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Abstract

This study concerns the various gaseous products released during the pyrolysis of palm oil wastes. F
thermogravimetric analyzer, coupled with Fourier transform infrared analysis (TGA-FTIR), identified the
produced when pyrolyzing palm oil wastes under different conditions. An FTIR spectrum was scanned in
influence of temperature was investigated by repeated experiments at 250, 280, 300, 325, 355, 400, an◦C.
The kinetics of weight loss (evaluated by the TGA) and of the production of gases (determined by FT
the selected temperatures were evaluated. The different profiles of gases produced at low (<355◦C) and high
temperatures (>355◦C) suggest that different reaction pathways (or mechanisms) are involved. Simulati
thermodynamic equilibrium for the pyrolysis of palm oil wastes were performed for 200–1200◦C. As predicted,
H2, CO2, CH4, and CO are the dominant gaseous species from pyrolysis. This study provides clearer insi
the effects of temperature on the gases produced by pyrolyzing a biomass.
 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Recently, owing to environmental and econom
considerations, interest in utilizing biomass for t
production of energy and chemicals is increasi
Palm oil wastes are the main agriculture wastes
Southeast Asia. In Malaysia alone, 9.9 Mte of so
wastes consisting of the oil-palm empty fruit bun
(EFB), fiber, and shell are generated every year[1].

* Corresponding author. Fax: +65 67921291.
E-mail address:ryan@ntu.edu.sg(R. Yan).
0010-2180/$ – see front matter 2005 The Combustion Institut
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Novel technologies with improved efficiency and r
duced environmental impacts are required to tr
these wastes, and also to convert them to energy
rolysis is one of the most promising thermo-chemi
techniques for recovering energy from biomass. O
erating parameters (such as temperature, type of
mass, heating rate, pressure, and reactor config
tion) are believed to influence significantly the p
rolysis of a biomass. Temperature is one of the m
important operating variants[2–13]. So far, various
experimental studies have investigated the influe
of temperature on pyrolysis[2–12], focusing on eval-
e. Published by Elsevier Inc. All rights reserved.
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Table 1
Proximate and ultimate analyses of palm oil wastes

Proximate analysis (wt%) Ultimate analysis (wt%) LHV
(MJ/kg)Mad Vad Ad FCad C H N S Oa

Fiber 6.56 76.0 5.33 12.5 50.3 7.07 0.42 0.63 36.3 20.6
Shell 5.73 73.7 2.21 18.4 53.8 7.20 0.00 0.51 36.3 22.1
EFB 8.75 79.7 3.02 8.80 48.9 7.33 0.00 0.68 40.2 19.0

M, moisture content; V, volatile matters; A, ash; FC, fixed carbon; ad, on air-dried basis; d, on dry basis.
a The O content was determined by difference.
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e of
uating the yields of different products as a function
temperature. The experiments were mostly perform
in bench-scale reactors at high temperatures (5
900◦C), and only the total yields of the main gaseo
products were taken into account. A high tempera
is found to generally favor the yield of gaseous pro
ucts[3–6]. Studies on the distribution and release
various gaseous products at different pyrolysis te
peratures have seldom been carried out[5,9]. Nev-
ertheless, the pyrolysis of biomass involves vario
sequential and parallel reactions[12]; the mechanism
of pyrolysis is still not fully understood. A better un
derstanding of the effect of temperature on the d
tribution of products is needed to establish a mo
of pyrolysis and to produce biofuels with improve
yields and higher quality.

Numerous models[14–17] have been develope
to describe the pyrolysis of biomass; they are ma
based on considerations of kinetics, as well as h
and/or mass transport. However, these models
tain parameters, which make them difficult to a
ply to different reactors. Models based on therm
dynamic equilibrium[17–22] are independent of th
reactor. However, thermodynamic equilibrium m
not be achieved at low temperatures, so the ca
lations may not represent the real situation, wh
kinetic constraints become the major factor. Nev
theless, models based on thermodynamic equilibr
have been used for predicting the thermal convers
of methane[18], plastics[19], and coal[20–22]. As
for biomass, they have mostly been used for comb
tion or gasification and only recently has equilibriu
modeling been used in the pyrolysis of biomass[17]
with a focus on the release of the elements K a
Cl, rather than the main gaseous products. In gen
pyrolysis involves endothermic reactions and so
curs at high temperatures. In this study, equilibri
modeling is introduced to outline the distribution
gaseous species, as a function of temperature.

