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Abstract 
Layered double hydroxides (LDHs) are promising heterogeneous base catalyst for transesterification of various 
feedstock oils into biodiesel due to their tunable structure and favorable catalytic properties. Besides, LDHs contribute 
to environmental sustainability due to their ease of separation and ability to be reused for multiple catalytic cycles.  
However, LDHs often suffer from mass transfer limitations and particle aggregation, which reduces the accessibility 
of active sites and reduces catalytic efficiency. Biochar was introduced as a support material in LDH to investigate the 
influence of it on the catalyst properties and catalytic performance in transesterification. In this study, MnAl LDHs 
supported with banana peel biochar (MnAl/BPB) were synthesized using an alkali-free co-precipitation method with 
different MnAl ratios (i.e., 2:1, 3:1, and 4:1). The synthesized LDH were calcined to produce corresponding layered 
double oxides (LDOs) for catalytic evaluation in transesterification of waste cooking oil. The alkali-free synthesis 
approach was employed as a greener alternative to conventional methods, while ensuring higher purity and more 
consistent catalytic performance of LDHs. Among the synthesized catalysts, Mn4Al demonstrated the optimum 
physiochemical properties and was therefore selected for the transesterification process. Mn4Al-LDO showed excellent 
catalytic performance at optimum parameter of 21:1 methanol:oil ratio, 3 wt% catalyst, and 65 ℃ for 2 hours, achieving 
a fatty acid methyl ester (FAME) yield of 99.63%. In contrast, under the same parameter, Mn4Al/BPB-LDO exhibited 
lower FAME yield (68.46%) demonstrating that biochar did not enhance unsupported catalysts. Pristine Mn4Al-LDO 
also exhibited good stability, maintaining effective catalytic activity for up to five reuse cycles. 
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1. Introduction  
The increasing depletion of fossil fuel 

reserves, rising global energy demand, and 
growing concerns over environmental pollution 
have intensified the search for sustainable and 
renewable alternative fuels. Conventional diesel 
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   Email: nazriza@uitm.edu.my (N. Ahmad Tajuddin)               

from fossil fuel contributes significantly to 
striking levels of greenhouse gas emissions, with 
global carbon dioxide (CO2) emissions reaching 
36.8 billion metric tons in 2019 [1]. Diesel derived 
from fossil resources can be substituted with 
biodiesel, a renewable and environmentally 
sustainable fuel. Unlike conventional petroleum-
based diesel, biodiesel has emerged as a cleaner 
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and non-toxic alternative energy source [2]. 
Biodiesel derived from renewable sources such as 
vegetable oils, waste cooking oils, and animal fats 
demonstrates improved and cleaner combustion 
performance, due to its relatively high cetane 
number, oxygen content of about 10-11% by 
weight, and minimal sulphur presence, which 
conjointly lead to substantially lower greenhouse 
gas emissions [3]. Besides that, it possesses 
physicochemical properties comparable to those of 
conventional diesel fuel [2]. Biodiesel is produced 
through a transesterification process, where 
reaction occurs when triglycerides react with an 
alcohol, leading to the formation of fatty acid 
esters (biodiesel) and glycerol as a by-product. 
This process offers benefits such as 
biodegradability, non-toxicity, and enhanced 
emission profile [4]. As a result, biodiesel is 
considered economically viable for large-scale 
commercial production. 

Normal conditions of transesterification 
process (i.e., atmospheric pressure, room 
temperature, and light) occur at a slow pace, 
leading to longer reaction time. Hence, catalysts 
are used to increase reaction rate of 
transesterification process. Although 
homogeneous catalysts are widely employed in 
industrial biodiesel production because of their 
high efficiency and low cost, their application is 
associated with several drawbacks. In the 
presence of free fatty acids, alkaline catalysts 
promote soap formation, leading to emulsification 
that complicate the separation of the catalyst as 
well as the biodiesel, methanol, and glycerol 
phases after reaction completion. This results in 
reduced biodiesel yield and difficulties in product 
purification [5]. Additionally, the use of 
homogeneous acidic catalysts presents challenges 
due to their highly corrosive nature, which can 
cause equipment degradation and increase 
maintenance requirements [5]. Therefore, 
heterogeneous catalyst has been chosen as an 
attractive alternative solid catalyst, as it offers 
good product separation, thereby reducing 
wastewater generation and lowering production 
costs through its ability to be reused for multiple 
cycles. 

Layered double hydroxides (LDHs) with the 
general formula [M2+1-x M3+x (OH2]x+(Am-) 

x/m•nH2O, are a type of inorganic material, 
containing mixed M2+ and M3+ metal cations in a 
lamellar brucite-like layers, which are separated 
by an interlayer of charge-balancing anion (An-) 
and water molecule [6]. Its unique structure 
provides a good catalytic behaviour due to its non-
toxic properties, favourable interlayer anion 
exchangeability, and ease of separation for reuse 
[7]. LDH properties can be enhanced through 
calcination process, as it can increase their 
surface area and improve catalytic activity and 

reusability compared to fresh LDHs [8]. Besides 
that, LDHs are well known for their “memory 
effect” property, which allows them to recover to 
their original layered structure even after 
collapsing due to high temperature calcination [6]. 
However, determining the appropriate calcination 
temperature is crucial because excessively high 
calcination temperatures (>550 ℃) can collapse 
the LDH structure and diminish the “memory 
effect”, whereas excessively low calcination 
temperature may affect the crystal phase [8].  

Although LDHs serve as promising catalyst 
for production of biodiesel via triglyceride (TAG) 
transesterification, it still faces difficulties due to 
the mass transport limitations that hinder their 
effectiveness [9]. This is attributed to the large 
molecular size of long-chain fatty acids and TAGs 
(>2 nm), which restrict their diffusion into the 
internal active sites of LDH catalysts [10]. LDHs 
also have the tendency to aggregate, thereby 
restricting their catalytic activity [11]. 
Consequently, modification of LDH with biochar 
as a support material is a promising strategy to 
overcome diffusion limitations and enhance 
catalytic performance. Biochar is a carbon-rich, 
lightweight material characterized by a porous 
structure, high specific surface area, and diverse 
surface functional groups. It is produced through 
the thermochemical conversion of biomass, 
including agricultural, industrial, and municipal 
wastes under oxygen-limited conditions [12]. By 
incorporation Biochar into LDH system, it 
contributes to the improvement of the LDH 
framework by offering a porous structure with 
high surface area, which promotes better 
dispersion of LDH, enhances structural stability, 
and refine catalytic performance [13]. Biochar-
supported LDHs have demonstrated broad 
potential in environmental remediation 
applications, including pollutant adsorption and 
wastewater treatment. However, their application 
as catalysts for transesterification remains 
largely unexplored. This limited application 
represents a clear research gap and establishes 
the novelty of the present work. Therefore, this 
research focuses on how biochar as support 
material effect catalytic behaviour of LDH in 
transesterification. 

In this study, MnAl/Banana peel biochar 
(MnAl/BPB) LDH with different Mn:Al ratios (i.e., 
2:1, 3:1, and 4:1) were synthesized using alkali-
free co-precipitation method to behave as a 
promising catalyst for biodiesel production from 
waste cooking oil. The alkali-free method was 
introduced as green alternative to reduce the 
environmental impact by producing greener and 
safer chemical products. Ammonia and 
ammonium carbonate was used as a substitute for 
conventional strong alkali reagents, such as 
sodium hydroxide and sodium carbonate to 
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Mn:Al 
molar 
ratio 

Fresh Calcined 

2:1 Mn2Al-LDH Mn2Al-LDO 
3:1 Mn3Al-LDH Mn3Al-LDO 
4:1 Mn4Al-LDH Mn4Al-LDO 
2:1 Mn2Al/BPB-LDH Mn2Al/BPB-LDO 
3:1 Mn3Al/BPB-LDH Mn3Al/BPB-LDO 
4:1 Mn4Al/BPB-LDH Mn4Al/BPB-LDO 

provide carbonate ions and regulate pH without 
introducing alkali metal contaminants. The used 
of strong alkali reagent as precipitating agents 
can lead to uncontrolled high concentrations, 
causing LDHs to agglomerate and preventing the 
formation of a uniform metal distribution [14]. 
The physiochemical properties of fresh and 
calcined LDH, as well as biochar-support LDH 
were characterized and evaluated for comparative 
analysis before selecting the optimum catalyst for 
the transesterification reaction. The findings from 
this study provide valuable insight into the role of 
LDH-based catalysts in biodiesel production, 
while maintaining environmental sustainability. 

