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Abstract

This study concerns the various gaseous products released during the pyrolysis of palm oil wastes. For this a
thermogravimetric analyzer, coupled with Fourier transform infrared analysis (TGA-FTIR), identified the gases
produced when pyrolyzing palm oil wastes under different conditions. An FTIR spectrum was scanned in 5 s. The
influence of temperature was investigated by repeated experiments at 250, 280, 300, 325, 355, 400;@nd 450
The kinetics of weight loss (evaluated by the TGA) and of the production of gases (determined by FTIR) at
the selected temperatures were evaluated. The different profiles of gases produced-a336%Q) and high
temperaturesx355°C) suggest that different reaction pathways (or mechanisms) are involved. Simulations of
thermodynamic equilibrium for the pyrolysis of palm oil wastes were performed for 200°T208s predicted,

Hy, CO,, CHy, and CO are the dominant gaseous species from pyrolysis. This study provides clearer insight into
the effects of temperature on the gases produced by pyrolyzing a biomass.
0 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction Novel technologies with improved efficiency and re-
duced environmental impacts are required to treat
Recently, owing to environmental and economic these wastes, and also to convert them to energy. Py-
considerations, interest in utilizing biomass for the rolysis is one of the most promising thermo-chemical
production of energy and chemicals is increasing. techniques for recovering energy from biomass. Op-
Palm oil wastes are the main agriculture wastes in erating parameters (such as temperature, type of bio-
Southeast Asia. In Malaysia alone, 9.9 Mte of solid 555 heating rate, pressure, and reactor configura-
wastes consisting of the oil-palm empty fruit bunch 1) are believed to influence significantly the py-
(EFB), fiber, and shell are generated every yiaar rolysis of a biomass. Temperature is one of the most

important operating varianf2—-13). So far, various

* Corresponding author. Fax: +65 67921291, experimental studies have investigated the influence
E-mail addressryan@ntu.edu.s(R. Yan). of temperature on pyrolys[2—-12], focusing on eval-

0010-2180/$ — see front mattér 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
doi:10.1016/j.combustflame.2005.02.005


http://www.elsevier.com/locate/combustflame
mailto:ryan@ntu.edu.sg

R. Yan et al. / Combustion and Flame 142 (2005) 24-32 25

Table 1
Proximate and ultimate analyses of palm oil wastes

Proximate analysis (wt%) Ultimate analysis (wt%) LHV

Mag Vad Aq FCag c H N s o3 (MJ/kg)
Fiber 656 760 533 125 503 7.07 042 063 363 206
Shell 573 737 221 184 538 7.20 000 051 363 221
EFB 875 797 302 880 489 7.33 000 068 402 190

M, moisture content; V, volatile matters; A, ash; FC, fixed carbon; ad, on air-dried basis; d, on dry basis.

2 The O content was determined by difference.

uating the yields of different products as a function of
temperature. The experiments were mostly performed
in bench-scale reactors at high temperatures (500—
900°C), and only the total yields of the main gaseous
products were taken into account. A high temperature
is found to generally favor the yield of gaseous prod-
ucts[3-6]. Studies on the distribution and release of
various gaseous products at different pyrolysis tem-
peratures have seldom been carried [&8]. Nev-
ertheless, the pyrolysis of biomass involves various
sequential and parallel reactiofi2]; the mechanism

of pyrolysis is still not fully understood. A better un-
derstanding of the effect of temperature on the dis-
tribution of products is needed to establish a model
of pyrolysis and to produce biofuels with improved
yields and higher quality.

Numerous model$14—17] have been developed
to describe the pyrolysis of biomass; they are mainly
based on considerations of kinetics, as well as heat
and/or mass transport. However, these models con-
tain parameters, which make them difficult to ap-
ply to different reactors. Models based on thermo-
dynamic equilibrium[17-22] are independent of the
reactor. However, thermodynamic equilibrium may
not be achieved at low temperatures, so the calcu-
lations may not represent the real situation, when
kinetic constraints become the major factor. Never-
theless, models based on thermodynamic equilibrium
have been used for predicting the thermal conversions
of methang18], plastics[19], and coal[20-22] As
for biomass, they have mostly been used for combus-
tion or gasification and only recently has equilibrium
modeling been used in the pyrolysis of biom§ks]
with a focus on the release of the elements K and
Cl, rather than the main gaseous products. In general,
pyrolysis involves endothermic reactions and so oc-
curs at high temperatures. In this study, equilibrium
modeling is introduced to outline the distribution of
gaseous species, as a function of temperature.