In addition, the pyrolysis of palm oil wastes w
investigated using TGA-FTIR. The weight loss w
measured in a TGA and the gases evolved were
tected on-line by FTIR. The influence of temperatu
particularly on the distribution of gaseous produc
was analyzed.
2. Materials and methods

2.1. Materials

Samples of three palm oil wastes (shell, fiber, a
empty fruit bunches) were obtained from Malays
They were ground in a laboratory-scale centrifu
mill (Rocklabs, New Zealand) and sieved in a Ret
test sieve with a 1-mm screen (Retsch, Fisher
entific Company, USA); i.e., all the samples stu
ied here were<1 mm in size. The proximate an
elemental analyses were carried out in a TGA (
2050, USA) and CHNS/O Analyzer (Perkin-Elm
2400II), respectively. The results are listed inTable 1.
Palm oil wastes have a very high volatile content (
>70 wt%, and contain low amounts of fixed carb
(FC), <20 wt%. The lower heating value (LHV) o
the samples studied (∼20 MJ/kg) was measured in
bomb calorimeter (Parr 1260, Parr Instrument Co
pany, Moline, IL); this is lower than that of coa
possibly due to the low fixed-carbon and high oxyg
contents in the samples[23]. The ultimate analysis in
dicates that palm oil waste is environmental friend
with trace amounts of nitrogen, sulfur, and mine
matter.

2.2. Experimental apparatus and methods

The pyrolysis of biomass was studied in a th
mogravimetric analyzer (Model TA 2050, from TA
Details of the flow rate and mass of sample h
been published[24]. The experimental procedure w
briefly as follows. First, the sample was heated up
10◦C/min to 150◦C from the ambient temperatu
and kept isothermal for 5 min to remove moistu
Generally, after removing any moisture, a flat ba
line for a weight loss curve could be observed. Th
it was heated up to 900◦C and kept there for 3 min. T
mitigate any problems caused by heat and mass tr
fer, the sample size was maintained at∼20 mg for
every experiment. To remove gaseous and conde
ble products from the TGA furnace and minimize a
secondary vapor-phase interactions, the flow rat
carrier gas (N2) was kept at 120 ml/min; this is the
largest flow rate permitted by the TGA.
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The gases released in the TGA were swept im
diately to a gas cell, followed by the FTIR (BioRa
Excalibur Series, Model FTS 3000) analysis us
a deuterated triglycine sulfate (DTGS) detector. T
transfer line and gas cell were heated to an inte
temperature of 230◦C, to avoid condensation or ad
sorption of semivolatile products. Each IR spectr
was obtained in 5 s and the IR scanning range
from 4000 to 500 cm−1.

For an in-depth investigation of the influence
temperature, a biomass was pyrolyzed in the T
at 250, 280, 300, 325, 355, 400, and 450◦C. The
samples were heated up separately from the am
ent to the selected temperature at a much higher
of 30◦C/min, to minimize any potential influence o
heating. The selected temperature was maintaine
120 min, i.e., when generally no more weight loss w
observed because pyrolysis was complete. After t
the sample was continuously heated up to 900◦C to
record any further weight loss.

2.3. Thermodynamic calculation

The thermodynamic calculations were perform
using HSC-Chemistry 4.0 software, based on the m
imization of the Gibbs free energy of the syste
[25], subject to the usual constraint of mass be
conserved for each chemical element. The palm
wastes studied have negligible ash contents (seeTa-
ble 1), so to simplify the computations, only the ma
elements C, H, O, N, and S were taken into
count [26]. Inorganic elements such as Si, Ca, M
K, Al, Cl, and P, were regarded as the nonprocess
ments and so were not involved in the calculatio
because of their trace contents and lack of reac
ity with organic components[27,28]. The pyrolysis
of biomass can be simplified to

Biomass→ H2 + CO+ CO2 + hydrocarbon gas
+ tar+ charcoal. (1)

