
6565

Jurnal Kejuruteraan 37(1) 2025: 65-78
https://doi.org/10.17576/jkukm-2025-37(1)-06

Coconut Shell as an Alternative Fuel for Hydrotalcite Catalyst Synthesis via the 
Combustion Method for Biodiesel Production from Waste Cooking Oil

Mohamed Afi q  Mohmed Moffita,b*,  Fatihah Suja’a , Irfana Kabir  Ahmada & Mohd Razealy Anuarb

aCivil Engineering Department, Faculty of Engineering and Built Environment, 

Universiti Kebangsaan Malaysia, 43600 Bangi Selangor

bUniKL Malaysian Institute of Chemical and Bioengineering Technology, 78000 Alor Gajah Melaka

*Corresponding author: afiqmoffit@gmail.com

Received 22 March 2024, Received in revised form 24 July 2024
Accepted 24 August 2024, Available online 30 January 2025

ABSTRACT

Using saccharose (sugar) as fuel to synthesise hydrotalcite via the combustion method to produce biodiesel could 
potentially have social and economic benefits in the fi eld of renewable energy. However, it could spark a debate on food 
vs fuel since a higher demand for saccharose in the energy sector while ensuring adequate supply for the food sector 
could increase the price of saccharose. Therefore, this study proposes utilising a new alternative material from 
agricultural waste, coconut shell, to synthesise the hydrotalcite catalyst and use it to produce biodiesel from waste 
cooking oil. This study found that the hydrotalcite synthesised using coconut shell as fuel and calcined at 650 ℃ (HT-CS 
650) yielded 93.25% biodiesel compared to the 74.14% biodiesel yield when synthesising hydrotalcite using saccharose. 
The XRD showed that the synthesised hydrotalcite retained its layered double hydroxide structure up to 650 °C 
calcination temperature. The BET analysis showed that the HT-CS 650 has the highest surface area of 115.558 m2/g 
compared to the 28.326 m2/g surface area of the reference hydrotalcite (HT-SS 650). The HT-CS 650 can be reused for 
up to three cycles with a minimum biodiesel yield reduction of 9.09%. This study has demonstrated that agricultural 
waste is a more suitable fuel for synthesising hydrotalcite in the combustion method and using it to improve the 
transesterifi cation reaction for biodiesel production.
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INTRODUCTION

Biodiesel, also known as Fatty Acid Methyl Ester, is one 
of the renewable energies that can be produced from 
unlimited sources like used or new vegetable oil and animal 
fat. Biodiesel has many advantages over petroleum diesel 
due to its renewable, non-toxic, biodegradable and eco-
friendly properties (Che Hamzah et al. 2020; Marwan et 
al. 2015; Rahul et al. 2011). However, biodiesel production 
is still at a low level of 534 thousand barrels per day 
compared to distillate diesel, where the global daily refi ned 
diesel production in 2017 was 26,471 thousand barrels 
(Dudley 2018; Zervos 2018). Therefore, rigorous research, 
development and improvement of biodiesel are crucial to 
make it a primary complement to petroleum diesel, which 

is the primary global energy source.
Edible and non-edible vegetable oils can be used as 

raw materials in biodiesel production. However, there are 
criticisms of using these oils in biodiesel production, such 
as concerns regarding the food versus fuel agenda, food 
infl ation and deforestation (Naylor & Higgins 2018; Ziegler 
2013). One alternative to overcome the problem concerning 
the raw materials for biodiesel production is using used 
oil, such as the abundantly and readily available waste 
cooking oil. The community benefi ts from using used oil 
in biodiesel production since there is no competition 
between used oil and food crops, and the food supply will 
not be aff ected. Additionally, humans do not consume waste 
cooking oils, and the food industry often discards them 
down the drain (Ka et al. 2013; Kabir et al. 2014).
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Commercial processes to produce biodiesel use 
homogeneous acids or base catalysts such as potassium 
hydroxide, sodium hydroxide and sulfuric acid (Che 
Hamzah et al. 2020; Huaping et al. 2006; Nayab et al. 2022; 
Reyero et al. 2013). However, the main disadvantage of 
using homogeneous acids or base catalysts is the diffi  culty 
in product separation and the generation of large amounts 
of waste during the washing and purifi cation of biodiesel 
(Gao & Goldfarb 2019; Huaping et al. 2006; Nayab et al. 
2022; Reyero et al. 2013). Because of these issues, 
researchers have explored using heterogeneous catalysts 
such as BaCeO3, CaO, SnSO4, SiO2, MgO, hydrotalcite 
and other materials that allow easy catalyst separation 
through centrifugation (Borges & Diaz 2012; Che Hamzah 
et al. 2020; Gao & Goldfarb 2019; Huaping et al. 2006; 
Nayab et al. 2022).