In addition, the pyrolysis of palm oil wastes was
investigated using TGA-FTIR. The weight loss was
measured in a TGA and the gases evolved were de-
tected on-line by FTIR. The influence of temperature,
particularly on the distribution of gaseous products,
was analyzed.

2. Materials and methods
2.1. Materials

Samples of three palm oil wastes (shell, fiber, and
empty fruit bunches) were obtained from Malaysia.
They were ground in a laboratory-scale centrifugal
mill (Rocklabs, New Zealand) and sieved in a Retsch
test sieve with a 1-mm screen (Retsch, Fisher Sci-
entific Company, USA); i.e., all the samples stud-
ied here were<l mm in size. The proximate and
elemental analyses were carried out in a TGA (TA
2050, USA) and CHNS/O Analyzer (Perkin-Elmer
2400l1), respectively. The results are listediable 1
Palm oil wastes have a very high volatile content (V),
>70 wt%, and contain low amounts of fixed carbon
(FC), <20 wt%. The lower heating value (LHV) of
the samples studiedM20 MJ/kg) was measured in a
bomb calorimeter (Parr 1260, Parr Instrument Com-
pany, Moline, IL); this is lower than that of coal,
possibly due to the low fixed-carbon and high oxygen
contents in the sampl¢23]. The ultimate analysis in-
dicates that palm oil waste is environmental friendly,
with trace amounts of nitrogen, sulfur, and mineral
matter.

2.2. Experimental apparatus and methods

The pyrolysis of biomass was studied in a ther-
mogravimetric analyzer (Model TA 2050, from TA).
Details of the flow rate and mass of sample have
been publishef24]. The experimental procedure was
briefly as follows. First, the sample was heated up at
10°C/min to 150°C from the ambient temperature
and kept isothermal for 5 min to remove moisture.
Generally, after removing any moisture, a flat base-
line for a weight loss curve could be observed. Then,
itwas heated up to 90TC and kept there for 3 min. To
mitigate any problems caused by heat and mass trans-
fer, the sample size was maintained~&20 mg for
every experiment. To remove gaseous and condensi-
ble products from the TGA furnace and minimize any
secondary vapor-phase interactions, the flow rate of
carrier gas (M) was kept at 120 ngmin; this is the
largest flow rate permitted by the TGA.
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The gases released in the TGA were swept imme-
diately to a gas cell, followed by the FTIR (BioRad
Excalibur Series, Model FTS 3000) analysis using
a deuterated triglycine sulfate (DTGS) detector. The
transfer line and gas cell were heated to an internal
temperature of 230C, to avoid condensation or ad-
sorption of semivolatile products. Each IR spectrum
was obtained in 5 s and the IR scanning range was
from 4000 to 500 cm?.

For an in-depth investigation of the influence of
temperature, a biomass was pyrolyzed in the TGA
at 250, 280, 300, 325, 355, 400, and 480 The
samples were heated up separately from the ambi-
ent to the selected temperature at a much higher rate
of 30°C/min, to minimize any potential influence of
heating. The selected temperature was maintained for
120 min, i.e., when generally no more weight loss was
observed because pyrolysis was complete. After that,
the sample was continuously heated up to 9000
record any further weight loss.

2.3. Thermodynamic calculation

The thermodynamic calculations were performed
using HSC-Chemistry 4.0 software, based on the min-
imization of the Gibbs free energy of the system
[25], subject to the usual constraint of mass being
conserved for each chemical element. The palm oil
wastes studied have negligible ash contents see
ble 1), so to simplify the computations, only the main
elements C, H, O, N, and S were taken into ac-
count[26]. Inorganic elements such as Si, Ca, Mg,
K, Al, Cl, and P, were regarded as the nonprocess ele-
ments and so were not involved in the calculations,
because of their trace contents and lack of reactiv-
ity with organic componentf7,28] The pyrolysis
of biomass can be simplified to

Biomass— Hy + CO+ CO, + hydrocarbon gas
+ tar+ charcoal. Q)

