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Abstract
Empty fruit bunch (EFB) is a biomass residue from palm oil plantations, abundant in tropical countries like Malaysia. EFB 
is a valuable resource when utilized for energy recovery. Rice husk ash (RHA), retrieved after pyrolyzing and calcining rice 
husks, has high silica content and is a low-cost alternative to conventional silica precursors. This study utilizes RHA as a silica 
precursor for catalyst synthesis, labelled CRHA. CRHA is metal-modified using nickel and iron, forming NiCRHA, FeCRHA 
and NiFeCRHA catalysts. The synthesized catalysts were applied to the pyrolysis of EFB and compared with HZSM-5 via 
thermogravimetric analyser (TGA). From TGA, CRHA produced similar amount of volatilized matter (75.1 wt%) to HZSM-5 
catalyst (73.3 wt%) while using NiCRHA resulted in the highest amount of volatilized matter (83.9 wt%) among the catalytic 
runs. Kinetic analysis from the application of Coats-Redfern method showed that the non-catalytic run followed a one-dimen-
sional diffusion while the catalytic runs followed the anti-Jander diffusion. The activation energy,  Ea, was overall reduced from 
74.15 kJ·mol−1 with the presence of the catalysts in the order of: 69.64 kJ·mol−1 (EFB-NiCRHA) > 64.28 kJ·mol−1 (EFB-
CRHA) > 63.57 kJ·mol−1 (EFB-NiFeCRHA) > 58.77 kJ·mol−1 (EFB-FeCRHA) > 53.81 kJ·mol−1 (EFB-HZSM-5). Despite 
NiCRHA having the highest  Ea among the catalytic runs, it also had the highest pre-exponential factor (1.48 ×  104  min−1) 
allowing the reaction to overcome the energy barrier and volatilized the most matter. This study showed that low-cost alter-
native sources can be used for catalysts synthesis and applied to thermochemical processes like pyrolysis.

Keywords Pyrolysis · Empty fruit bunch · Rice husk ash · Metal-modification · Thermogravimetric analysis · Kinetic 
analysis

1 Introduction

Biomass is an attractive source of material because it is 
renewable and relatively abundant. It is currently being 
studied as an alternative source to non-renewable materials 
like fossil fuels. Agricultural residues, a type of biomass, are 
often discarded as it is a by-product of agricultural crops. 
Such agricultural residues include wheat straw, sugarcane 

bagasse and empty fruit bunch (EFB) [1–3]. However, these 
low-cost materials should be retrieved as they may contain 
valuable chemicals, such as hydrocarbons. In tropical coun-
tries like Malaysia, palm oil industry is one of the main 
agricultural industries, and from the palm oil processing, a 
large percentage of about 70% is recovered in the form by-
products, which includes EFB [4]. From available data in 
2017, 7.7 Mt of EFB available in Malaysia was reported to 
have energy potential of 146.9 PJ [5]. EFB can be disposed 
of via incineration. However, due to its contribution to air 
pollution, the practice has been prohibited by the Malay-
sian government and thus, most EFB remain unutilized 
[6]. Therefore, the utilization of EFB in energy recovery is 
encouraged to divert this resource from landfills and retrieve 
its valuable chemicals.

Chemicals can be retrieved from biomass in the form of 
bio-oil through thermochemical processes such as pyrolysis, 
which thermally degrades materials in an air-free environ-
ment at temperatures between 300 °C and 700 °C [7]. For 
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EFB-derived bio-oil specifically, previous studies mentioned 
the advantageous feature of lower sulphur content of the bio-
oil when compared to petroleum fuel [8]. However, biomass-
derived bio-oil is unstable and high in oxygen content, due to 
compounds like alcohols, acids, and ketones, that are present 
which limits the use of the bio-oil commercially [9]. Thus, 
research and development is on-going to improve the proper-
ties of the bio-oil.

The addition of catalysts to a pyrolysis process is one of 
the methods to improve bio-oil properties. Catalysts help to 
reduce oxygen content in the bio-oil by promoting secondary 
reactions and deoxygenation reactions via its catalyst pores 
[7]. A review conducted by Kan et al. (2020) that discussed 
the variation of process parameters of catalytic pyrolysis of 
biomass introduced that the HZSM-5 catalyst is an attractive 
catalyst for this process as it encourages the formation of 
hydrocarbons and reduces the number of oxygenated com-
pounds due to the microporous structure and suitable acidity 
of the catalyst [10].