Hydrotalcite (HT) is a Layered Double Hydroxide 
(LDH) anionic build-up of brucite-like layers (Dávila et 
al .  2008) with a general chemical formula of 
Mg6Al2CO3(OH)16.4H2O. HT is a known catalyst used for 
various applications in the field of science, such as 
Cannizzaro reaction, fructose isomerisation, photocatalytic 
degradation of chlorophenol, transesterification and 
esterifi cation (Bhojaraj et al. 2019; Lee et al. 2021; Ramos-
Ramirez et al. 2018; Yabushita et al. 2019). Environmental 
researchers are showing increasing interest in HT because 
its synthetic materials consist of magnesium and 
aluminium, which are non-toxic and abundantly available 
elements (Coelho et al. 2017). HT has a good 
transesterifi cation reaction of palm oil to biodiesel with a 
relatively high recovery percentage ranging from 76.5% 
(Helwani et al. 2013) to 84% (Gao & Goldfarb, 2019) when 
using the stirring method. It is robust and does not cause 
leaching problems in transesterifi cation reactions (Helwani 
et al. 2013). The recommended water content in oil for the 
transesterifi cation reaction is less than 0.5% by weight; HT 
can withstand water presence of up to 1% by weight 
without aff ecting the biodiesel yield (Atadashi et al. 2012). 
In addition, the HT catalyst can be reused in up to three 
cycles in subsequent transesterifi cation processes (Anuar 
& Abdullah, 2016; Coelho et al. 2017).

Among the methods for preparing HT are co-
precipitation, sol-gel and combustion (Dávila et al. 2008). 
This study adopted the combustion method because of its 
simple and time-saving two-step process consisting of 
precipitation and calcination. The advantages of the 
combustion method are high purity and homogeneous 
catalyst (Lazarova et al. 2019). One of the latest 
developments for increasing the catalytic activity of LDH 
catalysts is introducing and regulating the type of fuel used 
during synthesis through the combustion method. Adding 
organic fuel as a template increases the specifi c surface 
area of the HT catalyst to as high as 152 m2/g compared to 

the 36.9 m2/g surface area of the reference HT catalyst 
(Sobhana et al. 2016), thus increasing the biodiesel yield. 
Previous studies that used organic templates, such as 
saccharose, corn starch (Coelho et al. 2017), cellulose 
(Sobhana et al. 2016), rice starch (Ramimoghadam et al. 
2015), pollen grains (Hall et al. 2003) and cyclodextrin 
(Ciobanu et al. 2013), have achieved positive results with 
the pore size of the LDH structure.  Organic templates are 
also cheap, economical, environmentally friendly and 
renewable (Ramimoghadam et al. 2015).

In Malaysia, coconut is the fourth most important crop 
after palm oil, rubber and rice. Malaysia produced 517,518 
metric tons of coconuts in 2017 (FAO 2017; Salmah et al. 
2013). Each kilogram of coconut can produce 0.152 kg of 
coconut shell (Bello et al. 2016). Malaysia generated a 
large amount of agricultural waste in 2018, of which 
approximately 0.77 million tons were coconut shells. For 
a long time, the high volume of coconut shells was deemed 
to have little economic value and was underutilized, thus 
resulting in environmental issues (Li et al. 2008).  The 
ample availability and low cost of coconut shells motivated 
researchers to use them in various applications, including 
in bio composite materials, concrete mixes, asphalt mixes 
and activated charcoal (Ismail & Isa 2017; Al-Oqla et al. 
2023; Herring & Thuo 2022; Higai et al. 2021). In addition, 
coconut shell contains 19.8% cellulose, 68.7% holocellulose 
and 30.1% lignin (Daud & Ali 2004), giving it a high caloric 
value of 4968 kcal/kg (Bello et al. 2016). Since the fuel 
source utilized in the catalyst synthesis could aff ect the 
yield of biodiesel production, as demonstrated by previous 
works (Ciobanu et al. 2013; Coelho et al. 2017; Hall et al. 
2003; Ramimoghadam et al. 2015), it is feasible to use 
waste material as a fuel source to synthesize hydrotalcite 
catalysts. This research chose coconut shell as a fuel for 
HT synthesis because it has a higher calorifi c value than 
saccharose and, therefore, can intensify the combustion 
process and provide the C and H compounds during the 
HT synthesis. In addition, this study advocates converting 
coconut shells, a widely available agricultural organic 
waste in Malaysia, into useful energy. This study produced 
the HT catalyst for biodiesel production from waste 
cooking oil (WCO) through transesterification by 
synthesizing the HT using coconut shell and saccharose as 
a fuel source template through combustion. It also 
investigated two parameters of the produced biodiesel:  the 
eff ect of calcination temperature and type of fuel (coconut 
shell and saccharose) and the characteristics of the 
synthesized HT.

The current method for synthesising hydrotalcite via 
combustion method uses sugar or saccharose as a fuel to 
construct the layered structure to achieve higher biodiesel 
yield. Previous researchers have successfully produced 
hydrotalcite that increased biodiesel yield using this 
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method ( Anuar & Abdullah 2016; Coelho et al. 2017). 
However, there is a disadvantage in using sugar or 
saccharose in the combustion method since sugar is a food 
product, and its use for biodiesel production could have a 
social impact on society, such as the issue concerning food 
vs fuel. Using sugar to produce catalysts for generating 
energy could increase the price of sugar due to the higher 
demand for sugar. Therefore, this study proposes a novel 
initiative of using waste products as a sugar substitute to 
synthesise the catalysts used in biodiesel production.  The 
novelty in this study is substituting saccharose with 
agricultural waste to produce hydrotalcite via the 
combustion method.

