowers the heating value
of the gas due to nitrogen dilution of the gases. The under-
standing of the chemical kinetics of the oxidative and ther-
mal degradation of pine needles represents a crucial phase
in the proper design of the energy conversion and gasifica-
tion systems. This has motivated a number of experimental
investigations usually based on thermogravimetric analysis
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Table 1
Proximate and ultimate analyses of pine needles and other biomass

Investigator Type of biomass Volatile matter Fixed carbon Ash Lower heating value

(a) Proximate analysis (% dry basis) and lower heating value (MJ kg−1)
Iyer et al. [2] Pine Needles 72.40 26.10 1.50 16.7
Safi [1] Pine Needles 74.19 24.07 1.74 18.5
Gangavati[3] Saw dust 76.00 20.40 3.60 15.66
Gangavati[3] Village rice husk 66.20 13.80 20.00 12.84
Gangavati[3] Rice hulls 66.10 14.70 19.20 13.67
Gangavati[3] Pressmud 54.00 26.00 20.00 11.98
Gangavati[3] Bagasse 53.90 35.00 11.10 15.12

Investigator Type of biomass Carbon Hydrogen Nitrogen Oxygen (by difference) Ash

(b) Ultimate analysis (%)
Prasad and Kuester[16] Saw dust 47.36 5.30 0.04 46.76 0.50
Gangavati[3] Saw dust 43.94 6.18 0.61 45.67 3.60
Gangavati[3] Village rice husk 37.43 6.01 1.32 35.24 20.0
Gangavati[3] Rice hulls 37.40 5.54 0.34 37.52 19.20
Gangavati[3] Pressmud 44.50 5.60 1.10 28.80 20.00
Gangavati[3] Bagasse 44.10 5.26 1.00 38.54 11.10
Safi [1] Pine needles 45.81 5.38 0.98 46.11 1.72

under oxidizing environments, simulating the temperature
and oxygen concentration conditions of combustors/gasifiers
[4]. No study has reported the thermal degradation charac-
teristics and kinetics of pine needles under oxidizing envi-
ronment.

2. Materials and methods

Pine needle samples were collected from the underneath
of the pine avenue in the IIT, Roorkee campus. About 20 kg
of pine needles were brought to the Department of Chemical
Engineering and were sun dried. Dried material was stored in
a polyethylene bag for future use. For the physico-chemical
and thermal characterization of pine needles, a sample of
approximately 1 kg of pine needles was further oven-dried
at 105◦C for 2 h and ground in a laboratory ball mill. The
ground matter was further classified by using two IS sieves
of mesh size 180 and 600�m. The sieved powdery sample
having size distribution between 180 and 600�m was stored
in airtight plastic containers for future use. The proximate
analysis of sieved pine needles sample was carried out as
per procedure laid in the Bureau of Indian Standards code
IS: 1350 (PART 1)-1984. The bulk density of the sample
was determined by using a bulk density apparatus (Micro
Scientific Works, Delhi).

A Stanton Redcroft Model STA-781 thermogravimetric
analyzer was used in the present study to continuously mon-
itor weight changes in pine needles sample due to drying,
volatilization, and gasification as the sample followed a lin-
ear heating program. The instrument also provided the con-
tinuous recording of the DTG and DTA curves, in terms of
wt.% loss per minute and temperature difference in mV (for
DTA) which could be converted as per calibration chart to
obtain temperature difference between the alumina sample

and the pine needle sample at any temperature under tem-
perature programmed heating (from 0 to 30 K min−1).

The principal experimental variables which could affect
the thermal degradation characteristics in a TGA are the
pressure, the purge gas flow rate, the heating rate, the weight
of the sample and the sample size fraction. In the present
study, the operating pressure was kept slightly positive, the
purge gas (air) flow rate was maintained at 50 ml min−1 and
the heating rate was varied from 5 to 30 K min−1. The uni-
formity of the sample was maintained by using a 10 mg sam-
ple and spreading it uniformly over the crucible base in all
the experiments. The details of the experimental conditions,
equipment and thermochemical–chemical properties of pine
needles are presented elsewhere[1].