Moreover, modification of the catalysts can be done by 
impregnating metal species onto the catalyst. For instance, 
the two types of metals that are inexpensive and widely 
available, nickel and iron, can promote aromatization and 
can prevent polymerization of important compounds like 
monocyclic aromatic hydrocarbons (MAHs) [11, 12]. 
These two metals can be modified by the wet impregna-
tion method which is a simple procedure that has shown to 
be successfully applied to the catalyst in previous studies 
[13, 14]. HZSM-5 catalysts can be synthesized using a silica 
source, alumina source, an organic template, and an alkali 
compound [15]. Due to the harmful chemicals, such as tetra-
ethylorthosilicate (TEOS), used for catalyst synthesis and a 
rising interest in renewable materials, rice husk ash (RHA), 
another renewable resource, has been used as an alterna-
tive silica source for catalyst synthesis due to its high silica 
content of around 93% [16]. Previous studies have shown 
the successful synthesis of HZSM-5 catalysts using RHA 
as a silica source but not the application of the synthesized 
catalyst especially in pyrolysis [17, 18]. There are also lack 
of studies on whether or not the synthesized catalysts can 
be metal-modified.

Thermogravimetric analyser (TGA) can be used to 
observe the degradation of feedstock for a small sample 
size often between 5 to 50 mg [19]. Inert atmosphere can be 
created with the inert gas of choice to achieve the pyroly-
sis condition. The mass loss and the rate of mass loss can 
be observed with TGA to investigate how the feedstock 
can be affected, for example, with the presence of catalyst. 
The data collected from TGA can then be used to conduct 
kinetic analysis, where kinetic parameters such as activation 
energy and the pre-exponential factor can be mathematically 
determined, using method-fitting methods such as Coats-
Redfern (CR) method [20]. The Coats-Redfern method gives 

an insight to the possible mechanism that occurs during the 
reaction while only requiring one heating rate [21].

This current work studies the pyrolysis of EFB over 
catalysts synthesized using RHA as the silica source and 
catalysts that are metal-modified with nickel and iron via 
thermogravimetric analyser. In addition, kinetic analysis 
via Coats-Redfern method was conducted to further ana-
lyse the impact of the catalyst presence on the pyrolysis 
of EFB.

2  Materials and methods

2.1  Raw material preparation

Empty fruit bunch (EFB), a type of waste generated from 
palm oil production, was used as the biomass feedstock, pur-
chased from Selangor, Malaysia. EFB was dried to remove 
any remaining moisture and grounded into uniform particle 
sizes of 0.5 mm. Rice husks were purchased from another 
local company in Selangor, Malaysia. The rice husks were 
washed with deionized (DI) water, dried in a laboratory 
oven, and grounded into smaller particle sizes of 0.5 mm. 
The rice husks were then pyrolyzed in a tube furnace at a 
temperature of 750 °C for 1 h in a nitrogen atmosphere to 
obtain black rice husk ash (RHA). Next, the black RHA 
was calcined in a muffle furnace at 750 °C for 3 h to obtain 
white RHA. White RHA was used as the silica precursor for 
catalyst synthesis.

2.2  Catalyst preparation and characterization

The prepared white RHA was used to synthesize the catalyst 
by mixing it with sodium aluminate, tetrapropylammonium 
bromide (TPABr) and sodium carbonate decahydrate in a 
beaker with a molar composition of 30  SiO2:  Al2O3:3.75 
TPABr:9  Na2CO3·10H2O, obtained from a study from Zhang 
et al. (2019) [18]. The mixture was mixed for 10 min using 
a mortar and pestle before being transferred into a Teflon-
lined autoclave reactor and placed in a laboratory oven for 
heating at 145 °C for 72 h. After the sample was taken out of 
the oven, the sample was washed with DI water, filtered, and 
further dried in the same oven at 110 °C overnight. Finally, 
the sample was calcined in a muffle furnace at 750 °C for 
4 h and labelled as ‘CRHA’, indicating that the catalyst was 
made using RHA. Table 1 shows the elemental characteriza-
tion of the white RHA and the synthesized CRHA. Note that 
CRHA contained Br due to the presence of TPABr during 
synthesis. Trace compounds in Table 1 consisted of the sum 
of compounds that contained less than 0.01% each, which 
were  TiO2,  Cr2O3, NiO, CuO, ZnO,  Rb2O and SrO.