In the calculations, the following species were
considered: H, H, C, CO, CQ, CHy, CoHs, CoHgy,
CH30OH, CH,O, HCOOH, CHCOOH, CHOCH;,
CH3CHO, GHgO, CgH50OH, CGH40, C4HgO,
C3H402, C3HgOy, CoH403, CsHgO, CsHgO,
C4H40, C4HgO2, CsHaO2, CeHgO, GsHgOo,
CsHgOp, CsH1002, CeHO2, CsHeOs, CsHgOg3,
CsHgO4, CgH1202, CgHEO3, CgH1206, O, Oy,
H,0, OH, N, Nbo, NHz, NO, NO,, CN, HCN, S, HS,
SOy, SG3, CS, COS. All gaseous products were as-
sumed to behave ideally, and all condensed products
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Fig. 1. The curves of weight loss for the palm oil wastes
being heated up.

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

3. Resultsand discussion
3.1. TGA-FTIR analysis of palm oil wastes pyrolysis

Fig. 1 shows the TGA pyrolysis curves of the
three palm oil wastes. About 20-30 wt% of the sam-
ple was left as charcoal residues at 9@and the
rest (~~70 wt% of the sample) was evolved into the
gas phase. As for the rate of mass loBigy( 1), the
fiber and shell have similar patterns with two peaks,
whereas only one big peak was found with EFB. The
degradation of palm oil wastes happened at relatively
low temperatures (200-50€), similar to other types
of biomasq13,16]

The gaseous products of pyrolysis have a typi-
cal IR spectrum as ifrig. 2 for the fiber being py-
rolyzed at 344C. The main gas components (g0
H>0, CH;, CO, and some organics) are shown. In
fact, the “organics” are a mixture of acids, aldehy-
des, alkanes, ethers, etc. They are possibly formalde-
hyde (CHO), acetaldehyde (C4CHO), methanol
(CH30H), formic acid (HCOOH), phenol (§Hs
OH), acetone (CHCOCHg), etc., according to our
database search and the literati3@,31] Because of
the low sulfur and nitrogen contents of the fiber (see
Table 1, no N- or S-containing compounds were de-
tected. In addition, some gases like,HNo, O, and
H>S have weak or no IR absorption and so are un-

were treated as pure phases; carbon (as graphite) wasdetectable by FTIR30]. However, b is of major

the only solid species considerfb]. The elements

C, H, O, N, and S were taken as inputs. Temperatures
of 200-1200°C and a pressure of 1 atm were consid-
ered. Fiber was selected as the representative palm oil

interest and will be quantified using micro-GC in the
future.

Fig. 3shows the FTIR profile of gaseous products
from pyrolyzing the fiber in the TGA at a heating rate
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Fig. 3. FTIR profiles of fiber pyrolysis.

of 10°C/min from 150 to 900 C. Below 15C¢°C, no
gas, except for water vapor, is produced. The height
of an IR peak was used to qualitatively describe the
changing concentration of each gas with respect to
temperatureFig. 3 shows that CQ, CHy4, CO, and
some G_» hydrocarbons are the main gaseous prod-
ucts, released at 220-400. This corresponds well
with the previous observation of weight lossHig. 1
The release of C®first increases with temperature
and reaches a first small peak at 2€) with a fur-
ther increase of temperature it continuously increases
and gets its second peak and maximum at 320
The FTIR profiles of organics ifrig. 3 are different
from CQOy. They start to appear at lower temperatures
and have a maximum at about 28D. The produc-
tion of CHy and CO happens, compared to £é&nd
organics, at higher temperatures of 320-400with
maxima at about-360 and 345C, respectively.
AlthoughFig. 3is only qualitative, it provides suf-
ficient information to understand the appearance of
each gas from fiber pyrolyzing at different tempera-

minor contribution from water, which also absorbs at
~1500 cm 1 (seeFig. 2).

