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Abstract The catalytic effect of a series of doped and undoped metal oxides on

the pyrolysis kinetics of empty fruit bunch (EFB) is investigated using thermo-

gravimetric analysis (TGA) under nitrogen atmosphere and dynamic non-isothermal

conditions from 301 to 1,273 K programmed at 10 K min-1. The kinetic parame-

ters, namely the activation energy (Ea) values and pre-exponential factor (Ln A) are

determined based on the Coats–Redfern method. Segmentation of the TG data into

two temperature regimes, which are 473–573 K (section I) and 573–613 K (section

II) representing the hemicellulose and cellulose decomposition respectively. The

effect of each catalyst on EFB pyrolysis is evaluated based on the calculated mean

Ea for section I and section II which indicates that Al2O3 catalyzed EFB reaction

reduces the Ea for section I and section II by 6.05 and 1.77 kJ mol-1, respectively.

Based on the Ea value for section I, Al2O3 is selected as the catalyst for incorpo-

ration in catalytic EFB pyrolytic reaction performs in a fixed bed reactor at 773 K

with a heating rate of 20 K min-1 and keeps isothermal for 30 min. The result

shows that the bio-oil increased by 6.88 % and decreased gas yield by 7.75 %.

Keywords Empty fruit bunch � Pyrolysis � Activation energy � Coats–Redfern �
Fixed-bed reactor

Introduction

Biomass waste from the palm oil processing industry in Malaysia such as empty

fruit bunch (EFB) and palm shell is an exploitable source of renewable energy that

is beneficial to the environment in such a way that utilization of these biomass

wastes promoted reduction in the emission of carbon dioxide [1]. Due to its
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abundance, EFB is a prominent source of renewable energy and possible

replacement for fossil fuel in the near future via biomass pyrolysis. This process

is a thermochemical conversion through decomposition under inert environment for

the production of char, bio-oil and gases [2]. Bio-oil contains aqueous and organic

phases, which can be utilized as chemical feedstock or as possible fuel for stationary

power [3]. The biomass pyrolysis using thermogravimetric analysis (TGA) is a fast

method to generate information regarding biomass thermochemical breakdown [4].

Therefore, the biomass pyrolysis kinetics data such as the activation energy (Ea) and

pre-exponential factor (Ln A) are useful in planning reactions in reactors. For the

single heating rate pyrolysis, the kinetic parameters are normally determined by the

Coats–Redfern method [5]. Pyrolytic reactions of various types of biomass based on

the calculated Ea of kinetic parameters were reported [6–16] and also pyrolysis of

biomass blended with coal [17]. The pyrolysis reaction in TGA can be improved by

the addition of catalyst aimed at lowering devolatilization temperature. The

integration of the catalyst during biomass pyrolysis in reactors is addressed as a

significant research area in order to obtain bio-oil or pyrolysis liquid with improved

fuel-like properties as well as expected to increase the yield of bio-oil [18]. The list

of reported studies on catalytic pyrolysis conducted in various types of reactors with

the catalysts is shown in Table 1.

It is apparent from the above reported studies (Table 1) that the selection of

catalysts for catalytic pyrolysis in reactor is normally based on several factors such as

catalyst acidity, basicity and porosity. The selection of catalyst using these factors

required several sets of experiments with various catalysts loading ratio to biomass

that consumed a lot of energy, chemicals and time. Therefore, the alternative approach

suggested is aimed at utilizing the Ea values from thermogravimetric study estimated

by the Coats–Redfern method for the selection of metal oxide. The catalytic reaction is

expected to produce lower Ea values compared to under non-catalytic reaction that

leads to the selection of a particular metal oxide catalyst for the incorporation in a

fixed-bed reactor, with the aim to enhance the bio-oil yield.

Materials and methods

Biomass pretreatment

The empty fruit bunches (EFB) was obtained from palm oil mill North Star Palm Oil

Mills, which is located in Kuala Ketil, Kedah, Malaysia. The biomass was rinsed

with tap water to remove impurities and chopped manually. It was dried in the oven

for 24 h at 343 K. The dried sample shredded using shredding machine and sieved

using the Retsch sieve shaker. The sieved EFB with particle size of 250–500 lm

was selected for the pyrolysis process.