 
2. Materials and Methods 
2.1. Catalyst Synthesis 

MnAl LDHs were synthesized using an alkali-
free co-precipitation method with different Mn:Al 
molar ratios (2:1, 3:1, and 4:1). Solution A was 
prepared by dissolving 1.5 M manganese(ii) 
sulphate monohydrate (MnSO4·H2O) and 1.5 M 
aluminium nitrate nonahydrate (Al(NO3)3·9H3O) 
in distilled water according to the desired Mn:Al 
ratio, with a total volume of 100 mL. Solution B 
consisted of 2 M ammonium carbonate 
((NH₄)₂CO₃) was dissolved in 100 mL of distilled 
water. The synthesis was performed by 
simultaneous dropwise addition of aqueous 
solutions A and B under vigorous stirring while 
maintaining the pH at 9.5-10, which was 
regulated through the gradual addition of 
ammonia (NH₃). Following co-precipitation, the 
resulting suspension was subjected to reflux aging 
at 65 °C for 24 hours. The solid product was then 
filtered and thoroughly washed with distilled 
water until a neutral filtrate pH of 7 was achieved. 
Lastly, the sample was dried at 80 °C for 24 hours. 
The synthesized MnAl-LDH served as precursor 
material. Following calcination at 350 °C for 5 
hours, the corresponding layered double oxide 
(LDO) was obtained and subsequently evaluated 
as catalyst in transesterification. The fresh and 
calcined samples were subsequently centrifuged, 
cleaned, dried, and stored under vacuum, and 

were denoted as MnxAl-LDH and MnxAl-LDO, 
respectively, where X represents the Mn:Al ratio. 

Banana peels were collected, thoroughly 
washed with distilled water, and oven-dried at 80 
°C for 24 hours. The dried peels were ground and 
sieved to obtain a uniform particle size. The 
resulting powder was subjected to pyrolysis in a 
muffle furnace under limited oxygen atmosphere 
at 500 °C for 3 hours. After cooling to room 
temperature, the produced biochar was collected 
and stored in airtight containers. This sample was 
labelled as BPB. 

The wet impregnation method was used to 
integrate MnAl-LDH with BPB. The synthesized 
MnAl-LDHs were combined with BPB in distilled 
water at a MnAl-to-biochar mass ratio of 1:1, 
where approximately 50 wt.% of biochar was used 
in the initial mixture. The mixture was 
continuously stirred about 400 to 500 revolutions 
per minute (RPM) at room temperature for 2 
hours, followed by filtration and washing with 
distilled water. The obtained product was dried in 
an oven at 80 °C for 24 hours and subsequently 
served as precursor material. Following 
calcination at 330 °C for 5 hours,  the 
corresponding biochar-modified LDO was 
obtained and subsequently evaluated as catalyst 
in transesterification. The fresh and calcined 
biochar-modified LDH samples were centrifuged, 
cleaned, dried, and stored under vacuum. These 
materials were denoted as MnxAl/BPB-LDH and 
MnxAl/BPB-LDO, where X represents the Mn:Al 
ratio, LDH refers to the fresh sample, and LDO 
corresponds to the calcined sample. The catalysts 
preparation for LDH and LDH-biochar systems, 
including different ratios and fresh and calcined 
forms, are listed in Table 1. 

 
2.2. Characterizations 

To evaluate the physical and chemical 
properties of the synthesized catalyst, several 
characterization techniques were employed. 
These techniques included X-ray diffraction 
(XRD), thermogravimetric analysis (TGA), field 
emission scanning electron microscopy with 
energy-dispersive X-ray spectroscopy (FESEM-
EDX), Brunauer–Emmett–Teller (BET) analysis, 
and Fourier-transform infrared spectroscopy 
(FTIR). 

The structural characterization of the 
catalyst was carried out using powder XRD with a 
DY 2536 PANalytical X’Pert Pro instrument 
equipped with a copper (Cu) Kα radiation source 
(λ = 1.5406 Å), operated at an accelerating voltage 
of 45 kV. The powdered samples were finely 
ground and uniformly spread on a sample holder. 
The analysis was conducted over a 2θ range of 10° 
to 80°, with a scanning rate of 1.2° per minute. 

The thermal stability and decomposition 
behaviour of the synthesized catalyst were 

Table 1. LDH and biochar-support LDH systems 
that were prepared with varying ratios in fresh 
and calcined forms. 
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analysed using TGA. Approximately 5 to10 mg of 
the dried and finely ground sample was weighed 
and placed into a heat-resistant crucible. The 
analysis was performed under inert environment, 
using a calibrated SETARAM TGA instrument 
under a nitrogen (N₂) atmosphere, with a gas flow 
rate between 20 and 50 mL/min. The temperature 
was increased from room temperature to 800 °C at 
a heating rate of 10 °C per minute. The weight 
change of the sample was continuously recorded 
as a function of temperature. 

Prior to FESEM-EDX analysis, the prepared 
catalyst was sputter-coated with a thin conductive 
gold layer to reduce surface charging and enhance 
image quality. The surface morphology of the 
LDH samples was examined using an ISO9001 
Oxford Instrument FESEM. Imaging was carried 
out at an accelerating voltage of 15 kV, with 
magnifications ranging from 10 to 200 k, until the 
characteristic structural features of the catalyst 
were observed. EDX works alongside FESEM 
where it provides the chemical and elemental 
composition of those specific areas.  

The specific surface area and porosity of the 
synthesized catalyst were determined using BET 
analysis. Nitrogen (N₂) adsorption–desorption 
measurements were performed using a 
Quantachrome Autosorb iQ2 instrument. The 
samples were degassed at 120 °C for 12 hours to 
remove any physically adsorbed moisture or other 
volatile species on the catalysts surface.  

The functional groups and bonding 
characteristics of the catalysts were identified 
using FTIR-ATR (Fourier Transform Infrared 
Spectroscopy with Attenuated Total Reflectance) 
performed on a PerkinElmer Spectrum One 
spectrometer. Prior to analysis, the ATR crystal 
was cleaned and a background spectrum was 
recorded to account for instrumental 
contributions. The sample was then placed on the 
ATR crystal, and spectra were collected in the 
range of 4000-650 cm-1 with four scans per 
measurement, and at a resolution of 16 cm-1. After 
data acquisition, the spectra were baseline-
corrected and smoothed before analysing the 
characteristic absorption peaks. 

 
2.3. Feedstock Analysis 

Feedstock analysis was conducted to 
comprehensively characterize the waste cooking 
oil (WCO) sample used for biodiesel production. 
This step was conducted to determine the 
physicochemical properties of the feedstock, as 
these properties directly affected the efficiency of 
the transesterification process and the 
performance of the synthesized LDHs catalyst. 
The parameters evaluated included acid value, 
iodine value, saponification value, moisture 
content, and the need for pretreatment 
esterification. 

The acid value of the oil was determined 
using the standard AOCS Ca 5a-40 method to 
quantify the free fatty acid (FFA) content. 
Approximately 10 g of the WCO was accurately 
weighed and dissolved in 50-100 mL of hot, 
neutralized ethyl alcohol, with phenolphthalein 
used as the indicator. The resulting solution was 
titrated with 0.1 N potassium hydroxide (KOH) 
until a stable pink endpoint was observed. The 
acid value, expressed in mg KOH per gram of oil, 
was calculated using Equation (1). 
 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 �𝑚𝑚𝑚𝑚 𝐾𝐾𝐾𝐾𝐾𝐾

𝑔𝑔
� =  (𝑉𝑉×𝑁𝑁×56.1)

𝑊𝑊
              (1) 

 
In Equation (1), V represent the volume of KOH, 
N represent the normality of KOH (0.1 N), and W 
represent the weight of WCO. From the acid 
value obtained, FFA content of WCO was 
calculated using Equation (2). 
 