In the calculations, the following species we
considered: H, H2, C, CO, CO2, CH4, C2H2, C2H4,
CH3OH, CH2O, HCOOH, CH3COOH, CH3OCH3,
CH3CHO, C3H6O, C6H5OH, C4H4O, C4H8O,
C3H4O2, C3H6O2, C2H4O3, C5H6O, C5H8O,
C4H4O2, C4H6O2, C5H4O2, C6H8O, C5H6O2,
C5H8O2, C5H10O2, C6H6O2, C5H6O3, C5H8O3,
C5H8O4, C6H12O2, C6H6O3, C6H12O6, O, O2,
H2O, OH, N, N2, NH3, NO, NO2, CN, HCN, S, H2S,
SO2, SO3, CS, COS. All gaseous products were
sumed to behave ideally, and all condensed prod
were treated as pure phases; carbon (as graphite
the only solid species considered[29]. The elements
C, H, O, N, and S were taken as inputs. Temperatu
of 200–1200◦C and a pressure of 1 atm were cons
ered. Fiber was selected as the representative pal
Fig. 1. The curves of weight loss for the palm oil was
being heated up.

wastes, because it contains some nitrogen and su
so facilitating an investigation of the effects of S a
N being present. The composition of the fiber is
1 mol; H, 1.69 mol; O, 0.54 mol; N, 0.007 mol; an
S, 0.005 mol.

3. Results and discussion

3.1. TGA-FTIR analysis of palm oil wastes pyrolys

Fig. 1 shows the TGA pyrolysis curves of th
three palm oil wastes. About 20–30 wt% of the sa
ple was left as charcoal residues at 900◦C and the
rest (∼70 wt% of the sample) was evolved into t
gas phase. As for the rate of mass loss (Fig. 1), the
fiber and shell have similar patterns with two pea
whereas only one big peak was found with EFB. T
degradation of palm oil wastes happened at relativ
low temperatures (200–500◦C), similar to other types
of biomass[13,16].

The gaseous products of pyrolysis have a ty
cal IR spectrum as inFig. 2 for the fiber being py-
rolyzed at 344◦C. The main gas components (CO2,
H2O, CH4, CO, and some organics) are shown.
fact, the “organics” are a mixture of acids, aldeh
des, alkanes, ethers, etc. They are possibly forma
hyde (CH2O), acetaldehyde (CH3CHO), methanol
(CH3OH), formic acid (HCOOH), phenol (C6H5
OH), acetone (CH3COCH3), etc., according to ou
database search and the literature[30,31]. Because of
the low sulfur and nitrogen contents of the fiber (s
Table 1), no N- or S-containing compounds were d
tected. In addition, some gases like H2, N2, O2, and
H2S have weak or no IR absorption and so are
detectable by FTIR[30]. However, H2 is of major
interest and will be quantified using micro-GC in t
future.

Fig. 3shows the FTIR profile of gaseous produ
from pyrolyzing the fiber in the TGA at a heating ra
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Fig. 2. A typical IR spectrum of the products from pyrolyzing the fiber at 344◦C.
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Fig. 3. FTIR profiles of fiber pyrolysis.

of 10◦C/min from 150 to 900◦C. Below 150◦C, no
gas, except for water vapor, is produced. The he
of an IR peak was used to qualitatively describe
changing concentration of each gas with respec
temperature.Fig. 3 shows that CO2, CH4, CO, and
some C1–2 hydrocarbons are the main gaseous pr
ucts, released at 220–400◦C. This corresponds we
with the previous observation of weight loss inFig. 1.
The release of CO2 first increases with temperatu
and reaches a first small peak at 290◦C; with a fur-
ther increase of temperature it continuously increa
and gets its second peak and maximum at 340◦C.
The FTIR profiles of organics inFig. 3 are different
from CO2. They start to appear at lower temperatu
and have a maximum at about 280◦C. The produc-
tion of CH4 and CO happens, compared to CO2 and
organics, at higher temperatures of 320–400◦C, with
maxima at about∼360 and 345◦C, respectively.

AlthoughFig. 3is only qualitative, it provides suf
ficient information to understand the appearance
each gas from fiber pyrolyzing at different tempe
tures. For a clearer analysis, the relative area un
every peak was calculated, based onFig. 2, accord-
ing to the following: the area for CO2 was calcu-
lated from 2400 to 2260 cm−1, organics from 900
to 1900 cm−1, H2O from 4000 to 3600 cm−1, CH4
from 2700 to 3200 cm−1, and CO from 2400 to
2260 cm−1 [30]. However, the area obtained betwe
900 and 1900 cm−1 for organics might also include
minor contribution from water, which also absorbs
∼1500 cm−1 (seeFig. 2).