Catalyst preparation

Approximately 10 g of aluminum oxide (Al2O3, Acros Organic, Belgium 99 %

extrapure) and silica-alumina (SiO2–Al2O3) catalyst support, grade 135 (Sigma-
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Aldrich, Germany) were calcined separately in a furnace at 923 K for 5 h at a ramp

rate of 3 K min-1 [31] under static atmosphere and the catalysts were placed in a

desiccators prior to application.

Alumina doped with Cu, Ni and Co was prepared using the wet impregnation

technique [31]. 10 ml of deionized water was measured and poured into a beaker. A

pre-weighed respective amount of nitrate salt of Cu, Ni and Co (Cu(NO3)�3H2O (R&M

Chemicals, UK), Ni(NO3)2�6H2O (Merck, Germany) and Co(NO3)2�6H2O (Merck,

Germany)) with atomic ratio to alumina of 5 % dissolved with deionized water. The

solution containing the respective ion was added dropwise into a beaker containing

10.00 g of precalcined alumina until about 60 % of solution was transferred. It was

dried at room temperature for about 5 h. The remaining solution was subsequently

added. It was left to dry overnight. It was again dried at 393 K for 2 h. Then, the

catalyst precursor was calcined at 873 K for 5 h at a ramp rate of 3 K min-1.

Catalytic and non-catalytic biomass pyrolysis using a thermogravimetric

analyzer (TGA)

The non-catalytic and catalytic pyrolysis was conducted using Mettler Toledo

thermal analyzer TGA/DSC 1 equipped with Stare software. In non-catalytic

pyrolysis condition, approximately 10.00 mg of sample was placed in a 70 ll

alumina crucible. In catalytic condition, approximately 1.00 mg of alumina catalyst

was weighed and placed inside the crucible containing 10.00 mg EFB to produce

9.09 wt% catalyst addition to biomass. The nitrogen gas was used as the carrier gas

at a flow rate of 100 ml min-1 under dynamic conditions from 301 K towards final

pyrolysis temperature of 1,273 K at a heating rate of 10 K min-1. Each heating rate

produced data Excel spreadsheet and the data was calculated using Excel software

with the Coats–Redfern method. The presented experimental data were the mean

values calculated from three replicated experiments under the same operating

conditions. The data showed good reproducibility and repeatability.

Kinetic analysis by Coats–Redfern method

The pyrolysis process of EFB could be represented by this reaction scheme:

EFB solid residue þ volatiles ð1Þ

The rate of pyrolysis process in kinetic study was deduced as:

da
dt
¼ kf ðaÞ ð2Þ

In this equation, a is the progress of reaction or the conversion and it occurred

from 0.05 to 0.95. The value of a could be defined as:

a ¼ wo � wt

wo � wf

f ðaÞ ¼ ð1� aÞn
ð3Þ
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The rate constant depended on the activation energy (Ea).

k ¼ A exp � Ea

RT

� �
ð4Þ

When Eqs. 2 and 4 are combined, a new equation is obtained as follows:

da
dt
¼ A exp � Ea

RT

� �
f ðaÞ ð5Þ

A new parameter called heating rate (B) was introduced when the EFB pyrolysis

reaction was performed under dynamic non-isothermal condition.

b ¼ dT

dt
or dt ¼ dT

b
ð6Þ

Insertion of Eq. 6 into Eq. 5 produced Eq. 7:

da
ðdT=bÞ ¼ A exp � Ea

RT

� �
f ðaÞ

da
ðdTÞ ¼

A

b
exp � Ea

RT

� �
f ðaÞ

ð7Þ

Equations 5 and 7 were the basic equations that could be used to generate kinetic

parameters that utilized the thermogravimetric data obtained either at linear heating

rates, b or at selected heating rate.

ln � lnð1� aÞ
T2

� �
¼ ln

AR

bEa

1� 2RT

Ea

� �� �
� E

RT
ð8Þ

The Coats–Redfern method was being used to calculate the activation energy

(Ea) and pre-exponential factor (Ln A) from the catalytic and non-catalytic pyrolysis

of biomass [32–34]. The equation is applicable when the reaction order (n) equals to

1.