For the metal-modification of the catalysts, metals 
Ni and Fe were impregnated using the wet impregnation 
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method. Nickel (II) nitrate hexahydrate, Ni(NO3)2·6H2O 
(purity = 97%) was added at a 5 wt% to CRHA and mixed 
with 80 mL of DI water in a beaker. The mixture was stirred 
for 4 h at 80 °C on a magnetic stir plate. The mixture was 
then filtered and dried overnight in an oven at 110 °C. Calci-
nation was then conducted on the catalyst sample at 750 °C 
for 4 h. This catalyst was labelled as ‘NiCRHA’. The metal-
modified catalyst, ‘FeCRHA’, was impregnated with 5 wt% 
Fe using iron (III) nitrate nonahydrate, Fe(NO3)3·9H2O 
(purity = 99%) following the same procedure. Another 
metal-modified catalyst, ‘NiFeCRHA’, was impregnated 
with 2.5 wt% Ni and 2.5 wt% Fe using the same chemicals 
and procedure as the previous two catalysts.

HZSM-5 was prepared as a benchmark for the previous 
three synthesized catalysts. From the ZSM-5 in ammonium 
form obtained from Alfa Aesar, calcination was conducted 
in a muffle furnace at 750 °C for 4 h to obtain HZSM-5.

The synthesized catalysts were characterized to analyze 
their physicochemical properties. Characterization methods 
that were conducted include phase analysis using X-ray Dif-
fraction (XRD), surface morphology analysis using Field 
Emission Scanning Electron Microscopy (FESEM), surface 
area and pore size analysis using Brunauer–Emmett–Teller 
(BET) method and the framework vibrational analysis using 
Fourier Transform Infrared spectroscopy (FTIR). Details on 
the characterization methods can be referred to in our previ-
ous work [22].

2.3  Experimental setup

The first set of experiment was conducted using thermo-
gravimetric analyser (TA Instrument, DE, USA). Nitrogen 
was used as the inert gas for pyrolysis, with a flow rate of 
100 mL/min. Approximately 4 mg of sample was loaded on 

an aluminum crucible into the thermogravimetric analyser. 
For the catalytic runs, a catalyst-to-feedstock ratio of 1:1 was 
used as a standard for this study, as a ratio of 1:1 was suf-
ficient to produce results in comparison to non-catalytic runs 
seen from previous literature [23, 24]. In total, six runs were 
conducted, labelled as EFB, EFB-HZSM-5, EFB-CRHA, 
EFB-NiCRHA, EFB-FeCRHA and EFB-NiFeCRHA. Sam-
ples were heated up from 30 °C to 700 °C at a heating rate 
of 20 °C/min. The thermogravimetric (TG) and derivative 
thermogravimetric (DTG) curves were collected for thermo-
gravimetric and kinetic analysis.

The kinetics of the pyrolysis processes were analysed 
using the Coats-Redfern (CR) integral method to determine 
the activation energy,  Ea, and the pre-exponential factor, A. 
The derivation of the CR method, which can be referred to 
in our previous work [25], leads to the linearized expression 
of the CR method, shown below,

where α is the fractional conversion of the sample, gn(α) 
is a reaction model in terms of α, n is the model num-
ber, T is the temperature in Kelvin, R is the gas constant 
(0.0083144 kJ·mol−1⋅K−1) and β is the heating rate (K/min). 
Table 2 shows the various kinetic models applied in this 
study [21]. The kinetic parameters,  Ea and A, can be cal-
culated by plotting the values obtained from applying the 
models in Table 2 into Eq. 1 into an xy-plot and determining 
the values from the slope and y-intercept of the plot.

3  Results and discussion

3.1  Catalyst characterization

3.1.1  Phase analysis

Figure 1 shows the XRD for the five synthesized catalysts. 
Overall, all the catalysts show narrow peaks indicating 
the high crystallinity of the catalysts. Figure 1(a) shows 
the XRD pattern of commercial HZSM-5, which was used 
as a benchmark for the other synthesized catalysts. The 
peaks seen at the 2θ position ranges of between 8.0° and 
9.0°, between 13.0° and 17° and between 21° and 23°, 
are considered the characteristic peaks of HZSM-5 [18]. 
In Fig. 1(b), similar peaks in the same 2θ position ranges 
were observed for CRHA, indicating that HZSM-5 struc-
ture was able to be synthesized using RHA as the silica 
precursor. For NiCRHA, FeCRHA and NiFeCRHA cata-
lysts, shown in Fig. 1(c), 1(d) and 1(e) respectively, it was 
expected that peaks representing NiO and  Fe3O4 species 
were to be observed within the 37° and 43° range but this 

(1)ln
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T2

]

= ln

[

AR

�Ea

(
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2RT
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)]
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Table 1  Elemental characterization of white RHA and CRHA

Compound Composition (%)