As the pyrolysis of palm oil wastes happe
mainly at 200–500◦C (seeFigs. 1 and 3), the to-
tal yield of gaseous products was calculated for
same temperature range (Table 2). The yields of CO2,
CO, and H2O from EFB are the highest from th
three wastes (highlighted in bold), whereas the hi
est yield of CH4 was found with the fiber and th
highest organic yield was from the shell, no doubt d
to their different chemical compositions. EFB has
highest amounts of O and H, probably causing
higher yields of CO, CO2 and H2O. Fiber has a lowe
H content than shell, but the latter has the highes
content of the three palm oil wastes.

3.2. Influence of temperature on palm oil waste
pyrolysis

An in-depth investigation of the effect of tempe
ature was carried out at 250, 280, 300, 325, 355, 4
and 450◦C. The pyrolysis curves of the fiber fro
palm oil wastes, at different isothermal temperatu
are plotted inFig. 4 (TGA curves) andFig. 5 (DTG
curves). InFig. 4, the result of pyrolyzing the fibe
from ambient to 900◦C at 30◦C/min (dotted line)
is also shown for comparison with the other 7 cas
where different isothermal temperatures are selec
For case 1, with an isothermal temperature of 250◦C,
∼30 wt% of fiber was decomposed for 120 min
250◦C. After that, further weight loss (∼35 wt%) was
observed when the temperature was continuously
creased to 900◦C. With an isothermal temperature
355◦C, more weight was lost during the isotherm
period (120 min) and even in the ramping period fro
the ambient to the selected temperatures (for cas
and 5), so that less weight was lost in the follow-u
The plots inFig. 4 for cases 6 and 7 are very close
that observed when the temperature rose from am
ent directly to 900◦C without an isothermal period.

In Fig. 5, it can be seen that after the sam
was kept isothermal for 10–12 min, pyrolysis
the selected temperature was completed becaus
more obvious weight loss occurred (mass loss
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Table 2
Yields of gas products from palm oil waste pyrolysis (200–500◦C)

Sample Total relative area of absorbance peaks (area unit/g of waste)

CO2 Organics CH4 CO H2O

Fiber 72239 184425 27489 2902 44474
Shell 74561 194734 25358 3309 47704
EFB 82260 193380 23339 4879 48525
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Fig. 4. TG curves of fiber pyrolysis at different temperatur

<0.85 wt%/min). Thus, isothermal conditions fo
120 min is far in excess of that required for co
plete pyrolysis at the selected isothermal tempe
ture. Fig. 5 shows that at 250◦C, the rate of mas
loss is very slow (<1.5 wt%/min). At 325◦C, it is
∼13 wt%/min and only one peak is observed at
below 325◦C. However, when the isothermal tempe
ature was increased to over 355◦C (cases 5, 6, and 7
two peaks were found, indicating a different mech
nism of decomposition It seems that at low tempe
tures (<355◦C), pyrolysis of the fiber is mostly likely
controlled by kinetics, so the temperature has a big
fect.

The yields of gas and the residues after pyro
sis at different temperatures are listed inTable 3. In
this study, the yield of liquid oil (tar), although
was partly deposited inside the outlet tubing of
TGA, was not considered separately due to the sm
ness of the sample. With the current equipmen
proved almost impossible to collect and quantify
tar formed. Therefore, the yield of gas inTable 3ac-
tually includes both gas and oil. The yield of gas
creased greatly with temperature, whereas the yie
char decreased sharply. This is consistent with pr
ous observations[4–7], even though those operatin
temperatures were much higher (550–900◦C).

The gaseous products from pyrolyzing the fibe
different isothermal temperatures are shown inFig. 6.
The IR scan started at 150◦C and lasted for 40 min
a spectrum was recorded every 5 s. On changing
isothermal temperature, CO2 and organics demon
strate almost similar profiles for their release, wh
Fig. 5. DTG curves of fiber pyrolysis at different tempe
tures.

CO and CH4 are also quite similar. For the first pa
(CO2 and organics), little was released at 250◦C
(case 1). Up to 355◦C (cases 2 to 5), the release
CO2 and organics increased sharply. Above 355◦C
(cases 6 and 7), the total amount of these two com
nents decreased relative to case 5; their release
files are similar to that observed when the tempe
ture was raised directly from ambient to 900◦C (not
shown here). It is noteworthy that the profiles for C2
and the organics showed two peaks for cases 6 an
this is consistent with the DTG curves inFig. 5.