Catalytic pyrolysis in a fixed-bed reactor

The catalytic pyrolysis of EFB with alumina was carried out in a vertical fixed-bed

reactor placed in an electrical furnace. In a typical pyrolysis run, approximately

10.00 g of EFB was mixed with alumina at 9.09 wt% at in-bed mode. The catalyst

loading was varied at 9.09, 16.67 and 23.08 wt%. The reactor was purged with

nitrogen at 300 ml min-1 for 30 min to ensure inert environment during the

pyrolysis. The final pyrolysis temperature was set at 773 K with a heating rate of

20 K min-1 and maintained at that temperature for 30 min. The pyrolysis products

were swept by nitrogen and passed through a condenser and the receiver flask was

immersed in a mixture of ice and water. The flask was weighed before and after the

reaction. Thus, the bio-oil yield was determined by difference. The solid residue

was removed from the reactor tube and its weight was recorded. Each experiment

534 Reac Kinet Mech Cat (2015) 114:529–545
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was conducted in duplicate in order to provide standard deviation of ±3.0 wt%. The

mean values were considered for analysis. The relevant calculations are as shown in

Eqs. 9, 10, 11 and 12.

Conversion %ð Þ ¼ mass of EFB ðgÞ � mass of charresidue ðgÞ
mass of EFBðgÞ � 100 % ð9Þ

Bio-oil yield wt%ð Þ ¼ mass of bio�oil ðgÞ
mass of EFB ðgÞ � 100 % ð10Þ

Char residue yield wt%ð Þ ¼ mass of char residue ðgÞ
mass of EFB ðgÞ � 100 % ð11Þ

Gas yield wt%ð Þ ¼ 100 wt%ð Þ � bio-oil yield wt%ð Þ � char residue wt%ð Þ ð12Þ

Results and discussion

TG and DTG analysis

The TG curves for catalytic and non-catalytic EFB pyrolysis at a heating rate of

10 K min-1 are depicted in Fig. 1a and b. The curve is divided into three different

stages. The first stage corresponded to the slight weight loss that occurred in the

temperature range from room temperature to 473 K due to the removal of moisture

of biomass [35]. The second stage referred to the successive decomposition of

lignocellulosic components of EFB at temperature region of 473–673 K, where

devolatilization of lignin, cellulose and hemicellulose components contained in

biomass took place. Therefore, biomass cracking reactions such as depolymeriza-

tion, decarbonylation and decarboxylation took place at this temperature region. The

slow weight loss or flat tailing section at temperature region of 673–1,073 K was

attributed to the decomposition of lignin, which was known to degrade slowly over

large range of temperature [36]. The final char yield in EFB pyrolysis was in the

range of 21.34–22.10 %. However, there was an increase to 25.92–38.85 % in the

presence of metal oxide catalysts was recorded. This indicated that the presence of

catalysts increased the char yield at the end of pyrolysis process. Similar

observations were reported by Shurong Wang et al. [37]. Fe2? and K? increased

the final char residue of cellulose pyrolysis as well as shifted the cellulose

devolatilization peak in DTG curve towards low-temperature thus reduced the Ea of

the pyrolysis process [37]. The presence of MgCl2 impregnated cellulose also

promoted the char production in catalytic MgCl2-cellulose pyrolysis [38].

The DTG curves for both EFB pyrolysis and catalytic EFB pyrolysis are shown

in Fig. 2. The initial small peak was recorded in the range of approximately

323–423 K due to the expulsion of physisorbed water molecules [39]. The main

EFB lignicellulosic decomposition cracking reactions occurred in the temperature

range from 473 to 673 K. The main DTG peak at approximately 610 K in EFB

pyrolysis was due to the contribution from the cellulose decomposition. The largest

Reac Kinet Mech Cat (2015) 114:529–545 535
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peak which was a signal of cellulose decomposition from waste mandarin residue

pyrolysis appeared in the temperature range of 593–653 K [12], while cellulose

decomposition was reported to occur in the temperature range of 550–670 K [39].