MATERIALS AND METHODS

MATERIALS AND REAGENTS

The waste coconut shells used in this study were sourced 
from local grocery stores in Seremban, Negeri Sembilan. 
The coconut shell was grounded using a pestle and mortar 
and fi ltered with a 25 mm mesh. The synthesis of the HT 
catalyst used the coconut shell powder and saccharose 
(Sigma Aldrich), magnesium  nitrate hexahydrate (HmBG 
Chemicals), aluminium  nitrate nonahydrate (HmBG 
Chemicals) and  sodium carbonate (Merck). The waste 
cooking oil (WCO) was collected from households and 
filtered using cloth filters to remove particles and 
impurities. The materials used in the biodiesel production 
were WCO, methanol (R&M Chemicals) and the 
synthesized hydrotalcite. For gas chromatography analysis, 
n-hexane (Merck) was used as solvent and methyl
heptadecanoate (Sigma Aldrich) was used as an internal
standard.

SYNTHESIS OF THE HYDROTALCITE

The synthesis of the hydrotalcite catalyst employed the 
method adapted from Dávila et al. (2008) and Anuar & 
Abdullah (2016) using an Mg: Al ratio of three. Pre-
calculated amounts of magnesium nitrate hexahydrate (6.72 
g) and aluminium nitrate nonahydrate (3.28 g) were placed 
in two diff erent beakers containing 80 ml of deionized
water. Both solutions were heated to 80 °C and stirred until 
all solids dissolved. The two solutions were gently mixed
after fi ve minutes, and Na2CO3 20% by weight and fuel
10% by weight of the total weight of metal nitrate were
added to the mixture. The mixture was thoroughly stirred
and maintained at 80°C until all water had evaporated. The 
resulting paste was calcined in a furnace at a calcination
temperature of 650°C for fi ve minutes residence time. The 
experiment was repeated for both fuels (saccharose and
coconut shell powder). The resulting Mg-Al-O catalyst
was ground into powder and then recrystallized by soaking 
it in a 0.05 M Na2CO3 solution for fi ve minutes, fi ltered
and washed with deionized water two times, followed by
fi ve hours of drying in an oven. The resulting dry catalyst
was stored in an air-tight container. The HT synthesized
using saccharose as fuel was designated HT-SS, while the
HT synthesized using ground coconut shell was HT-CS.
Table 1 presents the catalyst designation and their
respective fuel type and calcination temperatures, and
Figure 1 shows the fl owchart of the hydrotalcite synthesis. 
Since this study proposed using coconut shells as a new
alternative, the eff ect of fuel is a critical parameter in
determining whether fuel aff ected the catalytic activity of
the transesterifi cation reaction. The varying calcination
temperatures were also key parameters since they aff ected
the formation of the HT structure.

FIGURE 1. Flowchart of Hydrotalcite Synthesis
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T  ABLE 1. Catalyst designation, fuel types and calcination temperatures

Catalyst Designation Fuel Type Calcination Temperature (°C)

HT-SS 650 Saccharose 650

HT-CS 550 Coconut Shell 550

HT-CS 650 Coconut Shell 650

HT-CS 750 Coconut Shell 750

HT-CS 850 Coconut Shell 850

BIODIESEL (FAME) PRODUCTION

The transesterification reaction between WCO and 
methanol was adapted from Anuar & Abdullah (2016), 
where the reaction was carried out in a double-necked glass 
reactor immersed in a water bath. The fl ask was equipped 
with a condenser and a thermometer. In a typical 
transesterifi cation reaction, the oil was initially heated for 
fi ve minutes. Each gram of oil requires 0.08 g of catalyst, 
which was placed in the reactor at a ratio of 15:1 methanol 
to oil molar. The reactor was immersed up to its neck to 
ensure the reaction temperature remained at 65°C during 
the five hours of the transesterification reaction. The 
average molecular weight of residual cooking oil was 
calculated using the formula M = 56.1×1000×3/(SV-AV), 
where SV is the saponifi cation value (mKOH/moil, mg/g), 
and AV is the acid value (mKOH/moil, mg/ g) (Huaping et al. 
2006). After the reaction had completed, the product was 
centrifuged at 3500 rpm for 30 minutes to separate the top 
layer, middle layer and bottom layer, which is the biodiesel 
(FAME), glycerol (by-product), and catalyst, respectively, 
and the biodiesel layer was analyzed. HT catalyst 
reusability investigation focused on the most active HT 
catalysts. After the centrifugation, the bottom layer 

(catalyst) was recovered and washed with n-hexane. The 
recovered HT catalyst was calcined again at 300°C for 
three hours; the new reactant was used in a new cycle of 
transesterifi cation reaction under the same conditions. The 
experimental runs were repeated for three cycles. Figure 
2 shows the experimental setup for the biodiesel production.