As for CO and CH4 in Fig. 6, their release a
low temperatures (250–325◦C) is generally insignif-
icant. However at or over 355◦C, significantly more
of them appear. CO has its highest release at 355◦C;
CH4 has its at 400◦C. Only one big peak is observe
for CO and CH4, different from CO2 and organics.

The similarity of the DTG curves inFig. 5 to the
FTIR profiles for CO2 and organics inFig. 6suggests
that the formation of these two components mi
dominate pyrolysis. There is a difference between
observations at 250–325◦C and those over 355◦C,
when two peaks appear instead of one. Maybe
implies two different mechanisms with the tempe
ture of 355◦C being a boundary. One possibility
that primary thermal decomposition happens be
355◦C, whereas secondary thermolysis above 355◦C
involves aromatization[10]. Although the rate of py-
rolysis (seeFig. 5) could be larger above 355◦C,
the release of CO2, organics, and CO is greatest
355◦C, except for CH4 which maximizes at a slightly
higher temperature 400◦C.
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0

Table 3
Gas and char yields of fiber pyrolysis at different temperatures (wt%)

Reaction temperature (◦C) 250 280 300 325 355 400 450 90

Gas yield 26.8 49.1 56.4 59.5 61.1 63.0 65.8 70.6
Char+ ash 65.2 42.9 35.7 32.5 31.0 28.8 25.8 21.4

Fig. 6. Gaseous products from pyrolyzing the fiber at different temperatures.
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In Fig. 6, from left to right the 7 vertical dot
ted lines mark the time when an isothermal per
started and the temperature stopped being increas
30◦C/min. It will be seen that the profiles of diffe
ent gases to the left of a dotted line almost overlapp
due to the temperature being the same. However
differences at the right-hand side demonstrate the
nificant influence of the isothermal temperature on
distribution of the products from pyrolysis. For cas
6 and 7, most mass was lost during the tempera
ramp.

The total yield of every gas was estimated from
integrals of their FTIR spectra. The initial time w
taken at 150◦C in the TGA and lasted for 40 min
the results are listed inTable 4. The yields of CO2,
CH4, CO, and organics increased with temperat
to 355◦C, when all the gases reached their hig
est yields. This might be accounted for by the fib
containing mostly hemicellulose and lignin. At 300
350◦C, the former gives off mostly CO2, CH4, and
CO, while the latter releases almost only CO2 dur-
ing pyrolysis. From 355 to 450◦C, the yield of CO2
t

and organics (the two major gas components)
creased sharply, while those of CH4 and CO increase
slightly. However, the total amount of gas released
evaluated by TGA inTable 3) increased monotoni
cally from 250 to 450◦C, different from the result
using FTIR (seeTable 4). It accordingly seems tha
other gases, which cannot be detected by FTIR, ar
leased above 355◦C. Most possibly, H2 is evolved at
high temperatures, as indicated by other experim
[4–6]. This will also be confirmed in the followin
thermodynamic calculations.

3.3. Thermodynamic calculations

The first thermodynamic calculation consider
the elements C, H, O, N, and S and∼50 species; the
results for pyrolyzing the fiber are plotted inFig. 7.
The species present in significant amounts are2,
H2O, CO, CO2, CH4, and solid carbon. None of th
hydrocarbons considered, other than CH4, is thermo-
dynamically stable under these pyrolysis conditio
Although some organics such as acetylene, ethyl
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Table 4
Yields of gas products of fiber pyrolysis at different temp
atures

Temperature
(◦C)

Total absorbance area (area unit/g)

CH4 CO2 CO Organics

250 560 3347 65 9719
280 1101 7014 145 13946
300 1379 9241 233 15467
325 2075 10814 340 18316
355 2752 11643 350 19921
400 2478 9226 253 14585
450 2781 6968 273 13959

Fig. 7. Calculated species from the pyrolysis of fiber.

and higher hydrocarbons are produced in pyroly
or gasification reactors[4–6], they are not thermo
dynamically favorable species[32]. Therefore, in the
following calculations, the hydrocarbons with two
more C atoms per molecule will not be taken into
count.