𝐹𝐹𝐹𝐹𝐹𝐹 (%) =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

2
                (2) 

 
The saponification value was determined to 

estimate the average molecular weight of the 
triglycerides present in the oil, following the 
AOCS Cd 3-25 standard method. Approximately 
1 g of WCO was refluxed with 25 mL of 0.5 N 
alcoholic KOH for one hour. After cooling, the 
excess KOH was titrated with 0.5 N hydrochloric 
acid (HCl) using phenolphthalein as an indicator. 
A blank titration was conducted simultaneously 
under the same conditions. The saponification 
value was calculated using Equation (3). 
 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (𝑆𝑆𝑆𝑆) =  (𝐵𝐵−𝑆𝑆)×𝑁𝑁×56.1

𝑊𝑊
            (3) 

 
In Equation (3), B represent the volume of HCl 
used for the blank, S represent the volume of HCl 
used for the WCO, N represent the molarity of 
HCl (0.5 N), and W represent the weight of WCO. 
Both acid value (AV) and saponification value 
(SV) was used to calculate molecular weight of 
WCO, using Equation (4). 
 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 =  (56.11×1000×3)

𝑆𝑆𝑆𝑆−𝐴𝐴𝐴𝐴
             (4) 

 
The moisture content of the oil was 

determined according to the AOCS Ca 2b-38 
method. Approximately 5 g of WCO was placed in 
a pre-weighed moisture dish and heated at 105°C 
on a hot plate for one hour. The sample was then 
cooled in a desiccator and reweighed. The 
moisture content was calculated using Equation 
(5). 
 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 (%) =  𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡
× 100             (5) 
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If the acid value of the oil exceeded 1 mg 
KOH/g, a pretreatment esterification process was 
performed to reduce the free fatty acid content. 
The oil was mixed with methanol (CH3OH) at a 
molar ratio ranging from 6:1 to 12:1, along with 1 
wt% concentrated sulfuric acid (H2SO4) as the 
catalyst. The reaction mixture was heated to 60-
65 °C and continuously stirred under reflux 
conditions for 1-2 hours. After completion of the 
reaction, the mixture was allowed to settle, and 
the water formed during esterification was 
separated from the lower layer before proceeding 
with the transesterification process. 

 
2.4. Transesterification Reaction 

The transesterification process was 
conducted using the most optimum LDH 
catalysts. The pretreated WCO was mixed with 
methanol at 21:1 methanol-to-oil molar ratio in 
the presence of 3 wt.% LDH catalyst. The reaction 
was carried out in a round-bottom flask equipped 
with a reflux condenser and maintained at 65 °C 
under continuous stirring for 2 hours.  After the 
reaction was completed, the mixture was allowed 
to cool to room temperature, and was centrifuged 
to remove catalyst from the mixture. The glycerol 
phase was then separated from the biodiesel using 
separating funnel. Subsequently, the biodiesel 
was washed with warm distilled water to remove 
residual catalyst, methanol, and glycerol. Finally, 
the biodiesel was dried at 100 ℃ until no bubbles 
were observed, ensuring removal of residual water 
from the biodiesel product.  

The biodiesel produced was characterized 
using gas chromatography-flame ionization 
detector (GC-FID), equipped with HP5-MS 
capillary column. The inlet and FID detector 
temperatures were maintained at 250 ℃, and 1 µL 
aliquot was injected in the injection port that was 
operated in split mode with split ratio of 100:1.  
The column temperature was initially set at 60 ℃ 
and held for 1 minute, then increased to 200 ℃ at 
a rate of 10 ℃/minute and held for 1 minute, and 
finally increased to 240 ℃ at a rate of 5 ℃/minute 
and held for 1 minute. For sample preparation, 
the biodiesel sample was diluted with hexane at a 
dilution factor of 10. The characterization of 
standard methyl ester compounds was also 
carried out using the same method to obtain their 
retention time for further use in the calculation of 
the FAME yield in the biodiesel product.  

Quantification was performed using external 
calibration with individual methyl esters 
standards. The standard methyl esters used were 
methyl laurate, methyl myristate, methyl 
palmitate, methyl linoleate, and methyl stearate. 
The FAME yield was calculated based on the peak 
areas to evaluate the purity and quality of the 
biodiesel produced, using Equation (6) to 
Equation (12). First of all, retention factor (RF) for 

each individual FAME was calculated using 
Equation (6). 
𝑅𝑅𝑅𝑅 = 𝐶𝐶𝐼𝐼𝐼𝐼

𝐴𝐴𝐼𝐼𝐼𝐼
     (6) 

 
In Equation (6), 𝐶𝐶𝐼𝐼𝐼𝐼  represent the concentration of 
individual standard, while 𝐴𝐴𝐼𝐼𝐼𝐼 represent the area 
of individual standard. Then, the RF value 
obtained was used to calculate the concentration 
of individual FAME (IF) in biodiesel sample using 
Equation (7). 
 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼, 𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐴𝐴𝐼𝐼𝐼𝐼 × 𝑅𝑅𝑅𝑅 × 100 (7) 
 
In Equation (7), 𝐴𝐴𝐼𝐼𝐼𝐼  represent the area of IF in 
biodiesel sample, while RF represent the response 
factor that was calculated in the Equation (6). 
After that, weight in milligram of individual 
FAME in biodiesel sample was calculated using 
Equation (8). 
 
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚 =

𝐶𝐶𝐼𝐼𝐼𝐼(𝑝𝑝𝑝𝑝𝑝𝑝)×𝑉𝑉

1000
   (8) 

 
In Equation (8), 𝐶𝐶𝐼𝐼𝐼𝐼 represent the concentration of 
IF in biodiesel sample that was calculated in 
Equation (7) and V represent the total volume 
dilution of biodiesel with hexane. The weight in 
milligram of individual FAME in biodiesel sample 
was then converted into gram using Equation (9). 
 
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼,𝑔𝑔 =

𝑊𝑊𝐼𝐼𝐼𝐼(𝑚𝑚𝑚𝑚)×𝐷𝐷𝐷𝐷×𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑔𝑔)

1000
  (9) 

 
In Equation (9), 𝑊𝑊𝐼𝐼𝐼𝐼  represent the weight in 
milligram of IF in biodiesel sample obtained from 
Equation (8), DF represent the dilution factor, and 
𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  represent the weight of biodiesel product 
after washing and heating process. Using the 
weight in gram of IF in biodiesel sample value 
obtained, mole of IF in biodiesel sample was 
calculated using Equation (10). 
 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼 =

𝑊𝑊𝐼𝐼𝐼𝐼(𝑔𝑔)

𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼(𝑔𝑔/𝑚𝑚𝑚𝑚𝑚𝑚)
              (10) 

 
In Equation (10), 𝑊𝑊𝐼𝐼𝐼𝐼  represent the weight in 
gram of IF in biodiesel sample and 𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼  
represent the molecular weight of IF. Next, 
theoretical mole of FAME was calculated using 
Equation (11). 
 
𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊(𝑔𝑔)

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑊𝑊𝑊𝑊𝑊𝑊
( 𝑔𝑔
𝑚𝑚𝑚𝑚𝑚𝑚)

     (11) 

 
In Equation (11), 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊  represent the weight of 
WCO used in the experiment, while 𝑀𝑀𝑀𝑀𝑊𝑊𝑊𝑊𝑊𝑊 
represent the molecular weight of WCO. Lastly, 
using the mole of IF in biodiesel sample and 
theoretical mole value obtained from Equations 
(10) and (11), respectively, FAME yield was 
calculated using Equation (12). 
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Catalyst 
systems 

Targeted 
Mn:Al ratio 

Mn:Al ratio from EDX 
(atomic %) 

MnAl-LDH 
2:1 2.75 
3:1 3.27 
4:1 4.33 

MnAl-LDO 
2:1 2.42 
3:1 3.05 
4:1 4.68 

MnAl/BPB-
LDH 

2:1 2.50 
3:1 3.09 
4:1 4.38 

MnAl/BPB-
LDO 

2:1 2.87 
3:1 3.22 
4:1 4.33 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦, % = 𝛴𝛴 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐼𝐼𝐼𝐼
𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

 × 100            (12) 
 
2.5. Reusability Study 

The reusability of the catalyst was evaluated 
to study its stability and economic sustainability 
for repeated use in transesterification. After each 
reaction, the catalyst was recovered by filtration 
or centrifugation, and subsequently washed with 
ethanol to remove any adsorbed organic residues. 
The recovered catalyst was then dried at 80-100 ℃ 
and reused in the subsequent reaction under the 
same parameter settings. This process was 
repeated for up to five consecutive reaction cycles. 
The FAME yield was determined after each cycle 
to assess any changes in catalytic activity 
resulting from repeated use. Furthermore, the 
physiochemical properties of the catalyst after 
each cycle were characterized using XRD and 
FTIR analyses to verify stability of their surface 
structure. 

The leaching response of the catalyst 
throughout the reusability study was investigated 
using Inductively Coupled Plasma Optical 
Emission Spectroscopy (ICP-OES) using a Perkin 
Elmer Optima 2100DV instrument. The operation 
system was under continues acquisition mode and 
equipped with an S10 autosampler. The 
instrument maintained a nebulizer back pressure 
of 110.0 kPa and a gas flow rate of 0.80 L/min. The 
Mn and Al concentrations in the sample were 
quantified against calibration curves obtained 
from the standard multielement solutions. 

 
3. Results and Discussion 
3.1. Catalyst Characterizations 

Energy-dispersive X-ray spectroscopy (EDX) 
analysis was used to determine the elemental 
compositions of the synthesized catalysts. The 
resulting atomic percentage were further used to 

calculate the Mn:Al ratios and compare them 
with the targeted molar ratios. Table 2 
represents the elemental compositions of the 
synthesized catalysts. The results show that the 
Mn:Al ratios obtained from EDX analysis were 
close to the theoretical precursor ratios, 
indicating successful synthesis of the LDH 
catalysts. 

XRD characterization was conducted to 
understand the crystallinity of the synthesized 
LDHs catalyst. Figure 1(a) shows the XRD 
pattern for MnAl-LDH system, with diffraction 
peaks at 2θ values of 24o, 31o, 37.5o, 41o, 45o, 59o, 
51o and 60o correspond to the hkl planes (003), 
(101), (102), (108), (109), (110), (113), and (116), 
respectively, which are consistent with previous 
report by researcher [15]. The sharp and well-
defined peaks, including the duplets observed at 
(109) and (110), indicate a single crystalline 
phase confirming the successful synthesis of the 
LDH. Although slight shifts in the duplet 
positions were observed, all remained within 40o-
65o range [16]. A fixed molar ratio, generally 
between 2:1 and 4:1 is essential in LDH 
synthesis, as any deviation outside this range, 
whether higher or lower hinders the proper 
formation or LDH [17]. Furthermore, these 
reflections align well with the standard JCPDS 
card no. 22-0700, supporting the information of 
the LDH phase [15].  

The XRD pattern for BPB (Figure 1(b)) 
exhibits broad and low-intensity diffraction 
peaks at 2θ values of 28ᵒ and 40ᵒ, respectively, 
indication the presence of graphitic crystallites in 
the activated BPB. These diffractions peaks were 
attributed to the (002) and (100) planes of carbon 
material, respectively [18]. The MnAl/BPB-LDH 
exhibited a similar diffraction pattern with 
MnAl-LDH (Figure 1(c)). Following the 
deposition of LDH on the activated BPB surface, 
the intensity of the carbon peaks was diminished, 
indicating a lower degree of graphitization and 
confirming the successful integration of the 
MnAl-LDH with the BPB [19]. All peaks 
corresponding to the LDH phase are sharp and 
intense, indicating the high crystallinity of the 
MnAl/BPB-LDH catalyst systems [16].  

Notably, LDOs exhibit several advantageous 
properties, such as exceptionally high surface 
area and eco-friendly nature [8]. Furthermore, 
the conversions of LDHs into LDOs through 
calcination is regarded as one of the most 
effective modification strategies, as it enhances 
morphology, increases the surface area and 
degradation performance, and simultaneously 
reduces metal leaching during catalytic reactions 
[8]. Figure 2(a) presents the XRD pattern of 
MnAl-LDO calcined at 350 ℃. The diffraction 
peaks observed at 30o, 31o, 37o, 42o, and 56o 
correspond to the (112), (103), (211), (220), and 

Table 2. Elemental Mn:Al ratio obtained from 
EDX analysis for MnAl and MnAl/BPB catalyst 
systems. 
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(224) planes, which are in good agreement with 
previously reported findings [20]. It was observed 
that upon treatment at 350 ℃, the MnAl-LDH 
samples underwent structural collapse of their 
lamellar layers, leading to the formation of poorly 
crystalline Mn(Al)O mixed oxides, where 
manganese and/or aluminum oxides were 
uniformly dispersed within the manganese oxide 
matrix. 

The MnAl/BPB-LDO sample Figure 2(b) 
exhibited a similar diffraction pattern with the 
MnAl-LDO. These findings further verify the 
successful synthesis of the LDO-biochar where the 
MnAl/BPB was calcined at 330 ℃. Figure 2(c) 
shows that MnAl/BPB-LDO had lower intensity 
than MnAl-LDO due to the incorporation of 
activated biochar generates a broad amorphous 
scattering background, commonly referred to as a 
carbonaceous hump. The carbonaceous hump 
overlaps with and partially mask the crystalline 
reflections of the MnAl/BPB-LDO, resulting in a 
reduced peak-to-background contrast in the XRD 
pattern [21]. Furthermore, the mixed metal oxide 

(MMO) particles formed during the calcination of 
LDH may be more uniformly dispersed on the 
biochar surface rather than aggregated into large 
crystalline domains, resulting in weaker 
diffraction peaks. This observation indicates that 
the successful of biochar support effectively 
enhances the dispersion of the MMO particles 
and preventing the agglomeration of LDH-
derived MMOs. 

The lattice parameter a, calculated as 2d110, 
corresponds to the nearest M-M distance within 
the layers, while the lattice parameter c, 
calculated as 3d003, reflects the interlayer spacing 
[20]. As shown in Table 3, the results indicate 
that Mn:Al ratio of 4:1 exhibited the smallest 
crystallite size (D) in both systems, with 3.50 nm 
and 5.27 nm for Mn4Al-LDH and Mn4Al/BPB-
LDH, respectively. This finding suggests that the 
Mn:Al ratio of 4:1 provides the highest surface 
area compared with the other two ratios. 
Therefore, the Mn:Al ratio of 4:1 was considered 
the optimum composition for MnAl-LDH. In 
addition, MnAl/BPB-LDH exhibited a lower 

Figure 1. XRD results of (a) MnAl-LDH with Mn:Al ratios 2:1, 3:1, and 4:1; (b) MnAl/BPB-LDH with Mn:Al 
ratios 2:1, 3:1, and 4:1; (c) BPB; (d) comparison between Mn4Al/BPB-LDH, Mn4Al-LDH, and BPB. 
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Fresh samples Ratios (Mn:Al) d003 (Å) d110 (Å) a (Å) c (Å) D (nm) 
MnAl-LDH 2:1 3.66 1.78 3.55 10.98 5.08 
 3:1 3.67 1.77 3.54 11.01 5.79 
 4:1 3.67 1.77 3.54 11.01 3.50 
MnAl/BPB-LDH 2:1 3.67 1.77 3.53 11.00 6.03 
 3:1 3.67 1.77 3.53 11.00 5.81 
 4:1 3.66 1.77 3.53 10.97 5.27 

surface area than the pristine LDH. This 
reduction was attributed to the partial or 
complete blockage of some LDH pores by the 
biochar matrix, resulting in an increased in 
crystallite size and consequently, a decreased in 
the surface area of the MnAl/BPB-LDH catalysts.  