White RHA CRHA

SiO2 94.681 91.739
Al2O3 1.039 1.734
MgO 1.449 4.214
K2O 1.139 0.304
P2O5 0.661 0.726
CaO 0.601 0.287
Cl 0.212 0.240
Fe2O3 0.075 0.085
MnO 0.070 0.081
SO3 0.037 0.136
Eu2O3 0.012 4.214
Br 0.000 0.439
Trace compounds 0.022 0.016
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was not observed. According to a previous study by Cheng 
et al. (2017), the peaks representing the metal species was 
visible with a high metal loading of 10 wt% onto the cata-
lyst [26]. However, in this study, a lower metal loading of 
5 wt% was used and this could contribute to the absence 
of the peaks related to metal species. This instance also 
occurred in one of our previous studies, where loading 
6 wt% of a different type of metal onto a HZSM-5 cata-
lyst resulted in the absence of the peak representing the 
metal in the XRD pattern [27]. Furthermore, it can be 
implied, for the metal-modified catalysts, that the metal 
species were highly dispersed as no amorphous phase were 
observed and that the metal impregnation did not modify 
the original structure of the synthesized catalysts as the 
original XRD pattern was retained.

3.1.2  Framework vibrational analysis

Figure 2 shows the FTIR spectra for the synthesized cat-
alysts. The characteristic vibration bands for HZSM-5 
includes the ones around the wavenumbers 540  cm−1 and 
1220  cm−1, indicating the double 5-ring structure of HZSM-
5, and around the wavenumbers 795  cm−1 and 1060  cm−1, 
indicating the presence of Si(Al)O4 asymmetric stretching, 
which can be seen in Fig. 2(a) [18]. For the synthesized 
catalyst CRHA, in Fig. 2(b), this presence of these vibra-
tion bands can be observed, which further confirmed that 
the HZSM-5 structure was achieved. With metal-modifi-
cation of the CRHA, as seen in Fig. 2(c), 2(d) and 2(e), 
the parent catalyst structure of the RHA catalyst was not 
affected by the presence of metal species NiO and  Fe3O4 as 

Table 2  Various reaction 
models for solid state-reactions

Reaction Model g(α) Model Label

Chemical Reaction Model
  Zero order reaction (n = 0) α R0
  First order reaction (n = 1) -ln (1 – α) R1
  Second order reaction (n = 2) (1 – α)−1 – 1 R2
  Third order reaction (n = 3) ([(1 – α)−2 – 1]/2) R3

Diffusion Model
  1D diffusion α2 D1
  2D diffusion (Valensi) α + (1 – α) ln (1 – α) D2
  3D diffusion (Jander) [1 – (1 – α)1/3]2 D3
  3D diffusion (Ginstling-Broushtein) (1—2α/3) – (1 – α)2/3 D4
  3D diffusion (anti-Jander) [(1 + α)1/3–1]2 D5
  3D diffusion (Zhrualev, Lesokin, Tempelmen) ([1 / (1 – α)]1/3 – 1)2 D6

Nucleation and Nuclei Growth Model
  Power Law (n = 2) α1/2 PL2
  Power Law (n = 3) α1/3 PL3

Geometric Contracting Model
  Contracting cylinder 1 – (1 – α)1/2 C1
  Contracting cube or sphere 1 – (1 – α)1/3 C2

Fig. 1  XRD pattern for (a). 
HZSM-5, (b). CRHA, (c). 
NiCRHA, (d). FeCRHA and 
(e). NiFeCRHA
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Fig. 2  FTIR spectra for (a). 
HZSM-5, (b). CRHA, (c). 
NiCRHA, (d). FeCRHA and 
(e). NiFeCRHA

05001000150020002500300035004000

Tr
an

sm
itt

an
ce

 (%
)

Wavenumber (cm-1)

(a)

(b)

(c)

(d)

(e)

540 cm-1

795 cm-1

1060 cm-1

1220 cm-1

Fig. 3  FESEM images for (a). 
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the absorption bands around the wavenumbers 540  cm−1, 
795  cm−1, 1060  cm−1 and 1220  cm−1 were visible.

3.1.3  Surface morphology analysis

The surface morphology of the synthesized catalysts is 
shown in Fig. 3(a – e). Figure 3(a) shows that the surface 
morphology of HZSM-5 catalyst has cubic-like particles that 
are irregular. The synthesized CRHA in Fig. 3(b) showed a 
much more crystalline structure compared to HZSM-5 with 
edges more defined. This high crystalline structure seen was 
in agreement to the narrow XRD peaks in Fig. 1(b). Zhang 
et al. (2019) used the same catalyst synthesis method and 
obtained similar crystalline particles [18]. With the addition 
of metals onto the catalyst, both NiCRHA and FeCRHA, 
in Fig. 3(c) and 3(d) respectively, appeared to have depos-
its formed on the catalyst surface, due to the deposition of 
metal species, NiO and  Fe3O4. This occurrence also was 
observed by Chen et al. (2016), with the deposition of Ni 
onto HZSM-5 forming coarse surfaces on the parent catalyst 
[28]. For NiFeCRHA in Fig. 3(e), a layering covering the 

parent catalyst was observed with the addition of both NiO 
and  Fe3O4 species.