CHARACTERIZATION OF THE HYDROTALCITE

The crystallinity of the synthesized catalysts was analyzed 
using X-ray diff raction (X’pert Pro) under 40 kV, 30 mA 
monochromatic CuKα (λ = 0.15406 nm) over a 2θ range 
from 10° to 80°. Analysis of the surface area of the catalyst 
used the Micromeritics ASAP 2020 surface analyzer, and 
the functional group of the synthesized catalysts were 
analyzed using the Nicolet iS10 Fourier Transform Infra-
Red Spectrometer (Thermo Fischer Scientifi c). The thermal 
degradation of the freshly prepared catalyst was analyzed 
using the Mettler Toledo TGA/DSC 1 STARe System. The 
analysis for a typical run used approximately 15 mg of 
catalyst in an N2 atmosphere (20 cm3/min). The operating 
temperature of the analysis was 30°C to 800°C and a ramp 
temperature of 10 °C/min.

FIGURE 2. Experimental Setup for Biodiesel Production
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QUANTIFICATION OF THE BIODIESEL (FAME)

The biodiesel (FAME) obtained via the transesterifi cation 
was analyzed using a gas chromatograph (Perkin Elmer 
AutoSystem XL) equipped with an FID and a silica 
capillary column with a dimension of 30m × 0.25 mm × 
2.5μm (Chrompack Search CP-Sil 8CB) and using nitrogen 
gas as the carrier gas. The method adapted from EN-14103 
required weighing approximately 250 mg of the sample in 
a 10 ml bottle, adding 5 ml of methyl heptadecanoate 
solution 10 mg/ml into the vial and shaking the mixture 
vigorously. One μl of the diluted sample was injected into 
the gas chromatograph, where the ramp rate was 5 °C/min 
to 240 °C. The injector temperature and detector 
temperature were 250 ℃. Analysis of the FAME also used 
the FTIR Spectrometer (Perkin Elmer Spectrum RX I) for 

identification and confirmation by functional group 
samples. 

CALORIMETRIC TEST OF THE FUEL

The study conducted a bomb calorimetric test to determine 
the calorifi c value of the fuel (coconut shell and saccharose) 
employing the Calorimeter P6310 equipped with a 
Beckmann thermometer. The briquette was produced from 
one gram of fuel at a pressure of 28 MPa and placed in a 
crucible. The ignition wire was a stainless-steel wire with 
a 0.1 mm diameter and a length of 100 mm.  The bomb 
was compressed with 450 lb/in2 of oxygen and then 
immersed in 2000 g of water. The fuse wire was ignited 
when the initial water temperature was constant, and the 
water temperature was recorded each minute for 20 
minutes. Figure 3 presents the experimental fl owchart.

FIGURE 3. The Experimental Procedure.

RESULTS AND DISCUSSION

CHARACTERIZATION OF THE HYDROTALCITE 
CATALYST

XRD ANALYSIS OF THE HYDROTALCITE 
CATALYST

The structure and crystallinity of the HT catalyst were 
confi rmed via X-ray diff raction analysis. Figure 4 shows 
the XRD pattern of recrystallized HT using saccharose and 
coconut shell as fuel calcined at 550 °C – 850 °C. The (1) 
mark indicates a successful formation of the HT structure, 
which comprises diff raction peaks at 11.7°, 23.5°, 35.5°, 
39.2°, 48.0°, 61.5° and 63.3° per Anuar & Abdullah (2016) 
and Shekoohi et al. (2017). The HT-SS 650, HT-CS 550 
and HT-CS 650 in Figure 4 show the successful synthesis 
of the HT structure formation as diff raction peaks 11.7°,  

23.5°, 35.5°, 39.2°, 48.0°, 61.5° and 63.3° appeared in the 
XRD analysis. As reported by previous researchers, the 
diffraction peaks at 11° and 23° indicated a layered 
structure (Anuar & Abdullah, 2016; Reyero et al. 2 013). 
These diff raction peaks were present in HT -SS 650, HT-CS 
550 and HT-CS 650, thus confi rming the formation of 
la yered structure in  the samples. However, the absence of 
1 1° and 23° peaks in HT-CS 750 and HT-CS 850 confi rms 
the unsuccessful formation of  an HT layered structure. In  
addition, the x-ray diff ractograms for the HT-CS calcined 
at 550 °C, 650 °C and 750 °C show that th e intensity of 
the layered st ructure decreased with ca lcination temperature. 
Treating the HT catalysts at excessively high temperatures 
caused the layered structure to collapse (Anuar & Abdullah, 
2016; Anuar et al. 2013). The high vibration eff ect due to 
the excessive exposure to high temperatures (more than 
650 °C) resulted in the formation of additional phases. 
Previous studies reported the diff raction peaks 18.5° and 
20.5°, marked (2), as bayerite, or Al(OH)3 (Fraile et al. 
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2009). Figure 1 shows that the bayerite compound is 
present in HT-CS 750 °C, where the diff raction peaks at 
18.91° and 20.43°. The low-intensity diff raction peaks at 
32.9°, 50.1°, 57.5° and 60.5° and a high diff raction peak 
at 34.5°, marked as (3), in HT-CS 750 were assigned to 
Mg(OH)2 (Selvam et al. 2011). The peaks identifi ed in 
HT-CS 750 indicate that, at a calcination temperature of 
750 °C, the HT thermally decomposed into individual 
compounds, namely Mg(OH) and Al(OH). On the other 
hand, the periclase-like structures or MgO peaks at 36.9°, 
43.2° and 62.5°, marked (4), were present in the synthesized 
catalysts (Anuar & Abdullah, 2016, Fraile et al. 2009, 
Selvam et al. 2011). The most signifi cant periclase-like 
structure in HT-CS 650, HT-CS 750 and HT-CS 850 is the 
sharp diff raction peak at 43.2°. The remaining peaks (38.3° 
and 74.5°) were attributed to Al2O3 (Suriyanarayanan et al. 