The structural and crystallite properties of 
the calcined MnAl and MnAl/BPB catalyst 
systems are shown in Table 4. The crystallite size 
for the 4:1 Mn:Al ratio was the smallest, 
indicating that this ratio provides the highest 
surface area compared to the other two ratios. 
Therefore, the 4:1 Mn:Al ratio was considered the 

optimum composition for MnAl-LDO, consistent 
with the trend observed for MnAl-LDH. 
Following calcination, the crystallite size of the 
LDO was smaller than LDH. This reduction was 
attributed to the removal of interlayer water and 
carbonate ion, which consequently increased the 
surface area of the catalyst. This finding was 
further supported by the lattice parameter c 
value, which decreased due to the collapse of the 
interlayer space, leading to a reduction in the 
interlayer spacing. These observations confirm 
the successful calcination of LDH and its 
conversion into MMOs.  

Table 3. Structural and crystallite properties of fresh MnAl and MnAl/BPB catalyst systems at different 
ratios. 

Figure 2. XRD results of (a) MnAl-LDO with Mn:Al ratios 2:1, 3:1, and 4:1; (b) MnAl/BPB-LDO with Mn:Al 
ratios 2:1, 3:1, and 4:1; (c) comparison between Mn4Al/BPB-LDO and Mn4Al-LDO. 
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Materials Ratios Weight 
loss stages 

First weight 
loss (℃) 

(dehydration) 

H2O 
weight 

loss 
(wt.%) 

Second weight 
loss (℃) 

(decarbonation) 

CO3 

weight 
loss 

(wt.%) 

Total 
weight 

loss 
(wt.%) 

MnAl 
2:1 Two 137 7 356 26 33 
3:1 Two 128 3 381 29 32 
4:1 Two 126 5 323 34 39 

MnAl/BPB 
2:1 Two 167 8 364 17 25 
3:1 Two 146 2 380 19 21 
4:1 Two 157 3 357 20 23 

Calcined samples Ratios (Mn:Al) d103 (Å) d220 (Å) a (Å) c (Å) D (nm) 

MnAl-LDO 
2:1 2.80 2.12 6.00 9.49 2.06 
3:1 2.80 2.12 6.00 9.50 2.70 
4:1 2.80 2.14 6.06 9.47 2.03 

MnAl/BPB-LDO 
2:1 2.77 2.16 6.10 9.32 2.41 
3:1 2.72 2.15 6.09 9.12 2.24 
4:1 2.65 2.16 6.10 8.82 2.16 

The thermal properties of the synthesized 
catalysts were examined through TGA analysis, 
where the results for both MnAl-LDH and 
MnAl/BPB-LDH systems can be seen in Table 5. 
Figure 3 shows TGA and differential 
thermogravimetric analysis (DTG) graphs for 
MnAl-LDH for three different ratios. The TGA 
analysis confirmed that the appropriate 
calcination temperatures for the MnAl LDH 
sample were 350 ℃. The samples exhibited two 
distinct weight loss stages within the temperature 
range of 126 ℃ to 381 ℃. This observation aligns 
with findings from a previous study, which 
reported similar range of 98 ℃ to 425 ℃ [15]. The 
first weight loss occurring between 126 ℃ to 137 
℃, corresponds to the dehydration phase, during 
which physically adsorbed water was removed, 
thereby exposing the metal catalysts to elevated 

temperatures [15]. This observation aligns with 
findings from a previous study, which reported 
similar dehydration temperature range of 100 ℃ 

Table 4. Structural and crystallite properties of calcined MnAl and MnAl/BPB catalyst systems at different 
ratios. 

Table 5. Thermographic properties of MnAl-LDH and MnAl/BPB-LDH at different ratios. 

Figure 3. Thermographic analysis of MnAl-LDH for three different ratios (a) 2:1; (b) 3:1; (c) 4:1. 
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to 150 ℃ [22]. This process is primarily attributed 
to the desorption of interlayer physiosorbed water 
molecules and the decomposition of precursor 
substances [23].  

The second weight loss, observed between 323 
℃ to 381 ℃ is associated with the decarbonation 
of the Mn-Al LDH structure through 
dehydroxylation and decarboxylation [15]. This 
observation aligns with findings from a previous 
study, which reported similar decomposition 
temperature range of 200 ℃ to 480 ℃ [22]. The 
thermal degradation or modification of metal 
cations results from dihydroxylation, which was 
the removal of hydroxyl (OH-) groups and the 
decarboxylation, which was the removal of 
carbonate anions located within the interlayer 
region of the LDH during the calcination process 
[6]. The percentage of weight loss becomes less 
pronounced beyond 350 ℃, suggesting the 
formation of thermally stable mixed metal oxides 
[23]. This corresponds to the nearly constant slope 
that indicates the presence of mineral components 
of LDH composite remain stable at higher 
temperature [22]. This observation confirm that 
the calcination temperature for MnAl-LDH was 
350 ℃. 

TGA and differential thermogravimetric 
analysis (DTG) graphs for MnAl/BPB-LDH can be 

seen in Figure 4. The TGA profile exhibits two 
distinct weight-loss events at 146 to 167 ℃ and 
357 to 380 ℃. The initial loss corresponds to the 
release of surface-adsorbed and interlayer water 
or solvent molecules, while the second loss is 
attributed to the decomposition of the composite’s 
organic components [22]. Beyond 330 ℃, the 
curve displays an almost constant slope, 
indicating the presence of thermally stable 
mineral phases within the LDH composite, 
suggesting the calcination temperature for 
MnAl/BPB-LDH was 330 ℃. Biochar provides a 
large active area, hence when LDH particles 
dispersed on the porous biochar surface, they do 
not stack or agglomerate into large crystallites 
[24]. Thus, smaller crystallites of LDH-biochar 
require less thermal energy to collapse and 
convert into LDO. Besides that, biochar generally 
carries negatively charged functional groups (-
COOH, -OH, -C-O-), where these groups will 
interact with positively charged LDH layers (M2+ 
/ M3+ hydroxide sheets). The interaction distorts 
the LDH interlayer spacing and weakens 
hydrogen bonding between them [24]. In 
addition, carbon framework of biochar matrix 
gave good thermal conductivity, thus 
consequently made the heat distribute more 
uniformly in the LDH structure. As a result, 
biochar-support LDH composites undergo 
calcination and transform into mixed oxides at 
significantly lower temperature than LDH itself 
[24]. Although the calcination temperatures were 
different for pristine and biochar-supported LDH, 
both catalyst systems were confirmed to undergo 
complete formation of LDOs based on the XRD 
characterizations.  

Incorporation of BPB with MnAl-LDH does 
not gave much difference in water weight loss. 
However, it shows a decreased trend in carbonate 
weight loss, leading to a slightly reduced in 
overall weight loss for MnAl-BPB LDH systems. 
These observations proof that BPB affects the 
breakdown manner of LDH, where carbonaceous 

Figure 4. Thermographic analysis of MnAl/BPB-LDH for three different ratios (a) 2:1; (b) 3:1; (c) 4:1. 
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biochar matrix improved stabilization of 
interlayer carbonate species and enhanced 
thermal resistance of LDH. The calcination 
temperature must be carefully controlled, as 
excessively high temperature can induce sintering 
and spinel phase formation that collapse the LDH 
structure and reduce surface area and pore 
volume, while overly low temperature may hinder 
proper crystalline phase development [8]. 