3.1.4  Surface area and porosity analysis

Table  3 shows the surface area and pore properties of 
HZSM-5, CRHA, NiCRHA, FeCRHA and NiFeCRHA 
catalysts. The synthesized catalysts were compared with 
the results obtained from conventional HZSM-5. CRHA 
had a smaller BET surface area (205.16  m2/g) compared 
to HZSM-5 (365.81  m2/g). This agreed with the informa-
tion obtained from the FESEM images where the particles 
of CRHA in Fig. 3(b) were observed to be larger in size 
compared to the particles of HZSM-5 in Fig. 3(a). Further-
more, the total pore volume and pore diameter of CRHA 
were both larger than that of HZSM-5 as seen in Table 1. 
With the impregnation of metal species onto the CRHA, 
the BET surface area reduced to 166.71  m2/g, 181.33  m2/g, 
and 184.02  m2/g for NiCRHA, FeCRHA and NiFeCRHA 
respectively. Similarly, the total pore volume and pore diam-
eter also reduced and the values are shown in Table 1. Nishu 
et al. (2022) also observed a similar occurrence where the 
deposition of metals on to the parent catalyst lead to the 
overall reduction in the BET surface area and total pore vol-
ume [29]. This is due to the deposition and accumulation 
of metal species inside the pores and the catalyst surfaces.

3.2  Catalytic pyrolysis of EFB

3.2.1  Thermogravimetric analysis

The degradation patterns in the form of TG curves, the phase 
breakdown of the volatilized matter and the DTG curves for 
the non-catalytic and catalytic EFB pyrolysis is shown in 
Fig. 4, 5, and 6. The non-catalytic EFB run was conducted 
twice and the error was found to be within 0.1 wt% (not 
visible in Fig. 4 and 5). Catalyst mass was first removed 
by subtraction before further calculations in order to better 

Table 3  Textural properties of the synthesized catalysts

a  the BET surface area was obtained by the BET method [30]
b the total pore volume was determined from the absorbed amount of 
P/P0 = 0.99 [14]
c  the average pore diameter was obtained from the adsorption 
branches of the isotherms by the BJH method [31]

Catalyst BET Surface 
 Areaa  (m2/g)

Total Pore 
 Volumeb  (cm3/g)

Average Pore 
 Diameterc (nm)

HZSM-5 365.81 0.0483 3.87
CRHA 205.16 0.1206 4.06
NiCRHA 166.71 0.1007 3.73
FeCRHA 181.33 0.1066 3.48
NiFeCRHA 184.02 0.1090 3.54

Fig. 4  TG curves for non-
catalytic and catalytic EFB 
pyrolysis runs over HZSM-5 
and synthesized catalysts 
(catalyst-to-feedstock = 1:1, 
heating rate = 20 °C/min)
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observe the feedstock degradation. The degradation of EFB 
was divided into three phases, namely the vaporization of 
moisture (Phase I), the rapid degradation of lignocellulosic 
materials of EFB (Phase II) and the slowing down of deg-
radation (Phase III). The general pattern of degradation of 
EFB that was observed in this study agreed with previous 
literature, where degradation was rapid in Phase II [32]. As 
mentioned by Wang et al. (2021), lignocellulose mainly con-
sists of hemicellulose, cellulose and lignin, which degrades 
between temperature ranges 220 °C to 315 °C, 315 °C to 
400 °C and 160 °C to 900 °C respectively [32].

For the catalytic runs, it was seen that overall, the TG 
curves shift upwards within the second and third phases, 
resulting in the increase of solid residual, as seen in Fig. 4. 
The synthesized catalyst, CRHA, performed similarly to 
HZSM-5 in degrading EFB, where both cases resulted in rel-
atively similar amount of solid residual, 24.9 wt% and 26.7 
wt%, respectively, as seen in Fig. 5. Moreover, the perfor-
mance of the metal-modified catalysts in degrading the feed-
stock can also be observed from the amount of solid residual 
left for each run. The highest amount of solid residual left 