2009). Therefore, it is possible to conclude that calcination 
at excessively high temperatures facilitated the formation 
of impurities, decomposition into individual compounds 
and diminishing memory eff ect of the HT. 

BET ANALYSIS OF THE HYDROTALCITE 
CATALYST

Table 2 presents the surface characteristics of the 
synthesized HT. It shows that using coconut shells as fuel 
in HT synthesis increased its surface area and porosity. 
HT-SS650 had an initial surface area of 28.326 m2/g and 
porosity of 0.085 cm3/gm; however, synthesizing HT-
SS650 using coconut shells increased its surface area to 
115.558 m2/g and porosity to 0.1984 cm3/g, as shown by 
HT-CS 650.

FIGURE 4. XRD patterns of (a) HT-SS 650, (b) HT-CS 550, (c) HT-CS 650, (d) HT-CS 750, (e) HT-CS 850, and (1) HT peaks.

TABLE 2. Surface characteristics of the HT catalysts
Sample Surface Area (m2/g) Pore Volume (cm3/g)

HT-SS 650 28.326 0.085
HT-CS 550 79.595 0.263
HT-CS 650 115.558 0.198
HT-CS 750 56.837 0.138
HT-CS 850 28.320 0.303

The increase in surface area and porosity is similar to 
the fi ndings by Sobhana et al. (2016), where the surface 
area and porosity of HT increased from 36.900 m2/g and 
0.083 cm3/g to 152.000 m2/g and 0.792 cm3/g when using 
cellulose as fuel in HT synthesis. The high explosion 
resulted in the formation of the surface area and pore 
framework by the coconut shells on the HT. The calorifi c 
value of the coconut shells was higher than that of 
saccharose, as shown by the calorifi c value of saccharose 
and coconut shell presented in Table 3. 

TABLE 3. The calorific value of the tested fuel
Fuel Type Calorifi c value (cal/g)

  Saccharose 3786.430
  Coconut Shell 4233.095

The result of the bomb calorimetric test to determine 
the calorifi c value of saccharose and ground coconut shells 
presented in Table 3 shows that one gram of ground coconut 
shell has 446.665 higher calories than one gram of 
saccharose. The higher calorific value is due to 
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hemicellulose, cellulose and lignin contains a variety of 
saccharide and hydroxycinnamic alcohol (Kim et al. 2016; 
Yang et al. 2007). During the catalyst synthesis, the fuel 
acted as a source of C and H that intensifi ed the combustion 
during calcination (Dávila et al. 2008). During the 
calcination, the fuel combusted and produced the CO2 and 
H2O (Helwani et al. 2013) absorbed by the metal oxide 
periclase-like structure. The CO2 served as a probe 
molecule on the surface of the oxide compounds, where 
monodentate, bidentate and bridged were absorbed, thus 
facilitating the formation of the carbonate on the surface, 
which is known as a layered structure (Dávila et al. 2008). 
The high calorifi c value provided by ground coconut shells 
resulted in a higher CO2 and H2O production than 
saccharose, thus facilitating the absorption of the metal 
oxide and formation of the layered structure and increasing 
the surface area (Anuar & Abdullah, 2016). The coconut 
shell fuel produced an 87.232 m2/g larger surface area on 
the catalyst than the saccharose fuel at the same calcination 
temperature (650 °C). The large surface area provided a 
more active site and thus a higher likelihood for a catalytic 
reaction to occur, thereby increasing the yield of FAME 
since most reactions prefer a catalyst with a high surface 
area,  as proven by the BET analysis of the HTs calcined 
at 650 °C and demonstrated by previous research (Anuar 
& Abdullah, 2016; Gao & Goldfarb, 2019; Helwani et al. 
2013, Rahul et al. 2011). 

Table 2 shows that increasing the calcination 
temperature from 550 °C to 650 °C resulted in a higher 
surface area and reduced porosity of the HT, where the 
surface area of the HT increased from 79.595 m2/g to 
115.558 m2/g, and the porosity decreased from 0.263 cm3/g 
to 0.198 cm3/g, similar to the fi ndings by Helwani et al. 
(2013) and Pinthong et al. (2019). Table 2 also shows that 
extending the exposure at a calcination temperature of 750 
°C or higher during the HT synthesis produced diff erent 
results. The surface area of HT-CS 650 to HT-CS 750 
decreased by 58.721 m2/g, while those for HT-CS 750 to 
HT-CS 850 were smaller by 28.517 m2/g.