Figure 5 shows the BET analysis of the 
synthesized catalysts. BET analysis on MnAl-
LDH systems show the same Type IV isotherm, 
with a hysteresis loop type (H3) for the three 
different ratios, but with different adsorption 
capacities. These observations  show that LDH 
has a slit-shaped mesopores, usually formed by 
plate-like particles, layered materials and 
aggregated nanosheets, confirming the successful 
formation of LDHs. LDOs also show the same 
hysteresis loop type (H3). The BET surface area, 
pore volume, and pore diameter for the prepared 
samples was summarized in Table 6. The BET 
surface area of the Mn:Al ratio of 4:1 was the 
highest compare with those of the 2:1 and 3:1 
ratios, supporting its selection as the optimum 

ratio for MnAl-LDH, which was consistent with 
the XRD analysis results. The lower BET surface 
area of the biochar-supported LDH composite 
may be attributed to the partial or complete 
blockage of LDH mesopores by the biochar 
matrix, thereby limiting nitrogen accessibility 
during adsorption measurements. Similar 
behaviour has been reported for LDH-carbon 
composites where the LDH precursor species 
cover or block carbon pores, resulting in reduced 
BET surface area [25].  

The increase in BET surface area after 
calcination was attributed to the removal of 
interlayer water and carbonate anions, which 
generates additional porosity and promotes the 
formation of layered double oxides (LDOs) [26]. 
Following calcination, LDHs were transformed 
into LDOs, which generates mixed metal oxides 
with enhanced basicity, which are crucial for the 
activation of methanol during the 
transesterification reaction [27]. These basic sites 
promote efficient deprotonation of methanol, 
contributing to improving biodiesel conversion 
compared with uncalcined LDH. Hence, Mn4Al-
LDO and Mn4Al/BPB-LDO were selected as the 

Figure 5. Nitrogen adsorption-desorption isotherm for (a) MnAl-LDH systems; (b) MnAl-LDO systems; (c) 
MnAl/BPB-LDH systems; (d) MnAl/BPB-LDO systems at different Mn:Al ratios. 
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Samples Ratios 
(Mn:Al) 

BET surface 
area 

(m2.g-1) 

Total pores 
volume (cm3.g-1) 

Adsorption pore 
diameter (nm) 

Desorption pore 
diameter (nm) 

MnAl-LDH 
2:1 63 0.18 14.2 13.1 
3:1 51 0.17 15.4 14.4 
4:1 68 0.15 12.4 11.3 

MnAl-LDO 
2:1 78 0.31 16.8 15.5 
3:1 81 0.33 18.2 16.5 
4:1 118 0.30 10.8 10.1 

MnAl/BPB-LDH 
2:1 47 0.15 20.0 18.7 
3:1 26 0.09 14.2 13.1 
4:1 31 0.10 13.0 12.1 

MnAl/BPB-LDO 
2:1 90 0.32 17.0 14.6 
3:1 92 0.28 12.4 12.7 
4:1 99 0.27 11.8 11.6 

optimum catalyst for the transesterification of 
waste cooking oil. Subsequently, these catalysts 
were further investigated to evaluate the 
influence of biochar as support material on the 
catalytic behaviour of MnAl-LDO in biodiesel 
production.   

FTIR characterization was conducted to 
identify different chemicals present in the 
synthesized LDHs catalyst. Figures 6a and 6b 
show the FTIR analysis of MnAl-LDH and MnAl-
LDO, respectively at different ratios. A broad 
band at 3562 cm-1 corresponds to the stretching 
vibration of -OH groups in the brucite-like layers 
of LDH, while the band at 1586 cm-1 is assigned to 
the bending vibration of interlayer water 
molecules [15]. The absorption at 1428 cm-1 

attributed to CO32- anions, and bands at 865 cm-1 
arise from metal-oxygen lattice vibrations in the 
LDH structure, where in this case is Mn-O and Al-
O, confirming successful of MnAl-LDH structure 
[7].  

Compared with the fresh MnAl-LDH, the 
calcined MnAl-LDO exhibit a narrow and less 

intense O-H stretching band, arising from the 
presence of hydroxyl groups and interlayer water 
molecules within the interlamellar spaces. This is 
because, during calcination, these species are 
removed through dehydration and 
dihydroxylation, leading to the collapse of the 
layered structure and the formation of mixed 
metal oxides [15]. Consequently, the FTIR 

Table 6. BET surface area, pore volume, and pore diameter for the prepared samples. 

Figure 6. FTIR spectrums of (a) MnAl-LDH with Mn:Al ratios 2:1, 3:1, and 4:1; (b) MnAl-LDO with Mn:Al 
ratios 2:1, 3:1, and 4:1; (c) comparison between Mn4Al-LDH and Mn4Al-LDO. 
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spectra of the MnAl-LDO display significantly 
reduced O-H band intensity, confirming the 
successful calcination process. Additionally, a 
decrease in the intensity of the absorption band at 
1428 cm-1, corresponding to the carbonate anion 
vibration, was observed for the modified MnAl-
LDO compared with the MnAl-LDH. This 
reduction indicates that the interlayer carbonate 
anions decomposed during the temperature-
induced calcination process [7]. Thus, overall, 
these observations confirm the successful 
conversion of LDH into MMOs after calcination. 

Figure 7a shows FTIR spectrum for BPB. The 
absorption band at 3204 cm-1 is attributed to the 
presence of moisture, likely associated with 
hydroxyl (-OH) groups [28]. The peak at 2754      
cm-1 can be assigned to the stretching vibration of 
aliphatic C-H, alkane groups [28]. The BPB 
spectrum exhibited a weak band at 1698 cm-1, 
corresponding to the C-O stretching vibrations 
[29]. The peak at 2164 cm-1 is likely related to C≡C 
stretching vibrations of residual unsaturated 
carbon structures formed during thermal 
decomposition or the presence of carbon dioxide on 

the biochar surface [30]. The peak observed at 
788 cm-1 represent bending vibration of aromatic 
C-H of benzene rings [31].  

The FTIR spectrum of the MnAl/BPB-LDH 
composite exhibits characteristic absorption 
bands similar to those of MnAl-LDH (Figure 7b). 
A broad O-H stretching band associated with the 
hydroxyl groups in the brucite layers and 
interlayer region was observed at approximately 
3728 cm-1 for MnAl/BPB-LDH. The presence of 
carbonate anion within the interlayer spaces of 
MnAl/BPB-LDH was confirmed by a strong 
absorption peak at 1436 cm-1. In addition, the 
biochar spectrum exhibited a weak band at 1634 
cm-1, corresponding to the C-O stretching 
vibrations [29]. Besides that, The coexistent of 
characteristic FTIR bands from both BPB and 
MnAl-LDH in the MnAl/BPB-LDH composite 
indicating the successful integration of biochar 
matrix as support material into the LDH 
structure. 

The FTIR spectra indicate that MnAl/BPB-
LDO exhibits similar structural changes to 
MnAl-LDO when compared to their respective 

Figure 7. FTIR spectrums of (a) BPB; (b) MnAl/BPB-LDH with Mn:Al ratios 2:1, 3:1, and 4:1; (c) MnAl/BPB-
LDO with Mn:Al ratios 2:1, 3:1, and 4:1; (d) comparison between Mn4Al/BPB-LDH and Mn4Al/BPB-LDO. 
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Systems Materials Characteristic 
band 

Wavenumber (cm-1) 
(this study) 

Wavenumber 
(cm-1) (ref) Ref 

MnAl MnAl-LDH 

Mn-O / Al-O 865 800 [7] 
C=C stretching 1651 1600 [7] 
CO32- bending 1428 1390 [15] 
-OH stretching 3562 3323 [15] 

 MnAl-LDO C=C stretching 1586 1600 [7] 
 -OH stretching 3562 3356 [15] 

BPB  

C-H stretching 2754 2826 [28] 
-OH stretching 3204 3217 [28] 
C-O stretching 1698 1645 [29] 
C-H bending 788 745 [31] 

MnAl/BPB MnAl/BPB-
LDH 

Mn-O / Al-O 850 800 [7] 
CO32- bending 1436 1390 [15] 
-OH stretching 3728 3323 [15] 
C-O 1634 1635 [29] 

 
MnAl/BPB-
LDO 

Mn-O / Al-O 850 800 [7] 
 CO32- bending 1436 1390 [15] 
 -OH stretching 3728 3356 [15] 
 C-O 1618 1635 [29] 

LDH (Figure 7c). This includes a reduction in O-H 
band intensity and decreased carbonate 
absorption, confirming that interlayer hydroxyl 
groups and carbonate anions were effectively 
removed during calcination. Hence, the 
MnAl/BPB-LDO was successfully formed. The 
summary of the absorption bands and functional 
groups for the synthesised catalysts was 
summarised in Table 7.  

