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ABSTRACT: A new sustainable solid carbon catalyst has been developed for
biodiesel synthesis using pyrolytic coconut shell ash (CSA). The CSA support was
loaded with various amounts of potassium carbonate (K2CO3), and response surface
methodology with a central composite design was used to optimize the
transesterification process. The best-performing catalyst was the 30 wt % K2CO3/
CSA catalyst. The optimal conditions included a catalyst loading of 3.27 wt %,
methanol:oil molar ratio of 9.98:1, reaction time of 74 min, and temperature of 65 °C,
resulting in an obtained biodiesel yield of 97.14%. This catalyst was reusable for up to
four cycles, but a reduction in the biodiesel yield was observed due to potassium ion
leaching during the recovery process. A techno-economic analysis to assess the
financial viability of the project revealed a net present value of 5.16 million USD for a
project lifetime of 20 years, a payback period time of 2.49 years, and an internal rate of
return of 44.2%. An environmental assessment to evaluate the impact of global
warming potential from the production of biodiesel revealed a lower level of carbon
dioxide emission (1401.86 ton/y) than in the conventional process (1784.6 ton/y).

1. INTRODUCTION
The global reliance on petroleum as a predominant energy
resource has engendered profound consequences for the
environment, economy, and society. According to prevailing
estimations, fossil fuels fulfill around 80% of the world’s energy
requirements, leaving a mere 20% sourced from renewable
outlets.1 The depletion of petroleum oil (nonrenewable) can
lead to significant economic and environmental consequences.2

The combustion of petroleum-based fuels releases harmful
greenhouse gases (GHGs) and so contributes to global
warming and climate change. However, recent developments
have shown that there is hope for reducing our reliance on
petroleum through the use of biodiesel. Biodiesel, composed of
fatty acid methyl esters (FAMEs), possesses a multitude of
advantages in contrast to conventional diesel fuel. For one, it
reduces GHGs emissions and has a lower carbon footprint.3 It
also produces lower levels of toxic pollutants, such as sulfur
oxides, benzene, carbon monoxide, carbon dioxide (CO2),
nitrogen oxides, and particulate matter.4

Biodiesel is typically produced by transesterification of oils
or fats with a small primary alcohol in the presence of a
catalyst. The choice of catalyst plays a critical role in the
efficiency, selectivity, and cost-effectiveness of the biodiesel
production process. Homogeneous catalysts can offer a higher
selectivity and reactivity than heterogeneous catalysts,
producing biodiesel with a high purity and yield, which

makes them attractive for small-scale production. Homoge-
neous base catalysts, such as sodium hydroxide5 or potassium
hydroxide (KOH),6 can be used to catalyze the trans-
esterification reaction, and they typically exhibit higher activity
than heterogeneous catalysts. However, homogeneous catalysts
also have some drawbacks for biodiesel production. They can
be more difficult to separate from the reaction mixture, leading
to additional processing steps and costs.7

Consequently, the use of heterogeneous catalysts for
biodiesel production has gained increasing attention in recent
years due to their ease of handling and separation from the
reaction mixture. They can be reused multiple times and are
generally more stable than homogeneous catalysts. Various
heterogeneous catalysts, such as metal oxides,8−10 have been
shown to be effective in catalyzing the transesterification
reaction. Since they can be easily recovered and recycled, this
reduces the overall cost of the biodiesel production
process.11,12
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Among the various heterogeneous catalysts, biochar-derived
catalysts have emerged as a promising option due to their low
cost, high stability, and potential for waste valorization. Biochar
is a carbon-rich material obtained by the hydrothermal
carbonization of biomass. The physicochemical properties of
biochar, such as its surface area, pore size distribution, and
functional groups, can be tailored through different pyrolysis
conditions, making it an attractive precursor for the synthesis
of heterogeneous catalysts.13

Various activated biochars have shown promising potentials
as catalysts in the production of biodiesel. Their effectiveness
stems from their large surface area, increased pore size, and
diverse functional groups. The presence of inorganics, such as
sodium (Na), calcium (Ca), potassium (K), magnesium (Mg),
and iron (Fe), has been found to play a crucial role in the
catalytic properties of biochar.14 In another study, biochar/
calcium oxide (CaO)/potassium carbonate (K2CO3) was
prepared from algal biochar and then used as a trans-
esterification catalyst. The catalyst showed an excellent
catalytic activity and reusability, with a conversion rate of
98.83% after five cycles of use.15