was obtained when FeCRHA was used (43.9 wt%) followed 
by when NiFeCRHA was used (40.5 wt%). The presence of 
NiCRHA, however, led to the least amount of solid residual 
(16.1 wt%) among the different catalysts used. Accord-
ing to a study conducted by Persson et al. (2019), Ni has 
a better cracking performance than Fe when impregnated 
onto HZSM-5 catalyst that would produce higher gas yield, 
which would explain the lower bio-oil and higher gas yield 
achieved when NiCRHA was used compared to FeCRHA 
[11]. Overall, it can be seen that the amount of solid resid-
ual when using the synthesized catalysts ranged from as 
low as 16.1 wt% to as high as 43.9 wt% for the catalytic 
runs of pyrolysis of EFB. Furthermore, the DTG pattern 
for the non-catalytic EFB run focused on Phase II in Fig. 6 
showed a peak in Phase II with two humps, implying that 
the degradation of the individual lignocellulose components 
could overlap with each other within the same temperature 
range. The temperature at the maximum peak for EFB lies at 
320 °C, close to the value reported by a previous study [33], 
while for the catalytic runs, temperature at the maximum 
peak ranged between 317 °C and 324 °C. This overlapping 

Fig. 5  Phase breakdown of 
volatilized matter for non-
catalytic and catalytic EFB 
pyrolysis runs over HZSM-5 
and synthesized catalysts 
(catalyst-to-feedstock = 1:1, 
heating rate = 20 °C/min)
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of the curves also was observed with catalytic runs, although 
the distinction of multiple peaks was more obscured.

3.2.2  Kinetic analysis

Data obtained from the thermogravimetric analyser in 
Sect. 3.2.1 was applied to the Coats-Redfern (CR) method 
for kinetic analysis within the temperature range of 200 °C 
and 360 °C where degradation was most active. The values 
computed for the kinetic parameters, activation energy,  Ea, 
and the pre-exponential factor, A, for each of the runs are 
shown in Table 4. The reaction models, from Table 2, were 
applied in the CR method and the model with the highest 
linearity,  R2, indicated in bold in Table 4, implied that the 
run closely followed that model. Overall, it can be seen that 
all of the runs closely followed models in the diffusion cat-
egory. The non-catalytic run, EFB, with an  R2 of 0.9672, 
closely followed a one-dimensional diffusion reaction. Yen 
Yee et al. (2017) previously reported the EFB closely fol-
lowed the three-dimensional model in their study [34]. The 
discrepancy between this current study could be due to the 
amount and particle size of the samples used. The parti-
cle sizes of EFB used in this study was 0.5 mm while the 
particle sizes of EFB used in the study by Yen Yee et al. 
(2017) was larger. In addition, while Yen Yee et al. (2017) 
did not report the amount of sample used in the TGA, this 
study utilized a small amount of EFB, approximately 4 mg, 
due to instrument limitation, and thus, this could be the rea-
son of obtaining closeness to a one-dimensional diffusion 
model [34]. For the catalytic runs, all of the runs closely 
followed the anti-Jander diffusion model with the  R2 order of 
0.9712 (EFB-CRHA) > 0.9675 (EFB-NiFeCRHA) > 0.9658 
(EFB-FeCRHA) > 0.9644 (EFB-NiCRHA) > 0.9513 (EFB-
HZSM-5). An anti-Jander diffusion model is a three-dimen-
sional diffusion reaction where diffusion occurs outward in 
a spherical particle from inside the particle to the surface 
layer [35]. This is possible since the catalyst and EFB feed-
stock were mixed together and the reaction could occur from 
within the sample mass.

Figure 7 displays the kinetic parameters corresponding 
to the matter volatilized in Phase II from thermogravimetric 
analysis for each pyrolysis runs. Following the kinetic param-
eters obtained based on the highest  R2 for each run, it was 
seen that overall, the  Ea was reduced with the addition of cata-
lysts compared to the non-catalytic run. The non-catalytic run 
of EFB had an  Ea of 74.15 kJ·mol−1 which agreed with previ-
ous literature utilizing the CR method [36]. Between EFB-
HZSM-5 and EFB-CRHA, HZSM-5 catalyst led to a lower 
 Ea (53.81 kJ·mol−1) compared to CRHA (64.28 kJ·mol−1), 
however, the A value for EFB-CRHA (4.46 ×  103  min−1) 
was higher than that of EFB-HZSM-5 (4.99 ×  102  min−1) by 
two orders of magnitude. For EFB-NiCRHA, although  Ea 
(69.64 kJ·mol−1) was the highest among the catalytic runs, 

Table 4  Activation energy and pre-exponential factor for non-cata-
lytic and catalytic EFB pyrolysis

Run Model Activa-
tion energy 
(kJ·mol−1)

Pre-expo-
nential factor 
 (min−1)