The FESEM analysis was used to study the 
morphological characteristics of the synthesized 
catalysts. The surface morphology of the BPB is 
shown in FESEM image (Figure 8). The structure 
reveals  a highly porous and heterogeneous 
surface morphology, with numerous irregular 
cavities and voids distributed throughout. Such 
morphological characteristics are consistent with 
a previous study by [32], which reported that 
biochar exhibits well-developed porosity. This 
pore network plays a critical role in catalytic 
applications, particularly in enhancing the 
compact LDH structure, as it provides a high 
surface area. The fabrication of porous BPB with 
LDH helps in stabilize the LDH, preventing it 
from agglomeration during high temperature 
calcination, thereby improving dispersion [33]. 

The synthesized LDH catalysts (Figure 9(a-c)) 
show thin, flat crystals with distinct edges 
indicating the layered structure of hysrotalcite. 
Calcination of the LDH produced observable 
irregular and less-defined voids and pores 
distributed across the surface, which may 
contribute to a larger accessible surface area for 
catalytic reactions (Figure 9(d-f)). Addtionally, the 
materials exhibited particles with irregular 

grains, which can be attributed to particle 
agglomeration and variations in crystal growth 
during the synthesis process [34].This may also 
be associated with the presence of particles with 
difference sizes and morphologies, which was 
consistent with previous studies by [35]. These 
results further proved that the catalysts were 
successfully synthesised though an alkali-free co-
precipitation method. After the incorporation of 
biochar into the LDH catalyst, the FESEM 
analysis revealed intimate contact between LDH 
and biochar matrix (Figure 9 (g-i)). Upon 

Table 7. FTIR spectral peaks and corresponding functional groups for the synthesised catalysts. 

Figure 8. FESEM images of porous BPB. 
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Figure 9. FESEM images of (a-c) MnAl LDH with Mn:Al molar ratios 2:1, 3:1, and 4:1, respectively; (d-f) 
MnAl LDO with Mn:Al molar ratios 2:1, 3:1, and 4:1, respectively; (g-i) MnAl/BPB LDH with Mn:Al molar 
ratios 2:1, 3:1, and 4:1, respectively; (j-l) MnAl/BPB LDO with Mn:Al molar ratios 2:1, 3:1, and 4:1, 
respectively. 



 

 
 

Bulletin of Chemical Reaction Engineering & Catalysis, 22 (1), 2027, 103 

Copyright © 2027, ISSN 1978-2993 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Properties Unit 
Standard 

reference ASTM 
D6751 

Standard 
reference 
EN 14214 

Waste cooking oil 
sample (Our 

study) 
Other study 

[36] 

Acid value mg KOH/g ≤ 0.50 ≤ 0.50 0.63 2.01 
Free fatty acid (FFA) wt.% * * 0.3166 1.0050 
Moisture content wt.% ≤ 0.03 ≤ 0.02 0.03 * 
Saponification value mg KOH/g * * 265.1206 213.6475 
Molecular weight g/mol * * 636.4374 785.7360 

FAME individual 
standard Retention time (min) 

Methyl laurate 14.086 
Methyl myristate 17.355 
Methyl palmitate 19.208 
Methyl linoleate 21.773 
Methyl stearate 22.188 

calcination, the MnAl/BPB-LDO exhibited a more 
uniform morphology than the pristine LDO, 
suggesting that the BPB improved particle 
dispersion and minimized agglomeration of the 
catalyst (Figure 9 (j-l)). Overall, these 
observations confirm the successful imtegration of 
BPB as a support material for the LDH catalyst.  

 
3.2. Feedstock Analysis of WCO 

The waste cooking oil (WCO) employed as the 
feedstock in this study was characterized based on 
its physicochemical properties. Five main 
parameters were examined to evaluate its 
suitability for biodiesel production while 
determine the appropriate pre-treatment and 
conversion method, which were acid value, free 
fatty acid (FFA) content, moisture content, 
saponification value, and molecular weight, which 
can be seen in Table 8. The feedstock analysis 
results demonstrated that the WCO employed in 
this study exhibited favorable physicochemical 
properties for biodiesel production, as it 
characteristics fell within the acceptable 
standards and were consistent with the previously 
reported findings by [36].   

The acid value and FFA content were 0.6333 
mg KOH and 0.3166 wt.%, respectively. The acid 
value and FFA content are critical parameters in 
assessing biodiesel feedstock quality as high value 
(> 2 wt.% FFA) typically result in soap formation 
and reduced biodiesel yield during 
transesterification process [35]. In this study, both 
values were below the critical 2% threshold, 
confirming that the WCO can be directly subjected 
to transesterification without the need for an 
esterification pretreatment step. The low 
moisture content (0.0280 wt.%) further supports 
efficient conversion by minimizing soap formation 
[37]. In addition, the calculated saponification 
value and molecular weight which were 265.1206 
mg KOH/g and 636.4374 g/mol, respectively fall 
within reported ranges for waste cooking oil, 
confirming the suitability of the feedstock for 
biodiesel production through direct 
transesterification. 

 

3.3. Transesterification Reaction 
The Mn:Al ratio of 4:1 was expected to 

exhibit the optimum catalytic performance, as it 
demonstrated the most favorable physiochemical 
properties among the investigated Mn:Al ratios, 
based on the characterization results of both 
MnAl and MnAl/BPB catalyst systems. XRD 
analysis showed that both Mn4Al-LDH and 
Mn4Al/BPB-LDH exhibited the smallest 
crystallite sizes compare with the two other 
Mn:Al ratios, which were 3.50 nm and 5.27 nm, 
respectively. These observations suggest that 
Mn:Al ratio of 4:1 gave the highest degree of 
crystallite dispersion, which is generally 
associated with an increased in accessible surface 
area. Following calcination, the crystallite size 
reduced to 2.03 nm and 2.16 nm for Mn4Al-LDO 
and Mn4Al/BPB-LDO, respectively. This 
reduction was attributed to the removal of 
interlayer water and carbonate ion during 
calcination, resulting in a more porous structure 
with greater surface area accessibility. Besides 
that, BET analysis supported XRD analysis 
findings, as Mn4Al-LDO and Mn4Al/BPB-LDO 
exhibited the highest BET surface areas among 
all the investigated Mn:Al ratios, with values of 
118 m2.g-1 and 99 m2.g-1, respectively. 

Mn4Al-LDO and Mn4Al/BPB-LDO were 
selected for the transesterification process of 
WCO to compare their catalytic behavior, and 
consequently to understand how BPB affects the 
catalytic behavior of LDH catalyst. Table 9 shows 
the retention time for the individual standard 
FAME compounds that were obtained from GC-
FID analysis.  