The main DTG peak was accompanied by a shoulder peaked at approximately

560–573 K in both catalytic and non-catalytic pyrolysis of EFB. This shoulder peak

corresponded to the devolatilization of hemicellulosic component of EFB.

Fig. 1 a TG curves for EFB pyrolysis conducted under nitrogen atmosphere at a flow rate of
100 ml min-1 from 28 to 1,000 �C (301–1,273 K) at a heating rate of 10 K min-1. b TG curves for
catalytic EFB pyrolysis conducted under nitrogen atmosphere at a flow rate of 100 ml min-1 from 28 to
1,000 �C (301–1,273 K) at a heating rate of 10 K min-1

536 Reac Kinet Mech Cat (2015) 114:529–545
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Kinetic analysis based on Coats–Redfern method

Based on the DTG analysis on the EFB sample under catalytic and non-catalytic

condition, the peak temperature for cellulose pyrolysis was slightly lower than

613 K. Therefore, in the current study, the temperature region of 473–573 K is

considered as section I, which accounted for hemicellulose decomposition. The

temperature range of 573–613 K is regarded as section II that corresponded to the

cellulosic degradation. This temperature regime selection is similar to Yang et al.

[40]. Yang et al. [40] conducted the pyrolysis of cellulose, hemicelluloses and lignin

as well as palm oil wastes such as EFB and palm shell. The xylan (mainly

hemicellulose) decomposition occurred in the temperature region of 493–573 K.

Meanwhile cellulose degradation occurred in the temperature range of 573–613 K.

Sections I and II from the non-catalytic and catalytic pyrolysis of EFB

conformed to first order reactions. The plot of ln[-ln(1-a)/T2] against 1/T

produced linear curves with the slope equals to Ea/R. Concomitantly, the Ea and Ln

A can be determined. The linear curves producing linear equations with R2 values

for sections I and II are as recorded in Tables 2 and 3. The values of estimated

standard errors for kinetic parameters such as Ea and Ln A are shown in Tables 2

and 3. The values of calculated R2 are above 0.96 which indicated the acceptable

correlation between the dependable and non-dependable parameters.

The differences between the values of mean Ea from catalytic with non-catalytic

EFB pyrolysis are shown in Figs. 3 and 4 for sections I and II, respectively.

The mean Ea for EFB pyrolysis is 94.41 kJ mol-1 with the range of

90.38–96.68 kJ mol-1 in the first step reaction or section I. The incorporation of

Al2O3 and SiO2 into EFB pyrolytic reaction had positively reduced the values of

mean Ea by 6.05 and 2.10 kJ mol-1, respectively. Thus, the heights of Al2O3 and

SiO2 catalyzed reaction as shown in Fig. 3 are slightly lower than the non-catalyzed

EFB pyrolysis reaction. The respective ranges of Ea were 86.29–89.74 and

87.51–96.94 kJ mol-1 for Al2O3 and SiO2 catalyzed reactions. However, the

reverse is observed when SiO2–Al2O3 catalyst is used that the values of Ea increases

by 4.59 kJ mol-1 in the range of 109.67–115.22 kJ mol-1. The utilization of doped

Fig. 2 DTG curves for EFB pyrolysis and catalytic EFB pyrolysis conducted under nitrogen atmosphere
at a flow rate of 100 ml min-1 from 28 to 1,000 �C (301–1,273 K) at a heating rate of 10 K min-1
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Al2O3 such as CuO/Al2O3, NiO/Al2O3 and CoO/Al2O3 do not have significant effect

on Ea reduction with the values of Ea ranges of 90.69–100.01, 86.44–98.45 and

95.22–97.68 kJ mol-1. This is because the differences of Ea between EFB non-

catalyzed reaction and CuO/Al2O3 and NiO/Al2O3 catalyzed reaction are 0.10 and

1.68 kJ mol-1, respectively. This is clearly seen as a similar in heights of CuO/

Al2O3, NiO/Al2O3 and CoO/Al2O3 catalyzed reactions with EFB non-catalyzed

reactions (Fig. 3).