3. Results and discussion

The TGA, DTG and DTA curves for the 5, 15 and
30 K min−1 heating rates are shown inFigs. 1–3, respec-
tively. The curves for 10 and 25 K min−1 heating rates are
not shown here.Figs. 1–3show the trend of the curves with
increasing heating rates. The TGA curves show that there
is an initial loss of moisture from the samples starting at
around 27–50◦C and continuing up to about 180◦C. As
the heating rate increases the drying temperature zone also
increases. Higher temperature drying (>100◦C) occurs due
to the loss of surface tension bound water of the ground
sample particles. The nature of a TGA curve in combination
with the corresponding DTG peaks gives a clear indication
of the number of stages of the thermal degradation. During
thermal degradation in air, weight loss occurs continuously
until the weight becomes almost constant. The distribution
of volatiles released during thermal degradation is shown in
Table 2. TGA and DTA curves were used to deduce drying
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Fig. 1. Thermal degradation of pine needles in air (heating rate: 5 K min−1; air flow rate: 50 ml min−1).

and thermal degradation characteristics at different heating
rates. FromTable 2an irregular pattern in the distribution of
volatiles evolved in different temperature ranges is found.
The weight loss of the initial samples by the emanation of
the volatiles in the temperature ranges of: (a) 200–280◦C,
(b) 280–320◦C, (c) 320–500◦C, and (d) >500◦C is also
reported inTable 2.

The total percentage of all the volatiles till the termina-
tion of volatilization process based on the original biomass
weight (including moisture) and the PTFV (as a percentage
of total volatile matter including moisture) are reported in
Table 3. It is found that for pine needles it has a range of
46.5–67% of potential tar forming volatiles (PTFV), the frac-
tion showing increasing trend as the heating rate increases.
Increase in the heating rate reduces the residence time thus

Table 2
Distribution of volatiles released during thermal degradation of pine needles in air

Heating rate
(K min−1)

Weight loss (%) Total volatile matter
including moisture (%)

PTFV as percentage of total
volatiles released at 320–500◦C

<200◦C 200–280◦C 280–320◦C 320–500◦C >500◦C

5 10.71 13.78 26.02 46.50 2.04 98.00 46.50
10 9.58 10.21 19.79 56.46 3.96 96.00 54.20
15 9.69 6.63 13.27 66.33 4.08 98.00 65.00
25 9.38 5.21 13.54 67.70 4.17 96.00 65.00
30 8.51 4.25 12.77 71.28 3.19 94.00 67.00

accelerating the evolution of uncracked gases. DTG curves
show consistently larger peaks as the heating rate is accel-
erated. This is manifested in the enhancement in the rate
of maximum volatization. These characteristics are com-
piled in Table 3for different heating rates. As the heating
rate increases, the maximum rate of volatilization, as rep-
resented by different TGA peak temperatures also goes up
from 4.48 to 63.70% as the heating rate is accelerated from
5 to 30 K min−1. The moisture is removed in the temper-
ature range of 25–181◦C and the maximum rate of dry-
ing is in the range of 3.30–4.67% (weight loss per minute).
Heating rate has tremendous influence on the thermal degra-
dation characteristics of biomass components. The DTG
curves show componential decomposition characteristics.
The shorter small peak of volatization at lower temperature
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Fig. 2. Thermal degradation of pine needles in air (heating rate: 15 K min−1; air flow rate: 50 ml min−1).

shows the decomposition of hemicellulose, while the larger
peak at higher temperature shows the degradation of cellu-
lose. The third peak shows the degradation of char. Lignin
degrades throughout the temperature range. Heating rate also
influences the heat absorption (endothermicity) and heat evo-
lution (exothermicity) characteristics of the thermal degra-
dation as seen from the DTA curves. It may be seen that the