The reduced surface area and porosity of the 
synthesized catalyst was due to the overheating of the HT 
at a calcination temperature of 750 °C and higher, which 
had a detrimental eff ect on the HT structure, including the 
surface area (Anuar & Abdullah, 2016). The high 
calcination temperature also affected the additional 
formation of the Mg-O periclase-like structure, as shown 
in the XRD spectra in Figure 4.

TGA ANALYSIS OF THE AS-SYNTHESIS 
CATALYST

The thermogravimetric analysis revealed the thermal 
decomposition of the freshly prepared dried HT samples 
at temperatures ranging from 30°C - 800°C. The TGA 
profi les of the HT samples in Figure 5 show that all samples 
exhibit signifi cant weight loss. The as-synthesized (dried) 
HT-SS sample lost 38.84% of its total weight, while the 
HT-CS sample lost 79.67 %. The profi les show three major 
stages of decomposition. The fi rst stage of decomposition 
occurred between 37°C-250°C with the removal of the 
physically absorbed H2O molecules (Dixit et al. 2013; 
Ramos-Ramirez et al. 2018). The saccharose-fueled HT 
showed the least weight loss of 12.89% in this stage. The 
ground coconut shell-fueled HT showed the highest weight 
loss of 52.54%. The ground coconut shell contains several 
organic compounds, including phenols, carbonyls, furans 
and alcohols, with boiling points below 200 °C (Hadanu 
& Apituley, 2016). In addition, the decomposition of 
hemicellulose occurred rapidly between 220 °C and 315 
°C in HT-CS (Chen et al. 2019; Liyanage & Pieris, 2015). 
At the same time, saccharose decomposition occurred at 
200 °C (Zhao et al. 2019). Hemicellulose contains various 
saccharide groups, such as galactose, glucose, rhamnose 
and arabinose (Yang et al. 2009), while saccharose only 
has two saccharide groups, glucose and fructose. The lignin 
decomposition began between 160 °C and 900°C; its slow 
decomposition was due to the rigid structure full of 
aromatic rings with branches (Yang et al. 2007). HT-CS 
lost 18.31% more weight than HT-SS. In the second stage 
of decomposition (251 °C–500 °C), the hydroxyl groups 
and interlayer carbonate ions, such as the CO3

- and OH- 
ions, began to decompose (Dixit et al. 2013; Reyero et al. 
2013). HT-CS lost 14.57% of its weight, while HT-SS lost 
12.7 %. HT-CS lost slightly more weight because the 
decomposition of the cellulose compound occurred 
between 315 °C and 400 °C at the same time as the lignin 
decomposition (Chen et al. 2019). The saccharose 
continues decomposing to a temperature of 400 °C (Zhao 
et al. 2019). The fi nal stage of the thermal decomposition 
began at 500 °C, where the structure of layered hydroxide 
collapsed in the LDH framework (Anuar & Abdullah, 2016; 
Ramos-Ramirez et al. 2018; Reyero et al. 2013). The 
collapse of the LDH structure was verifi ed by the XRD 
pattern of HT-CS 550, HT-CS 650, HT-CS 750, and HT-CS 
850, as shown in Figure 4, and resulted in the formation 
of MgO and Al2O3 (Rezvani et al. 2015). The disappearance 
of peak in diff raction 11.7°as shown in Figure 4 proved the 
collapse of the layered structure.
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FIGURE 5. TGA profiles of the Hydrotalcite catalysts

FTIR ANALYSIS OF THE HYDROTALCITE 
CATALYST

 The infrared spectra for HT-CS 650 and HT-SS 650 in 
Figure 6 show similar peak patterns even though the peak 
intensity diff ers slightly. The spectrum for HT is identical 
to those in previous studies (Coelho et al. 2017; Dixit et 
al. 2013; Martunus et al. 2011; Rezvani et al. 2015). The 
broad band at 3450-3500 cm-1 indicates the presence of a 
hydroxyl group in the interlayer of the brucite-like layers 
in the synthesized HT (Anuar & Abdullah, 2016; Dixit et 
al. 2013; Martunus et al. 2011). The 1634-1643 cm-1 band 
confi rms the presence of H2O in the interlayer structure of 
the HT samples (Dixit et al. 2013). The strong peak at 
1375-1400 cm-1 represents the carbonate band on the 
interlayer gallery and serves as a bridge between cations, 
thus forming the layered structure of the synthesized HTs. 
The weak 1042-1092 cm-1 and 810-825 cm-1 bands confi rm 
the existence of the covalent carbonate bond due to the 