As the pyrolysis of palm oil wastes happens
mainly at 200-500C (seeFigs. 1 and B the to-
tal yield of gaseous products was calculated for this
same temperature rangeaple 3. The yields of CQ,
CO, and BO from EFB are the highest from the
three wastes (highlighted in bold), whereas the high-
est yield of CH, was found with the fiber and the
highest organic yield was from the shell, no doubt due
to their different chemical compositions. EFB has the
highest amounts of O and H, probably causing the
higher yields of CO, C@and HO. Fiber has a lower
H content than shell, but the latter has the highest C
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 temper-
ature was carried out at 250, 280, 300, 325, 355, 400,
and 450°C. The pyrolysis curves of the fiber from
palm oil wastes, at different isothermal temperatures,
are plotted inFig. 4 (TGA curves) and-ig. 5 (DTG
curves). InFig. 4, the result of pyrolyzing the fiber
from ambient to 900C at 30°C/min (dotted line)
is also shown for comparison with the other 7 cases,
where different isothermal temperatures are selected.
For case 1, with an isothermal temperature of 260
~30 wt% of fiber was decomposed for 120 min at
250°C. After that, further weight loss{35 wt%) was
observed when the temperature was continuously in-
creased to 900C. With an isothermal temperature of
355°C, more weight was lost during the isothermal
period (120 min) and even in the ramping period from
the ambient to the selected temperatures (for cases 4

tures. For a clearer analysis, the relative area under and 5), so that less weight was lost in the follow-ups.

every peak was calculated, basedFg. 2, accord-
ing to the following: the area for Cfwas calcu-
lated from 2400 to 2260 cmt, organics from 900
to 1900 cntl, H,0 from 4000 to 3600 cm!, CHy
from 2700 to 3200 crﬁl, and CO from 2400 to
2260 cm1 [30]. However, the area obtained between
900 and 1900 cm? for organics might also include a

The plots inFig. 4for cases 6 and 7 are very close to
that observed when the temperature rose from ambi-
ent directly to 900 C without an isothermal period.

In Fig. 5, it can be seen that after the sample
was kept isothermal for 10-12 min, pyrolysis at
the selected temperature was completed because no
more obvious weight loss occurred (mass loss rate
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Table 2
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Yields of gas products from palm oil waste pyrolysis (200—%0)

Sample Total relative area of absorbance peaks (aregwfitvaste)

COp Organics CH CcoO H,O
Fiber 72239 184425 27489 2902 44474
Shell 74561 194734 25358 3309 47704
EFB 82260 193380 23339 4879 48525

100

Weight (wt. %)

6, 7
400

20 L
200 300 600

Temperature (°C)

Fig. 4. TG curves of fiber pyrolysis at different temperatures.

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

The yields of gas and the residues after pyroly-
sis at different temperatures are listedTable 3 In
this study, the yield of liquid oil (tar), although it
was partly deposited inside the outlet tubing of the
TGA, was not considered separately due to the small-
ness of the sample. With the current equipment, it
proved almost impossible to collect and quantify the
tar formed. Therefore, the yield of gasTable 3ac-
tually includes both gas and oil. The yield of gas in-
creased greatly with temperature, whereas the yield of
char decreased sharply. This is consistent with previ-
ous observationgl—7], even though those operating
temperatures were much higher (550-9Q).

The gaseous products from pyrolyzing the fiber at
different isothermal temperatures are showFip 6.
The IR scan started at 18C and lasted for 40 min;

-
(9]

12

Mass loss rate (wt.%/min)

30
Time (minute)

Fig. 5. DTG curves of fiber pyrolysis at different tempera-
tures.

CO and CH are also quite similar. For the first pair
(CO, and organics), little was released at 28D
(case 1). Up to 35%C (cases 2 to 5), the release of
CO, and organics increased sharply. Above 365
(cases 6 and 7), the total amount of these two compo-
nents decreased relative to case 5; their release pro-
files are similar to that observed when the tempera-
ture was raised directly from ambient to 900 (not
shown here). It is noteworthy that the profiles for £0
and the organics showed two peaks for cases 6 and 7;
this is consistent with the DTG curveshig. 5.

As for CO and CH in Fig. 6, their release at
low temperatures (250-32%) is generally insignif-
icant. However at or over 358, significantly more
of them appear. CO has its highest release at855
CHgy has its at 400C. Only one big peak is observed
for CO and CH, different from CQ and organics.