Ea is normally defined as the minimum energy barrier that has to be overcome in

order for reaction to proceed [17]. Thus lower Ea is more preferable than high ones

because the reaction become more reactive with higher sensitivity [9]. Therefore,

the order of reaction reactivity between doped and undoped catalysts towards EFB

pyrolysis including non-catalytic EFB pyrolysis with regard to hemicelluloses

degradation as follows: EFB ? Al2O3 [ EFB ? SiO2 [ EFB ? NiO/Al2O3 [
EFB ? CuO/Al2O3 [ EFB [ EFB ? CoO/Al2O3 [ EFB ? SiO2–Al2O3.

The contribution of the catalysts used had promoted the reaction of hemicellulose

pyrolysis via different routes that did not follow the non-catalytic EFB pyrolysis.

The hemicellulose decomposition reaction was actually a multi-step reaction [32].

Section II was the second-step reaction, which corresponded to the cellulose

degradation in EFB pyrolysis with mean Ea of 266.14 kJ mol-1 and in the range of

265.32–267.44 kJ mol-1. Fig. 4 illustrates that all the catalyzed EFB pyrolysis

reactions give lower Ea as compared to non-catalyzed EFB reaction. The addition of

undoped Al2O3, SiO2–Al2O3 and SiO2 had reduced Ea by 1.77, 4.11 and

Fig. 3 The difference between calculated mean activation energy values for section I EFB catalytic and
non-catalytic pyrolysis conducted under nitrogen atmosphere at a flow rate of 100 ml min-1 from 28 to
1,000 �C (301–1,273 K) at a heating rate of 10 K min-1
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2.22 kJ mol-1 with the ranges of Ea are 261.86–266.23, 258.47–265.41 and

260.54–268.32 kJ mol-1. Among these, SiO2–Al2O3 is more active than the other

two catalysts.

While for doped catalysts such as CuO/Al2O3, CoO/Al2O3 and NiO/Al2O3, a

slight reduction in Ea of 1.50, 2.21 and 1.85 kJ mol-1 was determined with Ea

ranges of 263.63–265.73, 263.41–264.43 and 260.88–268.44 kJ mol-1. The order

of reaction reactivity towards cellulosic degradation in EFB pyrolysis considering

both catalytic and non-catalytic reactions is as follows: EFB ? SiO2–Al2O3 [EFB ?

SiO2 [ EFB ? CoO/Al2O3 [ EFB ? NiO/Al2O3 [ EFB ? Al2O3 [ EFB ? CuO/

Al2O3 [ EFB.

In general, the mean Ea values for section I are much lower as compared to the

mean Ea in section II for both EFB pyrolysis and catalytic EFB pyrolysis. This

might be due to the fact that the content of volatiles released was lower [5] in

section I as compared to section II. In addition, cellulose itself possessed semi-

crystalline structure in comparison to hemicelluloses that were non-crystalline.

Therefore, higher amount of energy was needed to breakdown the crystal structure

which in turn resulted in higher Ea [41].

Alumina and silica-alumina were considered as acidic catalyst material which

promoted the biomass pyrolysis via decarbonylation reaction [42]. It was expected

that by doping alumina with copper oxide, cobalt oxide and nickel oxide, the Ea for

EFB pyrolysis could be further reduced. According to Chattopadhyay et al. [4], the

combination between spinel structure Cu/Al2O4 and small amounts of Cu2O

observed by X-ray diffraction seemed active in reducing the devolatilization

temperature of paper pyrolysis. However, in the current study, the CuO/Al2O3 and

NiO/Al2O3 catalysts have no significant effect in reducing the mean Ea for

Fig. 4 The difference between calculated mean activation energy values for section I EFB catalytic and
non-catalytic pyrolysis conducted under nitrogen atmosphere at a flow rate of 100 ml min-1 from 28 to
1,000 �C (301–1,273 K) at a heating rate of 10 K min-1
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hemicellulose decomposition in EFB pyrolysis. This could be due to various factors