The traces of nitrogen and sulfur in biomass
released as N2 and H2S, respectively; their concen
trations are trivial, so N and S were excluded in s
sequent calculations, which considered only H2, CO,
CO2, CH4, H2O, and solid carbon. Additional calcu
lations were carried out with EFB and shell at the f
lowing conditions: pressure 1 atm, temperature 2
1000◦C, inputs of shell, C, 1 mol; H, 1.61 mol; O
0.51 mol, and inputs of EFB, C, 1 mol; H, 1.8 mol; O
0.62 mol. The results for the three wastes are plo
in Fig. 8, which shows that the three wastes produ
the same patterns of gaseous products when plo
against temperature. The reactions involved in py
ysis are generally[12,33,34]listed as

C + CO2 ↔ 2CO,
�Ho

298= +168 MJ/kmol, (2)

C + H2O ↔ CO+ H2,
�Ho = +175 MJ/kmol, (3)
298
Fig. 8. Calculated species from the pyrolysis of palm
wastes.

CH4 + H2O ↔ CO+ 3H2,
�Ho

298= +206 MJ/kmol, (4)

CH4 + 2H2O ↔ CO2 + 4H2,
�Ho

298= +165 MJ/kmol, (5)

CO+ H2O ↔ CO2 + H2,
�Ho

298= −41 MJ/kmol, (6)

C + 2H2 ↔ CH4,
�Ho

298= −75 MJ/kmol. (7)

The pyrolysis of palm oil wastes can be divid
into four temperature zones, as inFig. 7. In the first
zone (<340◦C), biomass becomes dehydrated; a
water vapor, CO2, and volatile organics (CH4) are
given off. Most likely they react with carbon (the m
jor component in Zone 1) in reactions(2) and (3)
and form H2 and CO at higher temperatures (60
1000◦C). Nevertheless, the slightly exothermic rea
tions of CO with H2O (reaction(6)) and of H2 with
C (reaction(7)) favor the steady formation of CO2
and CH4 at relatively low temperatures (500–600◦C).
This accounts for the decrease of both C and wa
but an increase of CH4 and CO2 in Zone 1. The sec
ond zone is for 340–560◦C, where the contents o
CH4 and water decrease, but CO2 increases. Solid
carbon remains almost constant. There is also s
H2 and CO evolved. The main reactions in Zone
should be(4) and(5). In Zone 3 (560–900◦C), sec-
ondary reaction occurs in(2) and(3), which control
pyrolysis. Reaction(4) continuously occurs, causin
the further decrease of CH4 content. The amounts o
H2 and CO increase, but C, H2O, CO2, and CH4
all fall. During the last zone (>900◦C), pyrolysis
ends; almost no reaction occurs. The contents of2
(45 mol%) and CO (30 mol%) remain high and s
ble. The carbon residue can be regarded as cha
formed by carbonization.

An increase in temperature favors endothermic
actions. Therefore, reactions(2)–(5)are shifted to the
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right, whereas reactions(6) and(7) shift in the oppo-
site direction if the temperature is increased. H2 and
CO have their highest yields at the highest temp
atures, whereas most CH4 and H2O are obtained a
the lowest temperatures. These predicted results
similar to the simulations by Zhang[10]; they are sup-
ported by the experimental results of others[4–6,13].
High temperatures do favor the production of H2 as
predicted. This supports our previous assumption
H2 being produced above 355◦C. The predicted trend
of decreasing amounts of C residue at higher tem
atures is also consistent with the experiments res
from the TGA (seeTable 3). The corresponding tem
peratures used for grouping the four zones (Fig. 7)
might not be the same as those found in real si
tions, due to the limitations of thermodynamic calc
lations and the big differences between an experim
in a TGA (an open system) and the calculations (fo
closed system). Nevertheless, the calculation prov
insight into the influence of temperature on the ga
produced.

4. Conclusions

Temperature has a significant influence on the
rolysis of palm oil wastes, particularly on the di
tribution of gaseous products. The different patte
of the rate of pyrolysis and the profile for evol
tion of gas at low (<355◦C) and high temperature
(>355◦C) indicate that different reaction pathwa
(or mechanisms) are involved. Pyrolysis is proba
controlled by kinetics when the temperature is low
than 355◦C, where the rate of pyrolysis increas
markedly with temperature. The experimental stu
using TGA-FTIR and thermodynamic modeling bo
indicate similar results: the total yield of gas increa
with temperature at the expense of char residue.