The similarity of the DTG curves ifrig. 5to the
FTIR profiles for CQ and organics iffrig. 6 suggests
that the formation of these two components might
dominate pyrolysis. There is a difference between the
observations at 250-32%& and those over 35%C,
when two peaks appear instead of one. Maybe this
implies two different mechanisms with the tempera-
ture of 355°C being a boundary. One possibility is
that primary thermal decomposition happens below
355°C, whereas secondary thermolysis above 355
involves aromatizatiofil 0]. Although the rate of py-
rolysis (seeFig. 5 could be larger above 35%,

a spectrum was recorded every 5 s. On changing the the release of Cg organics, and CO is greatest at

isothermal temperature, GOand organics demon-
strate almost similar profiles for their release, while

355°C, except for CH{ which maximizes at a slightly
higher temperature 40C.
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Table 3
Gas and char yields of fiber pyrolysis at different temperatures (wt%)
Reaction temperaturéC) 250 280 300 325 355 400 450 900
Gas yield 263 491 564 595 611 630 658 706
Char+ ash 652 429 357 325 310 288 258 214
1800 ;.3 3000 47 organics
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Fig. 6. Gaseous products from pyrolyzing the fiber at different temperatures.

In Fig. 6, from left to right the 7 vertical dot-
ted lines mark the time when an isothermal period

and organics (the two major gas components) de-
creased sharply, while those of gend CO increased

started and the temperature stopped being increased atslightly. However, the total amount of gas released (as

30°C/min. It will be seen that the profiles of differ-

ent gases to the left of a dotted line almost overlapped,

evaluated by TGA inTable 3 increased monotoni-
cally from 250 to 450C, different from the results

due to the temperature being the same. However, big using FTIR (se€lable 4. It accordingly seems that

differences at the right-hand side demonstrate the sig-

nificant influence of the isothermal temperature on the
distribution of the products from pyrolysis. For cases

other gases, which cannot be detected by FTIR, are re-
leased above 355C. Most possibly, H is evolved at
high temperatures, as indicated by other experiments

6 and 7, most mass was lost during the temperature [4—6]. This will also be confirmed in the following

ramp.

The total yield of every gas was estimated from the
integrals of their FTIR spectra. The initial time was
taken at 150C in the TGA and lasted for 40 min;
the results are listed ifable 4 The yields of CQ,
CHgy, CO, and organics increased with temperature
to 355°C, when all the gases reached their high-
est yields. This might be accounted for by the fiber
containing mostly hemicellulose and lignin. At 300—
350°C, the former gives off mostly C& CHg, and
CO, while the latter releases almost only £8ur-
ing pyrolysis. From 355 to 45%C, the yield of CQ

thermodynamic calculations.
3.3. Thermodynamic calculations

The first thermodynamic calculation considered
the elements C, H, O, N, and S and0 species; the
results for pyrolyzing the fiber are plotted Fig. 7.

The species present in significant amounts age H
H,0, CO, CQ, CHy, and solid carbon. None of the
hydrocarbons considered, other thanCI8 thermo-
dynamically stable under these pyrolysis conditions.
Although some organics such as acetylene, ethylene,
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Table 4
Yields of gas products of fiber pyrolysis at different temper-
atures

Temperature Total absorbance area (area yigjt
°C) CHy C CO  Organics
( 4 9
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
10 1 2 3 4
HZ
08} — |
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_(é) S
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Fig. 7. Calculated species from the pyrolysis of fiber.

and higher hydrocarbons are produced in pyrolysis
or gasification reactorf4—6], they are not thermo-
dynamically favorable speci¢82]. Therefore, in the
following calculations, the hydrocarbons with two or
more C atoms per molecule will not be taken into ac-
count.

The traces of nitrogen and sulfur in biomass are
released as Nand HS, respectively; their concen-
trations are trivial, so N and S were excluded in sub-
sequent calculations, which considered onpy; BO,
COy, CHgy, H20, and solid carbon. Additional calcu-
lations were carried out with EFB and shell at the fol-
lowing conditions: pressure 1 atm, temperature 200—
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 plotted
in Fig. 8 which shows that the three wastes produce
the same patterns of gaseous products when plotted
against temperature. The reactions involved in pyrol-
ysis are generallj12,33,34]listed as

C 4 CO, < 2CO,

AHSyg=+168 Mykmol, @)

C + HpO <> CO+ Hy,

AHSyg=+175 Mykmol, ©)
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Fig. 8. Calculated species from the pyrolysis of palm oil
wastes.