high calcination temperature (Anuar & Abdullah, 2016; 
Martunus et al. 2011). Some of the LDH structures of the 
samples collapsed with increasing temperature and trapped 
the CO3- in the brucite-like structure (Anuar & Abdullah, 
2016). The band at 575-630 cm-1 responds to the vibration 
of the metal oxides, Mg-O and Al-O (Martunus et al. 2011). 
The fuels used to synthesize the HT did not signifi cantly 
aff ect the structure and bonding characteristics of the LDH. 
These findings are congruent with those of previous 
researchers (Anuar & Abdullah, 2016; Coelho et al. 2017; 
Ramimoghadam et al. 2015) who did not observe a 
signifi cant peak after the LDH synthesis since all fuels 
were combusted and degraded at temperatures above 500 
°C. However, the fuel altered the porosity of the HT, as 
shown by the BET analysis. Therefore, it is possible to 
conclude that the presence of peaks 3450-3500 cm-1, 1634-
1643 cm-1, 1375-1400 cm-1, 1042-1092 cm-1, 810-825 cm-1 
and 575-630 cm-1 verifi es the successful synthesis of HT 
catalyst for HT-CS 650 and HT-SS 650. 

FIGURE 6. FTIR spectra of (a) HT-SS 650, (b) HT-CS 650, (i ) 3450-3500 cm-1, (ii) 1634-1643 cm-1, (iii) 1375-1400 cm-1, (iv) 
1042-1092 cm-1, (v) 810-825 cm-1, and (vi) 575-630 cm-1



73

CATALYTIC ACTIVITY OF THE SYNTHESIZED 
HYDROTALCITE

EFFECTS OF THE FUEL TYPE

This study began by synthesizing HT using saccharose and 
coconut shells as fuels. The fuels have diff erent calorifi c 
values that are critical in enhancing the development of 
LDH structure during calcination (Anuar & Abdullah, 
2016; Coelho et al. 2017). The similar FTIR spectra are 
due to the fuels having identical functional groups. 
However, there is a signifi cant diff erence between the 
synthesized HTs regarding the performance of the catalytic 
activity of transesterifi cation. Figure 7 shows the yield of 

the FAME from the HT synthesized using diff erent fuels. 
The ground coconut shell templated HT has the highest 
FAME yield of 93.25 %, while the HT with saccharose 
template yielded 74.14 % of FAME. The result of the HT 
produced using saccharose is similar to those obtained by 
Anuar & Abdullah (2016), namely 70.67 % with fi ve hours 
of stirring. In the present study, changing the fuel when 
synthesizing the catalysts increased the biodiesel yield 
signifi cantly by 19.11 %. The higher FAME yield of HT-CS 
650 was due to its higher surface area of 115.558 m2/g 
compared to HT-SS 650, which has a surface area of 28.326 
m2/g. The higher surface area of HT-CS 650 provided more 
active sites for the reaction. In summary, the HT yield 
depends on the types of organic fuel used.

FIGURE 7. Catalytic activity with different types of fuel

FIGURE 8. Catalytic activity at different calcination temperatures.
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EFFECTS OF CALCINATION TEMPERATURE

This study determined whether calcination temperature 
aff ects the catalytic activity of the HT by performing 
transesterifi cation of WCO using HT calcined at diff erent 
temperatures. Previous studies have shown that the 
optimum calcination temperature for HT catalysts ranged 
between 500 °C-800 °C (Anuar & Abdullah, 2016; Dávila 
et al. 2008; Helwani et al. 2011; Martunus et al. 2011; 
Reyero et al. 2013).  The calcination temperatures in this 
study were 550 °C, 650 °C and 750 °C. In the 
transesterification reaction with methanol, the WCO 
produced FAME made up of methyl myristate, methyl 
palmitate, methyl stearate, methyl oleate and methyl 
linoleate. Figure 8 shows the catalytic activity of the HT 
with varying calcination temperatures. The HT-CS calcined 
at 650 °C yielded the most FAME in a catalytic reaction 
with a five-hour reaction time, followed by the HTs 
calcined at 550 °C and 750 °C. The catalyst calcined at 
650 °C produced the most FAME in the transesterifi cation 
reaction. This result concurs with the fi ndings of Anuar & 
Abdullah (2016) that the highest calcination temperature 
resulted in the formation of a divalent metal oxide, Mg-O, 
on the catalyst surface. However, at 750 °C, the yield of 
FAME decreased markedly to 53.60 % since the structure 
collapsed and reduced the surface area signifi cantly, thus 
reducing the catalytic activity. The yield of FAME was 
similar to the trend of the BET surface area. Table 2 shows 
that increasing the calcination temperature from 550 °C to 
650 °C resulted in a higher FAME yield that is directly 
proportional to the increase in the surface area of the BET. 
HT-CS 550 has a surface area of 79.595 m2/g and a 63.95 
% yield of FAME. Increasing the calcination temperature 
to 650 °C increased the surface area by 35.963 m2/g and a 
93.25 % yield of FAME. The larger surface area of the 
catalyst provided more active sites for the reaction, thus 

increasing the yield of FAME. Calcination temperatures 
of  750 °C and higher caused the HT to overheat and had 
detrimental eff ects on the HT structure, including reduced 
surface area (Anuar et al. 2013), thus adversely aff ecting 
the performance of HT as a catalyst in transesterifi cation 
reaction, as shown in Figure 8.