As for the individual species (CO2, CH4, CO,
H2O, and some organics) identified by TGA-FTI
the profiles of their evolution differ from each othe
The major components have their maximum rate
evolution at 355◦C based on FTIR, but TGA re
sults show a continuous increase of total yield
higher temperatures. The large amounts of H2 pro-
duced above 355◦C are thus reasonably postulated

Simulations of thermodynamic equilibrium ind
cate that H2, CO2, CH4, and CO are the main gaseo
products. They confirm that H2 is produced only a
high temperatures. The yields of H2 and CO increase
with temperature and have maximum yields of 45 a
30 mol%, respectively, at temperatures higher t
900◦C. The yields of H2O, CO2, and CH4 decrease
if the temperature increases and become essen
zero at high temperatures (>800◦C).
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[9] A. Demirbaş, Energy Conversion Manag. 43 (200
897–909.

[10] J.L. Zhang, M.S. thesis, Mississippi State Univers
(1996).

[11] J.M. Encinar, F.J. Beltran, A. Ramiro, J.F. Gonzal
Fuel Process. Technol. 55 (1998) 219–233.

[12] G. Chen, J. Andries, H. Spliethoff, Energy Convers
Manag. 44 (2003) 2289–2296.

[13] O. Beaumount, Y. Schwob, Ind. Eng. Chem. Proce
Des. 23 (1984) 637–641.

[14] B.V. Babu, A.S. Chaurasia, Energy Convers
Manag. 45 (2004) 1297–1327.

[15] A.A. Rostami, M.R. Hajaligol, S.E. Wrenn, Fuel 8
(2004) 1519–1525.

[16] G. Varhegyi, M.J.J. Antal, E. Jakab, P. Szabo, J. A
Appl. Pyrolysis 42 (1997) 73–87.

[17] P.A. Jensen, F.J. Frandsen, K. Dam-Johansen
Sander, Energy Fuels 14 (2000) 1280–1285.

[18] C. Gueret, M. Daroux, F. Billaud, Chem. Eng. Sci
(1997) 815–827.

[19] J.K. Fink, J. Anal. Appl. Pyrolysis 49 (1999) 107–12
[20] Y.L. Lee, J.M. Sanchez, J. Crystal Growth 178 (199

513–517.
[21] Z.A. Zainal, R. Ali, C.H. Lean, K.N. Seetharamu, E

ergy Conversion Manag. 42 (2001) 1499–1515.
[22] X.T. Li, J.R. Grace, A.P. Watkinson, C.J. Lim, A. Erg

denler, Fuel 80 (2001) 195–207.
[23] P. McKendry, Bioresource Technol. 83 (2002) 37–4



32 R. Yan et al. / Combustion and Flame 142 (2005) 24–32

G.

82

Prog.

P.
1–

er-

3–

z,

)

ch-

3.
e-
[24] H.P. Yang, R. Yan, T. Chin, D.T. Liang, H.P. Chen, C.
Zheng, Energy Fuels 18 (2004) 1814–1821.

[25] M. Diaz-Somoano, M.R. Martinez-Tarazona, Fuel
(2003) 137–145.

[26] F.J. Frandsen, K. Dam-Johansen, P. Rasmussen,
Energy Combust. Sci. 20 (1994) 115–138.

[27] X.T. Li, J.R. Grace, C.J. Lim, A.P. Watkinson, H.
Chen, J.R. Kim, Biomass Bioenergy 26 (2004) 17
193.

[28] P. Ulmgren, R. Radestrom, M. Edblad, M. Wenn
strom, J. Pulp Paper Sci. 25 (1999) 344–350.
[29] J.E. Robert, A.M. Thomas, Energy Fuels 1 (1987) 12
137.

[30] R. Bassilakis, R.M. Carangelo, M.A. Wojtowic
Fuel 80 (2001) 1765–1786.

[31] W.D. Jong, A. Pirone, M.A. Wojtowicz, Fuel 82 (2003
1139–1147.

[32] T.B. Reed, Biomass Gasification Principles and Te
nology, Noyes Data Corporation, NJ, 1981, p. 123.

[33] P. McKendry, Bioresource Technol. 83 (2002) 55–6
[34] G. Schuster, G. Loffler, K. Weigl, H. Hofbauer, Bior

source Technol. 77 (2001) 71–79.


	Influence of temperature on the distribution of gaseous products from pyrolyzing palm oil wastes
	Introduction
	Materials and methods
	Materials
	Experimental apparatus and methods
	Thermodynamic calculation

	Results and discussion
	TGA-FTIR analysis of palm oil wastes pyrolysis
	Influence of temperature on palm oil waste pyrolysis
	Thermodynamic calculations

	Conclusions
	Acknowledgments
	References