R2

EFB R0 32.53 8.45 ×  101 0.9587
R1 42.66 1.30 ×  103 0.9509
R2 55.25 3.51 ×  104 0.9326
R3 70.11 1.59 ×  106 0.9107
D1 74.15 4.63 × 105 0.9672
D2 78.99 8.16 ×  105 0.9660
D3 87.12 1.42 ×  106 0.9626
D4 82.46 4.32 ×  105 0.9647
D5 67.32 7.45 ×  103 0.9585
D6 102.27 6.51 ×  107 0.9533
PL2 11.72 6.21 ×  10–1 0.9264
PL3 4.78 6.92 ×  10–2 0.8307
C1 372.91 1.54 ×  103 0.9565
C2 39.01 1.64 ×  102 0.9550

EFB-HZSM-5 R0 26.13 2.01 ×  101 0.9281
R1 37.73 4.92 ×  102 0.9070
R2 52.96 2.74 ×  104 0.8754
R3 71.42 3.14 ×  106 0.8450
D1 61.35 3.37 ×  104 0.9450
D2 67.98 9.43 ×  104 0.9397
D3 76.02 1.67 ×  105 0.9317
D4 70.63 4.18 ×  104 0.9371
D5 53.81 4.99 × 102 0.9513
D6 95.12 2.11 ×  107 0.9250
PL2 8.52 2.46 ×  10–1 0.8546
PL3 2.65 2.55 ×  10–2 0.5776
C1 31.48 4.49 ×  101 0.9197
C2 33.46 5.16 ×  101 0.9159

EFB-CRHA R0 30.76 5.59 ×  101 0.9616
R1 40.58 8.07 ×  102 0.9525
R2 52.73 1.98 ×  104 0.9342
R3 67.04 7.96 ×  105 0.9129
D1 70.61 2.16 ×  105 0.9698
D2 76.44 4.85 ×  105 0.9678
D3 83.20 6.07 ×  105 0.9645
D4 78.68 1.91 ×  105 0.9668
D5 64.28 4.46 × 103 0.9712
D6 97.84 2.50 ×  107 0.9549
PL2 10.83 4.80 ×  10–1 0.9288
PL3 4.19 5.39 ×  10–2 0.8212
C1 35.38 9.93 ×  101 0.9586
C2 37.05 1.04 ×  102 0.9569

EFB-NiCRHA R0 33.70 1.14 ×  102 0.9528
R1 45.21 2.45 ×  103 0.9357
R2 60.01 1.14 ×  105 0.9055
R3 77.79 1.03 ×  107 0.8732
D1 76.50 8.04 ×  105 0.9619
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the A value (1.48 ×  104  min−1) was also the highest among 
the catalytic runs, and consequently resulted in the highest 
amount of volatilized matter in Phase II (71.5 wt%) as seen 
in Fig. 7. Since the A value represents the rate of collision 
of particles, namely the volatilized matter, during the reac-
tion, the higher A value determined for EFB-NiCRHA could 
indicate that the collision of particles was rapid to the point 

that the energy barrier was able to be overcome despite the 
relatively high value of  Ea [37]. EFB-FeCRHA, on the other 
hand, compared to the catalytic run over metal-modified 
catalysts, had the lowest  Ea (58.77 kJ·mol−1) and A value 
(1.53 ×  103  min−1), which resulted in very low total volatil-
ized matter in Phase II, as seen in Fig. 7. For EFB-NiFe-
CRHA,  Ea and the A value obtained was between that of the 
runs with metal-modified catalysts and thus, the volatilized 
matter in Phase II achieved was also between that of the runs 
with metal-modified catalysts.

Based on the synthesized catalysts that have been tested 
in this study, it can be seen that CRHA has similar features 
to HZSM-5 and behaves similarly to it. When CRHA is 
metal-modified, NiCRHA appeared to be the best in catalytic 
cracking and had the highest rate of particle collision despite 
higher  Ea among the catalytic runs, resulting in more volatil-
ized matter in Phase II than FeCRHA and NiFeCRHA. On 
the other hand, FeCRHA was the least effective catalyst in 
cracking the pyrolysis vapours due to lowest amount volatil-
ized matter achieved in Phase II.

4  Conclusions

Rice husk ash (RHA) was successfully applied as a silica 
source for the synthesis of catalyst CRHA. From the char-
acterization results, CRHA was similar in structure to the 
HZSM-5 catalyst. CRHA was metal modified with both nickel 
and iron species and individually. Characterization results 
showed that the parent catalyst structure was not affected but 
the surface area and porosity properties were reduced.