The transesterification process of WCO with 
methanol at 21:1 methanol-to-oil molar ratio in 

Table 8. Physicochemical properties of waste cooking oil. (*Not specified) 

Table 9. Retention time of individual internal 
standard FAME compounds. 
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FAME individual 
standard 

 Mn4Al-LDO   Mn4Al/BPB-LDO 
Retention 
time (min) 

Retention time 
difference (min) 

Area 
(pA*s) 

 Retention 
time (min) 

Retention time 
difference (min) 

Area 
(pA*s) 

Methyl laurate 14.085 0.001 68.89472  14.974 0.888 65.13796 
Methyl myristate 17.355 0.000 30.04282  17.426 0.071 11.55504 
Methyl palmitate 19.208 0.000 699.39240  19.589 0.381 438.39450 
Methyl linoleate 21.773 0.000 213.76173  21.731 0.042 140.47260 
Methyl stearate 22.188 0.000 358.73203  22.165 0.023 193.42989 

the presence of 3 wt.% catalyst at 65 °C for 2 
hours, resulted in two different FAME yield for 
Mn4Al-LDO and Mn4Al/BPB-LDO, which were 
99.63% and 68.46%, respectively. The retention 
time and peak area of the FAME compounds 
obtained for transesterification of WCO using 
Mn4Al-LDO and Mn4Al/BPB-LDO catalysts are 
shown in Table 10. The lower FAME yield 
obtained with Mn4Al/BPB-LDO compare to 
pristine Mn4Al-LDO was attributed to the partial 
blockage of LDH’s active sites by the porous 
carbon matrix of BPB. Consequently, the 
accessibility of methanol and triglyceride 
molecules to the active sites was reduced, thereby 
suppressing the catalytic activity of the LDH in 
the transesterification reaction. Overall, pristine 
Mn4Al-LDO exhibited superior catalytic 
performance compared with Mn4Al/BPB-LDO. 
This finding was consistent with the catalyst 
characterization results, particularly from the 
XRD and BET analyses.  

 
3.4. Reusability of Catalyst 

Mn4Al-LDO as the optimum catalyst was 
further evaluated in the reusability study to 
investigate its ability to retain catalytic 
performance over multiple reaction. Over five 
consecutive cycles, the FAME yield gradually 
decreased from 99.63% to 91.91%, 77.99%, 
64.98%, and 58.31%, in the first, second, third, 
fourth, and fifth cycle, respectively (Figure 10(a)). 

The physiochemical properties of the catalyst 
after each cycle were investigated using XRD and 
FTIR analyses. As shown in Figure 10(b), the 
XRD patterns indicated that the crystal structure 
remained intact after five cycles, confirmed an 
excellent structural stability of the catalyst. 
Table 11 presents the structural and crystallite 
properties of Mn4Al-LDO over the five cycles. The 
crystallite size (D) gradually increased, 
indicating a reduction in the catalyst surface area 
over the five cycles. This may be attributed from 
the particle sintering which commonly occurs 
during repeated catalytic cycles, particularly 
under the elevated temperature during the 
transesterification reaction [38].  

 

Table 10. Retention time and peak are of FAME compounds in biodiesel produced from transesterification 
of WCO using Mn4Al-LDO and Mn4Al/BPB-LDO catalysts. 

Figure 10. Mn4Al-LDO as catalyst in reusability study where (a) bar chart of FAME yield over five reuse 
cycles, (b) XRD peaks of the catalyst over five reuse cycles, and (c) FTIR spectrum of the catalyst over 
five reuse cycles. 
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Samples Cycles d103 (Å) d220 (Å) a (Å) c (Å) D (nm) 

Mn4Al-LDO 

1 2.71 2.14 6.05 9.18 2.08 
2 2.73 2.17 6.13 9.45 2.18 
3 2.76 2.16 6.10 9.34 2.40 
4 2.80 2.16 6.11 9.08 2.51 
5 2.86 2.16 6.12 9.70 3.09 

Mn4Al-LDO catalyst Atomic concentration (mg/L)  Atomic leaching percentage (%) 
Mn Al  Mn Al 

Catalyst before reaction 10.800 0.627  - - 
Catalyst after 3rd cycle 10.170 0.414  5.83 33.97 
Catalyst after 5th cycle 9.485 0.318  12.17 49.28 

Besides that, the lattice parameter c showed 
slight increased, which may be associated with the 
tendency of the LDO to undergo reconstruction 
through its well-known “memory effect”. LDO 
tend to reconstruct into the LDH in the presence 
of water. Since methanol is hygroscopic, it readily 
to absorb moisture from the surrounding 
environment, thereby promoting the rehydration 
and reconstruction of the LDH structure [27]. This 
phenomenon is supported by FTIR spectrum in 
Figure 10(c), where the presence of a band at 3686 
cm-1, was attributed to the presence of O-H 
stretching vibration of the reconstruct LDH. 
However, reconstruction of LDH reduced the 
basicity of the catalyst, resulting in reduced 
catalytic activity in transesterification. Overall, 
XRD and FTIR analyses explained how the 
increased in crystallite size and the partial 
reconstruction of LDH through the memory effect, 
reduced the availability and strength of the 
catalyst's basic sites, leading to the observed 
decrease in FAME yield over five reuse cycles. 

 Hence, XRD and FTIR analyses indicated 
that the major crystalline phases of LDO and 
functional groups characteristic were remained 
over five reuse cycles. However, these two 
characterizations alone did not completely provide 
information such as surface reconstructions, 
active-site loss, and particle sintering, which may 
contribute to the observed declined of FAME yield 
produced in transesterification.  

ICP-OES analysis was conducted to 
investigate the elemental leaching behaviour of 
the catalyst throughout the repeated cycles, 
specifically at the third and fifth cycle. Table 12 
represent the atomic concentrations and atomic 
leaching percentage. By the third cycle, Mn and Al 
concentration  decreased, with atomic leaching 
percentage of 5.83% and 33.97%, respectively. 
Then, at fifth cycle, the  atomic leaching 
percentage increased to 12.17% and 49.28%, 
respectively. Mn exhibited higher leaching 

resistance than Al because manganese oxide 
phases were more stable than the aluminium 
oxide phases. Combining both Mn and Al 
leaching, the accessibility of active basic sites 
which are essential for transesterification, 
reduced and consequently contributing to the 
gradual declined in FAME yield over five cycles. 

 
4. Conclusions 

In conclusion, an efficient approach for the 
synthesis of both MnAl LDH and MnAl/BPB LDH 
at different Mn:Al molar ratios (i.e., 2;1, 3:1, and 
4:1) were successfully developed via an alkali-free 
co-precipitation method. Based on the 
characterization results of the synthesized 
catalysts, Mn4Al was expected to exhibit the 
optimum catalytic among the investigated Mn:Al 
ratios. Therefore Mn4Al-LDO and Mn4Al/BPB-
LDO were selected for the transesterification 
process of WCO. Preliminary analysis shows that 
the FFA content of the WCO was 0.3166 wt.%, 
which was below the 2 wt.% threshold, hence 
WCO did not require an esterification 
pretreatment step. The transesterification of 
WCO with methanol at 21:1 methanol-to-oil 
molar ratio, in the presence of 3 wt.% catalyst at 
65°C for 2 hours resulted in a FAME yield of 
99.63% and 68.46% for Mn4Al-LDO and 
Mn4Al/BPB-LDO, respectively. Pristine Mn4Al-
LDO gave higher FAME yield compare to 
Mn4Al/BPB-LDO, due to the partial blockage of 
LDH’s active sites by the porous carbon matrix of 
BPB. This consequently reduced surface 
accessibility of LDH for methanol and 
triglyceride adsorption, thereby suppressing the 
catalytic capability in the transesterification 
reaction. Mn4Al-LDO as the optimum catalyst 
exhibited good catalytic stability, maintaining 
good performance over five reuse cycles. The 
gradual declined in the FAME yield observed 
during successive cycles was attributed to the 

Table 11. Structural and crystallite properties of Mn4Al-LDO over 5 reuse cycles in transesterification. 

Table 12. Mn and Al atomic leaching from Mn4Al-LDO catalyst obtained from ICP-OES analysis. 
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increased in crystallite size, the partial 
reconstruction of LDH through the memory effect, 
and metal leaching, which reduced the 
availability of the catalyst’s active basic sites. 
Although biochar helps in enhanced dispersion of 
LDH and prevented particle agglomeration, it did 
not improve catalytic performance in biodiesel 
production because transesterification strongly 
depend on the catalysts’ active sites rather than 
on catalyst dispersion. Overall, these findings 
indicate that incorporation of biochar did not 
enhance the catalytic activity of pristine Mn4Al-
LDO in transesterification reaction. 
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