Table 3
Thermal degradation characteristics of pine needles in air

Characteristics Heating rate (K min−1)

5 10 15 25 30

Drying characteristics
Drying range (◦C) 27–107 25–130 27–157 28–142 51–181
Moisture removed (%) 8.00 8.00 9.10 8.00 8.00
Maximum rate of drying (wt.% loss min−1) 3.48 4.67 3.52 3.30 3.50

Pyrolysis characteristics
Temperature of initial degradation 192 192 181 181 181
T1 max (◦C) 248 298 290 314 310
T2 max (◦C) 290 395 390 375 370
T3 max (◦C) 310 484 428 428 447
Tc (◦C) 438 503 508 526 575

Maximum rate of volatilization
wt.% min−1 4.48 32.00 42.60 50.70 63.70
wt.%◦C−1 0.90 3.20 2.84 2.03 2.12

entire degradation range may be divided in four degrada-
tion zones as found from the natural breaks in the slope of
the TGA curves. The onset temperature of volatilization was
found to be 181◦C at the heating rates of 15–30 K min−1.
The temperatures of maximum volatilization rate, as ob-
tained from DTG peaks, were in the range of 248–310◦C
(T1 max), of 290–395◦C (T2 max) and 310–484◦C (T3 max).
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Fig. 3. Thermal degradation of pine needles in air (heating rate: 30 K min−1; air flow rate: 50 ml min−1).

The peak temperatures and the temperature difference
(�T) values as obtained from the DTA curves are reported
in Table 4. The transition temperatures (Ti) between en-
dothermic drying (and probably the light volatiles evolution)
and the exothermic degradation in air are listed for heating
rates. The transition and the final temperature of degrada-
tion show upward trend with increase in the heating rate. It
was found that the reaction was endothermic initially (due to
drying and light volatile evolution) and thereafter it became
exothermic. The first peak in DTA curves is probably due to
the oxidation of volatiles, while the second peak probably
represents the oxidation of charred residue. TG and DTG

Table 4
DTA data for thermal degradation of pine needles air flow rate: 50 ml min−1a

Heating rate (K min−1) �Tb (K) TP1 (K) �T1 (K) TP2 (K) �T2 (K) TP3 (K) �T3 (K) Te (K) Tf (K) Tt (K)

5 −2.38 305 10.2 394 4.42 – – 243 449 346
10 −3.3 331 31 399 12 – – 248 505 354
15 −4.76 331 36 399 36 490 3 248 517 375
25 −8.6 395 44.9 433 33.7 466 6.7 269 526 –
30 −9.2 409 45.5 456 35.6 475 7.9 271 535 –

a � values refer to the difference in temperature due to exothermic reactions obtained at the peak temperature,TP; 1, 2, 3 refer to number of peaks
observed in DTA curve;Te refers to onset temperature of exothermic reaction;Tt refers to the transition temperature between endothermic drying and
onset of exothermicity;Tf refers to the final temperature of exothermicity.

b Drying.

curves are used in the determination of kinetic parameters
for degradation of pine needles in air environment.

With the assumption that the biomass sample undergoes
thermal degradation under oxidizing environment in any
particular but clearly defined temperature zone as a sin-
gle step, irreversible reaction and that the reaction velocity
constant is represented by the Arrhenius equation i.e.k =
A exp(−E/RT), the reaction rate, in terms of biomass frac-
tional conversion,x, can be written as

dx

dt
= A exp

(
− E

RT

)
φ(x) (1)
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Table 5
Determination of kinetic parameters by using different methodsa

Method of analysis The equations of determination of the kinetic parameters

Coats and Redfern[5] ln

[−ln(1 − x)

T 2

]
= ln

[
AR

βE

(
1 − 2RT

E

)]
− E

RT
for n = 1.0,

ln

[−ln{1 − (1 − x)1−n}
(1 − n)T 2

]
= ln

[
AR

βE

(
1 − 2RT

E

)]
− E

RT
for n 
= 1.0

Agrawal and Sivasubramanian[6] ln

[−ln(1 − x)