Rows indicated in bold highlight the model with the highest linearity 
and its resulting activation energy and pre-exponential factor for each 
run

Table 4  (continued)

Run Model Activa-
tion energy 
(kJ·mol−1)

Pre-expo-
nential factor 
 (min−1)

R2

D2 83.16 2.20 ×  106 0.9582
D3 91.11 3.65 ×  106 0.9523
D4 85.79 9.50 ×  105 0.9564
D5 69.64 1.48 × 104 0.9644
D6 108.65 2.97 ×  108 0.9363
PL2 12.30 7.43 ×  10–1 0.9194
PL3 5.17 8.16 ×  10–2 0.8276
C1 39.05 2.40 ×  102 0.9465
C2 40.48 2.51 ×  102 0.9431

EFB-FeCRHA R0 28.13 3.25 ×  101 0.9525
R1 39.63 7.54 ×  102 0.9335
R2 54.58 3.84 ×  104 0.9031
R3 72.62 3.91 ×  106 0.8725
D1 65.35 8.08 ×  104 0.9631
D2 71.96 2.24 ×  105 0.9588
D3 79.93 3.84 ×  105 0.9522
D4 74.60 9.81 ×  104 0.9568
D5 58.77 1.53 × 103 0.9658
D6 97.57 3.37 ×  107 0.9352
PL2 9.52 3.36 ×  10–1 0.9076
PL3 3.31 3.66 ×  10–2 0.7412
C1 33.46 7.10 ×  101 0.9452
C2 35.42 8.07 ×  101 0.9417

EFB-NiFeCRHA R0 30.67 5.97 ×  101 0.9559
R1 42.80 1.58 ×  103 0.9381
R2 58.71 9.94 ×  104 0.9062
R3 77.96 1.33 ×  107 0.8734
D1 70.43 2.47 ×  105 0.9652
D2 77.37 7.36 ×  105 0.9615
D3 85.78 1.39 ×  106 0.9552
D4 80.15 3.32 ×  105 0.9596
D5 63.57 4.44 × 103 0.9675
D6 104.47 1.54 ×  108 0.9382
PL2 10.79 4.95 ×  10–1 0.9194
PL3 4.16 5.47 ×  10–2 0.8019
C1 36.27 1.38 ×  102 0.9495
C2 38.34 1.60 ×  102 0.9462

Fig. 7  Comparison of activation energies and pre-exponential fac-
tors with the corresponding amount of volatilized matter in Phase II 
obtained from thermogravimetric analysis for non-catalytic and cata-
lytic EFB pyrolysis runs over HZSM-5 and synthesized catalysts
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The synthesized catalysts were applied to the pyrolysis 
of empty fruit bunch (EFB). Using a thermogravimetric 
analyser, CRHA behaved similarly to HZSM-5 catalyst in 
degrading EFB, where CRHA produced 75.1 wt% total 
volatilized matter while HZSM-5 produced 73.3 wt% total 
volatilized matter. Between the metal-modified catalysts, 
NiCRHA produced the highest amount of total volatilized 
matter of 83.9 wt%, due to the higher cracking ability of 
nickel species while FeCRHA achieved the lowest amount 
of total volatilized matter of 56.1 wt%.

From the application of various kinetic models using 
Coats-Redfern method, the pyrolysis runs generally fol-
lowed the diffusion model, where the non-catalytic run 
followed a one-dimensional diffusion and the catalytic 
runs followed a three-dimensional anti-Jander diffusion 
model. From kinetic analysis, the addition of catalysts 
generally showed reduction of activation energy com-
pared to the non-catalytic run (74.15 kJ·mol−1) ranging 
between 53.81 kJ·mol−1 to 69.64 kJ·mol−1. Although the 
catalytic run using NiCRHA had the highest activation 
energy (69.64 kJ·mol−1), the highest pre-exponential fac-
tor computed (1.48 ×  104  min−1) when NiCRHA was used 
allowed the reaction to overcome the energy barrier and 
produced the most volatilized matter in Phase II. Due to 
the different cracking abilities of the metal-modified cata-
lysts, further analysis on the volatilized matter should be 
conducted to observe how the different catalysts affect the 
chemical composition of the volatilized matter.

Overall, this study showed that not only catalysts can be 
synthesized using natural, renewable resources, it can also 
be applied to pyrolysis processes, where the synthesized cat-
alysts behave similarly to conventional catalyst. In addition, 
the metal-modification, especially using nickel, on the parent 
catalyst CRHA had improved the cracking ability of the cat-
alyst in the pyrolysis process and showed the highest crack-
ing ability when compared to the other metal-modification, 
using iron and bi-metallic nickel–iron. Thus, the findings 
from this study can be applied to future studies exploring the 
catalyst performance in biomass pyrolysis products. Finally, 
agricultural by-products that are otherwise discarded have 
shown to be useful in catalyst synthesis.
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