such as the catalyst preparation method, catalyst to biomass ratio, the percentage of

copper loading within alumina based and the presence of phase that formed during

catalyst preparation stage. The investigation by X ray diffraction on the prepared

catalysts could provide some information on the catalyst active sites that exist on the

surface of the catalyst. From the study, it can be concluded that Al2O3 and SiO2 are

prominent undoped metal oxide catalysts in EFB hemicellulose decomposition

because the Ea values are lower compared to non-catalyzed EFB pyrolysis. All

catalyst showed good catalytic activity in cellulose decomposition of EFB because

the mean Ea values are reduced in the presence of these catalysts.

Catalytic pyrolysis of EFB with alumina in a fixed-bed reactor

Figure 5 shows the pyrolysis product yields against the catalyst loading from the

catalytic EFB pyrolysis with Al2O3 in the fixed-bed reactor at a programmed rate of

20 K min-1 towards a final pyrolysis temperature of 773 K under nitrogen

environment with a flow rate of 300 ml min-1.

There is no distinctive change in the reaction conversion since it is in the range of

78.3–78.65 % when the Al2O3 catalyst is increased. This finding seems to be in

contradiction with Yorgun and Simsek [22] which reported that the reaction

conversion of Miscanthus x giganteus in catalytic Al2O3 reaction was on increasing

trend when the Al2O3 amount was increased. This is because the increasing alumina

provided increasing number of active sites which were responsible for catalytic

cracking reactions such as depolymerization and deoxygenation [22]. In the current

study, the Al2O3 catalyst effect can be observed through the mean bio-oil and gas

yield obtained since the reaction conversion shows no significant change.

Fig. 5 The effect of alumina catalyst loading on the EFB pyrolysis products yields conducted in a fixed-
bed reactor at 773 K with a heating rate of 20 K min-1 and maintained at that temperature for 30 min
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It is determined that the bio-oil yield rises but gas yield reduced in conjunction

with increasing catalyst addition and reaches its maximum and minimum of 42.70

and 35.70 wt% with using 16.67 wt% Al2O3 catalyst. However, the bio-oil yield

reduces when more catalyst is added. The obtainment of 42.70 wt% bio-oil yield

was comparable to other reported studies such as by Wang et al. [20] and Yorgun

and Simsek [22]. This study indicated that the incorporation of Al2O3 into the

biomass catalytic pyrolysis had positively increased bio-oil yield since the bio-oil

was increased by 6.88 % and reduced gas yield by 7.75 % when 16.67 wt% was

added.

There is no change in terms of char residue yield when Al2O3 catalyst is

increased. This seems to be in good agreement with reported study by Demiral and

Sensoz [27]. On the contrary, Wang et al. [20] reported that the SBA-15 and

alumina catalyst had decreased the solid products from the pyrolysis of herb residue

performed in a horizontal quartz reactor.

These observations of increasing bio-oil yield, reducing gas yield and no change

in char residue under increasing Al2O3 catalytic reaction are might be due to the

successful primary reactions and inhibition of the secondary reactions. A good

indication of the occurrence of secondary reaction is the reduction in char residue,

as well as increasing gas and reducing bio-oil yields [43], which resulted from the

reaction between the hot-biochar fraction with the newly formed hot vapors that

underwent further decomposition reaction due to high temperature effect [44].

These are not observed in the current study which indicated that the incorporation of

alumina catalyst at 773 K is advantageous towards increasing the bio-oil yield,

reduced gas yield and inhibition of secondary pyrolytic reaction for promotion of

the primary reactions.

Conclusion

The values of Ea from non-catalytic and catalytic EFB thermogravimetric pyrolysis

with a series of metal oxide catalysts were estimated with reference to the Coats–

Redfern method for the selection of a metal oxide catalyst. It was identified that

Al2O3 catalyzed EFB pyrolysis had reduced the hemicellulose decomposition by

6.05 kJ mol-1.

The incorporation of Al2O3 in catalytic EFB pyrolysis a fixed bed reactor at

773 K increased the bio-oil yield by 6.88 % and decreased gas yield by 7.75 %.
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