CHy + Hp0 <> CO + 3Hy,

AHZge=+206 MJkmol, 4)
CHg + 2H,0 <> CO; + 4Hy,

AHSge= 4165 MJkmol, (5)
CO + Hp0 < CO, + Ho,

AHgge=—41 MJ/kmol, (6)
C + 2Hy <> CHy,

AHgge=—75 MJ/kmol. (7

The pyrolysis of palm oil wastes can be divided
into four temperature zones, ashig. 7. In the first
zone («340°C), biomass becomes dehydrated; also
water vapor, CQ, and volatile organics (Ck) are
given off. Most likely they react with carbon (the ma-
jor component in Zone 1) in reactiorf8) and (3)
and form H and CO at higher temperatures (600—
1000°C). Nevertheless, the slightly exothermic reac-
tions of CO with HO (reaction(6)) and of H with
C (reaction(7)) favor the steady formation of GO
and CH, at relatively low temperatures (500-600).
This accounts for the decrease of both C and water,
but an increase of CfHand CQ in Zone 1. The sec-
ond zone is for 340-560C, where the contents of
CH,4 and water decrease, but gncreases. Solid
carbon remains almost constant. There is also some
H, and CO evolved. The main reactions in Zone 2
should be(4) and(5). In Zone 3 (560-900C), sec-
ondary reaction occurs i(2) and(3), which control
pyrolysis. Reactior{4) continuously occurs, causing
the further decrease of GHtontent. The amounts of
H, and CO increase, but C,J0, CO, and CH,
all fall. During the last zone %900°C), pyrolysis
ends; almost no reaction occurs. The contents f H
(45 mol%) and CO (30 mol%) remain high and sta-
ble. The carbon residue can be regarded as charcoal
formed by carbonization.

An increase in temperature favors endothermic re-
actions. Therefore, reactiof®)—(5)are shifted to the
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right, whereas reactior(§) and(7) shift in the oppo-
site direction if the temperature is increased. ahd
CO have their highest yields at the highest temper-
atures, whereas most GHind HO are obtained at

31

Acknowledgments

The author, Yang Haiping, is very grateful for the
collaboration program between the Institute of Envi-

the lowest temperatures. These predicted results are ronmental Science and Engineering, Nanyang Tech-

similar to the simulations by Zharj$0]; they are sup-
ported by the experimental results of othgks6,13]
High temperatures do favor the production of ks
predicted. This supports our previous assumption of
H, being produced above 38&. The predicted trend

of decreasing amounts of C residue at higher temper-
atures is also consistent with the experiments results
from the TGA (see€Table 3. The corresponding tem-
peratures used for grouping the four zonBgy( 7)
might not be the same as those found in real situa-
tions, due to the limitations of thermodynamic calcu-
lations and the big differences between an experiment
in a TGA (an open system) and the calculations (for a
closed system). Nevertheless, the calculation provides
insight into the influence of temperature on the gases
produced.

4. Conclusions

Temperature has a significant influence on the py-
rolysis of palm oil wastes, particularly on the dis-
tribution of gaseous products. The different patterns
of the rate of pyrolysis and the profile for evolu-
tion of gas at low &£355°C) and high temperatures
(>355°C) indicate that different reaction pathways
(or mechanisms) are involved. Pyrolysis is probably
controlled by kinetics when the temperature is lower
than 355°C, where the rate of pyrolysis increased
markedly with temperature. The experimental study
using TGA-FTIR and thermodynamic modeling both
indicate similar results: the total yield of gas increases
with temperature at the expense of char residue.

As for the individual species (Cf) CHy, CO,
H>0, and some organics) identified by TGA-FTIR,
the profiles of their evolution differ from each other.
The major components have their maximum rate of
evolution at 355C based on FTIR, but TGA re-
sults show a continuous increase of total yield at
higher temperatures. The large amounts of pfo-
duced above 35%C are thus reasonably postulated.

Simulations of thermodynamic equilibrium indi-
cate that H, COy, CHg, and CO are the main gaseous
products. They confirm that His produced only at
high temperatures. The yields opldnd CO increased
with temperature and have maximum yields of 45 and
30 mol%, respectively, at temperatures higher than
900°C. The yields of HO, COp, and CH, decrease
if the temperature increases and become essentially
zero at high temperatures 800°C).

nological University, Singapore, and the National
Laboratory of Coal Combustion, Huazhong Univer-
sity of Science and Technology, China. The program
enabled her to pursue her Ph.D. in Singapore under a
research scholarship.
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