T 2

]
= ln

[
AR

βE

(
1 − 2(RT/E)

1 − 5(RT/E)2

)]
− E

RT
for n = 1.0,

ln

[−ln{1 − (1 − x)1−n}
(1 − n)T 2

]
= ln

[
AR

βE

(
1 − 2(RT/E)

1 − 5(RT/E)2

)]
− E

RT
for n 
= 1.0

Freeman and Carroll[7]
�log(βdx/dT)

�log(1− x)
= n − E

2.303R

�(1/T)

�log(1− x)

Piloyan and Novikova[8] ln
( ω

T 2

)
= ln

AR

βE
− E

RT

Horowitz and Metzger[10] ln[−ln(1 − ω)] = E

RT2
P

whenn = 1, ln

[
1 − (1 − ω)1−n

1 − n

]
= Eθ

RT2
P

whenn 
= 1,

whereθ = T − TP, TP is the peak temperature as taken from the DTG curve

Reich and Stivala[17] ln

[
1 − (1 − ωi)

1−n

1 − (1 − ωi+1)1+n

(
Ti+1

Ti

)2
]

= −E

R

(
1

Ti

− 1

Ti+1

)

a ω is the decomposed fraction of solid at timet; Wr = W∞ − Wt (mg); Wt the weight of biomass at any time (mg);W the weight of biomass at the
completion of degradation (mg);x = (W0 −Wt)/(W0 −W∞), fractional conversion;A the preexponential factor in the Arrhenius equation (mg1−n min−1);
E the activation energy (kJ kg−1); R the universal gas constant (kJ mol−1); n the order of degradation reaction.

whereA is the Arrhenius preexponential (or frequency) fac-
tor, E the activation energy,R the universal gas constant,T
the absolute temperature, andφ(x) the function ofx depend-
ing upon the reaction mechanism.Eq. (1)can be combined
with the linear constant heating rate,β = dT/dt to obtain
the following equation:

dx

dT
= A

β
exp

(
− E

RT

)
φ(x) (2)

and

f(x) =
∫

dx

φ(x)
= A

β

∫ T

T0

exp

(
− E

RT

)
dT (3)

The first integral ofEq. (3)gives

f(x) = ln

[−ln(1 − x)

T 2

]
, n = 1.00 (4)

and

f(x) = ln

[
ln{1 − (1 − x)1−n}

(1 − n)T 2

]
, n 
= 1.00 (5)

The symbolsx, A, E, R andn are defined inTable 5.
Coats and Redfern[5] have initially suggested an ap-

proximation to the exponential integral which has been im-
proved by Agrawal and Sivasubramanian[6]. Besides the
integral expression as given by the above equations, differ-
ential method of Freeman and Carroll[7] and other methods
are given inTable 5.

Table 6presents the kinetic parameters,n, E and A for
all the reaction (degradation) zones at different heating rates

using the integral method of Agrawal and Sivasubramanian
[6]. The values of n reported in this table are the best fit
values having the highest correlation coefficient,R2. The
analysis of TGA data shows that the values of activation
energy,E, and frequency factor,A, increase with increasing
n.

Although the methods of Coats and Redfern[5], Agrawal
and Sivasubramanian[6], Freeman and Carroll[7], Piloyan
and Novikova[8] and Horowitz and Metzger[10] were also
used for the determination of kinetic parameters, only the
results of the integral method of Agrawal and Sivasubrama-
nian [6] are presented inTable 6. The integral method has
also been used by many investigators[2,3,13–15].