REUSABILITY OF THE CATALYST

In determining the reusability of the catalyst, this study 
performed three experimental runs of transesterifi cation 
reaction with HT-CS 650 catalyst after using the fresh 
batch. Figure 9 shows the activity of HT-CS 650 for each 
cycle. The experimental run showed that the FAME yield 
of the best active HT catalyst decreased slightly in the 
thirdcycle. The fresh HT-CS 650 yielded 93.25% of FAME. 
However, its performance decreased by 7.5% in the several 
cycles of transesterifi cation reaction with a consistent 
FAME yield. The reduced FAME yield was due to a minor 
structure collapse in the catalyst due to repeated calcination 
(Anuar & Abdullah, 2016), causing the carbonate content 
in the catalyst to diminish during the repeated re-
calcination. The unique property, known as the memory 
eff ect, restored the catalytic activity during re-calcination 
and thus retained the FAME yield throughout the repeated 
transesterifi cation reaction cycles (Anuar & Abdullah, 
2016; Helwani et al. 2013). The experimental run proved 
that it is possible to use the HT in at least three cycles with 
a minimum FAME reduction of only 7.5 %.  Even though 
the HT showed a good reusability potential, the amount of 
recovered catalyst decreased with each cycle. This study 
succeeded in recovering 50% of the total weight of the 
catalyst from the prior transesterification reaction. 
However, it could not conduct further experimental runs 
due to the small amount of HT investigated in this study.

FIGURE 9. The catalytic activity of HT-CS 650 under a five-hour reaction time, 15:1 methanol to oil molar ratio, 8 % catalyst 
loading at 65 °C for three consecutive cycles.
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FIGURE 10. FTIR Spectra of (a) WCO, (b) Biodiesel produced using HT-SS 650, (c) Biodiesel produced from HT-CS 650, (i) 
1412-1474 cm-1, (ii) 1342-1386 cm-1, (iii) 1152-1220 cm-1, and (iv) 1002-1038 cm-1

CHARACTERIZATION OF THE BIODIESEL

THE REACTION BETWEEN THE WCO AND 
METHANOL IN THE 

reactor was for fi ve hours and at 65 °C. The catalytic 
transesterification reaction of the oil with methanol 
produced FAME and glycerol as a byproduct. The 
FAME from the transesterifi cation reaction was identifi 
ed via the FTIR spectra. If the feedstock (WCO) and 
product, biodiesel (FAME), have the same vibration 
peaks, it is strong proof that there was no reaction 
between the reactants. The FTIR spectra of WCO and 
the biodiesels synthesized using HT as a catalyst in 
Figure 10 show several signifi cant peaks, which help diff 
erentiate the WCO from the biodiesel. The most 
noticeable peaks appeared at 1196 cm-1 represents the 
methyl ester (CO)-C-CH3 component in the FAME 
(Reyero et al. 2013). The formation of ethyl ester at 
1435 cm-1 is the most signifi cant since it is still classifi ed 
as FAME (Marwan et al. 2015). The peak at 1377 cm-1 
is the triglyceride compound vibration in the WCO 
spectra. However, this peak disappeared in both 
biodiesel spectra, indicating the successful conversion 
of the triglyceride into FAME after the transesterifi 
cation reaction, similar to the fi ndings by Rabelo et al. 
(2015). The peak at 1002-1038 cm-1 is attributed to C-
O vibration, which concurs with the fi nding by Nisar et 
al. (2017), indicating the successful conversion of 
triglyceride into biodiesel. Therefore, it is possible to 

conclude that the absence of peak 1377 cm-1 and the 
presence of peaks 1196 cm-1, 1436 cm-1, and 1014 cm-1 
confi rms the successful catalytic reaction and complete 
conversion of the WCO into palm oil FAME.

CONCLUSION

This study has demonstrated that the coconut shell 
templated HT was more eff ective than the saccharose 
templated HT in the transesterifi cation reaction at 65°C. 
Compared to the reference fuel, the coconut shells provided 
446.665 more calories during combustion in the synthesis 
of the HT catalyst.  The HT-CS catalyst calcined at 650 °C 
yielded the highest amount of biodiesel compared to 
calcination at 550 °C and 750 °C. HT-CS 650 yielded the 
highest amount of biodiesel (93.40 %) at 650 °C, while the 
reference catalyst using saccharose as fuel yielded 76.01 
%. Treatment at an excessive temperature of 750 °C caused 
the layered structure to collapse and initiate the formation 
of an impurity phase, which resulted in a low biodiesel 
yield. In addition, the test on the robustness of the HT-CS 
650 catalyst showed that it is possible to reuse the catalyst 
for up to three cycles with a minimum reduction of FAME 
yield of only 7.5 %. The advantages of this catalyst are 
easy separation of the catalyst, possible recycling and 
encourage the use of waste materials, including coconut 
shells, as fuel in the synthesis of HT catalysts.
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