The values ofE, A andn are obtained by the method of
Agrawal and Sivasubramanian[6], by fitting the weight loss
with temperature data for the entire temperature range. The
activation energies and the preexponential factors are in the
ranges of 30–250 kJ/mol and 102 to >1021 min−1, respec-
tively. These values are in the range of values reported by
other investigators for various biomass materials and their
components[4,9–12]. In the thermal degradation of pine
needles in air, in general, the second, third and fourth zones
of degradation show the largest values of activation energy
while the overall activation energy is the lowest in compar-
ison to the values obtained in various zones. However, it
should be noted that the comparison of this nature has no
meaning as the values are the best fit values at different or-
ders of reaction.

Using Coats and Redfern[5] and Agrawal and Siva-
subramanian[6] methods, it was observed that the initial
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Table 6
Kinetic parameters of thermal degradation of pine needles in air heating rates: 5, 10, 15, 25 and 30 K min−1 using Agrawal and Sivasubramanian method
[6]a

Kinetic parameters Heating rate (K min−1)

5 10 15 25 30

First reaction zone
n 0.50 1.00 0.00 2.50 2.00
E (kJ mol−1) 98.46 55.59 57.88 103.22 475.65
A 1.69 × 105 2.95 × 103 1.54 × 105 7.58 × 1010 6.75 × 1048

R2 0.9857 0.9875 0.9938 0.9857 0.9978

Second reaction zone
n 0.75 2.50 1.25 2.25 0.00
E (kJ mol−1) 144.79 414.66 110.62 131.19 61.61
A 2.40 × 1012 1.53 × 1034 1.56 × 1010 2.39 × 1011 5.47 × 104

R2 0.9935 0.9876 0.9993 0.9956 0.9930

Third reaction zone
n 2.25 2.50 2.50 1.75 2.50
E (kJ mol−1) 120.61 345.95 296.55 226.58 255.80
A 8.69 × 108 7.35 × 1025 6.06 × 1023 2.48 × 1017 1.63 × 1019

R2 0.9935 0.9358 0.9158 0.9995 0.9438

Fourth reaction zone
n – 2.50 1.75 2.50 2.50
E (kJ mol−1) – 103.95 161.20 238.49 262.57
A – 1.20 × 106 7.25 × 1011 5.40 × 1016 7.96 × 1017

R2 – 0.9938 0.9583 0.9538 0.9367

Entire reaction zone
n 1.00 2.50 1.25 1.50 2.50
E (kJ mol−1) 69.88 85.34 65.32 62.00 87.28
A 1.27 × 105 5.98 × 106 6.40 × 104 4.52 × 104 1.10 × 107

R2 0.9823 0.9632 0.9986 0.9928 0.9937

a A has the dimension of min−1 for n = 1 and mg1−n min−1 for any other value ofn.

and final temperatures of active thermal degradation in air
significantly affect the results from the two kinetic mod-
els. However, the methods of Coats and Redfern[5] and
Agrawal and Sivasubramanian[6] gave same values ofE at
any best fit n value by using the linear least square method
for the regression of the data. Freeman and Carroll[7]
method has an advantage as it gives the kinetic parame-
ters in one single step. However, the double differential of
the experimental data increased the error in computation.
The integral method with the approximation of Agrawal
and Sivasubramanian[6] was found to be of immense
use as the kinetic parameters obtained were the optimum
values.

4. Conclusions

Thermal degradation of pine needles under oxidizing
atmosphere at different heating rates as carried out in a
Stanton Redcroft TG apparatus showed four distinct degra-
dation zones. The second, third and fourth zone showed
the fast degradations and gave highest values of activation
energy. The kinetic parameters were determined by using
Agrawal and Sivasubramanian[6] and other methods. How-

ever, Agrawal and Sivasubramanian[6] method was found
to be most consistent. Excellent agreement between the ex-
perimental data and the model predictions were found. The
relative simplicity of the Agrawal and Sivasubramanian[6]
model gives it the potential for applications in the design of
large scale biomass-thermal gasification units in the remote
areas. The results of the least square regression showed
that the kinetic parameters of pine needles at 30 K min−1

heating rate of the total degradation zone has 96.67% con-
fidence for the value of activation energy and the regression
coefficient was 0.96.
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