Techno-economic analysis (TEA) is an essential tool for
evaluating the economic feasibility of an industrial process. By
accounting for the material balance of various process streams,
the TEA produces valuable simulation data. It is a valuable tool
for companies looking to optimize their manufacturing
processes and make informed decisions about the economic
viability of their operations. By providing a comprehensive
view of the costs and benefits of a process, TEA also includes a
profitability analysis that examines the revenues generated by
the main product and by-products.16 Moreover, TEA can help
businesses identify areas for improvement and make strategic
investments in their operations. Furthermore, it can be used to
assess the environmental impact of a process. This information
can be used to identify opportunities for reducing the
environmental impact and improving sustainability.2

A novel method to produce biodiesel from castor oil using a
heterogeneous catalyst was recently developed through
extensive optimization, while the TEA demonstrated that the
process had the potential to generate substantial revenue, with
total estimated revenue of 16,506,000 USD/y.16 Furthermore,
the payback period (PBP) for this process was relatively short
at 2.88 y. One of the key factors that contributed to the
economic viability of this process was the recycling of both the
catalyst and methanol. Likewise, the potential of using marine
macroalgae oil for biodiesel production was evaluated by TEA
and revealed that the return on investment and internal rate of
return (IRR) were 25.39 and 31.13%, respectively.17 The plant
PBP was estimated to be 3.94 y, and the net present value
(NPV) was calculated to be approximately 14,053,000 USD/y.
Based on the above facts, this study developed a promising

new catalyst system for the cost-effective and environmentally
sustainable production of biodiesel. The catalyst was made
from the pyrolysis of CS to form CS ash (CSA) as the support
for different loading levels of the alkaline (calcined K2CO3)
catalyst. This innovative catalyst was optimized for efficient
biodiesel production through process optimization using
response surface methodology (RSM) to determine the ideal
process conditions for biodiesel production, including the
methanol:palm-oil molar ratio (3.95:1−14.05:1), catalyst
concentration (2.32−5.68 wt %), and reaction time (39.55−
140.45 min). The process flow diagram of the biodiesel
production plant was designed using the Aspen Plus software.

The sensitivity analysis on the raw materials purchase cost and
biodiesel price was analyzed to determine the most cost-
effective conditions for production.

2. MATERIALS AND METHODS
2.1. Materials. The CS, as agricultural waste, were

collected from households in Songkhla, Thailand, and used
to create the CSA as the catalyst support. Palm oil, purchased
from a local supermarket in Thailand, with the previously
reported physicochemical properties,18 was used along with
methanol (99.5% purity) to synthesize the biodiesel. KOH
(85% purity) was used to pretreat the CSA. These were all
from RCI Labscan, Ltd., Ireland. The AR grade n-heptane,
used as a solvent for the gas chromatography (GC) analysis,
was purchased from Fisher Scientific in England, while K2CO3
(99% purity), used as an alkaline metal, was obtained from
Ajax Finechem Pty., Ltd., in Australia.
2.2. Catalyst Preparation. The CS were manually cut into

small pieces and washed thoroughly with distilled water in
order to remove any impurities or dust. They were then dried
in an oven at 80 °C overnight to complete dryness, ground
into a fine powder, and passed through a sieve with an 18-mesh
size to yield a fine CSA. The fine CSA was calcined at 600 °C
for 2 h with a heating rate of 10 °C/min and then chemically
activated by suspending it in 2 M KOH solution, as previously
reported.19 The suspension was then filtered, washed
repeatedly with distilled water until the eluate reached pH
7.0, and dried at 105 °C overnight.
The activated CSA support (hereafter called CSA) was

impregnated with K2CO3 via the wet impregnation method to
achieve different loading levels of 25−35 wt % at 25 °C. To
achieve a 25 wt % loading, 2.5 g of K2CO3 was dissolved in
distilled water and mixed with 7.5 g of CSA, stirred for 4 h to
ensure proper impregnation of the catalyst, and aged for
another 24 h. The catalyst was then dried overnight at 105 °C
in an oven to remove any remaining moisture and calcined at
600 °C for 4 h under atmospheric pressure at a ramp rate of 10
°C/min. The resulting catalyst was then stored in a desiccator
to prevent moisture and CO2 interaction with the catalyst. The
catalyst was named αK/CSA, where α represents the K2CO3
concentration level used in the impregnation.
2.3. Catalyst Characterization. The structure and

chemical composition of the catalyst was evaluated using
powder X-ray diffractometry (XRD) analysis. The solid
powder sample was subjected to XRD using Cu Kα radiation
(λ = 0.15405 nm) with a 2.2 kW Cu anode and fine focus
ceramic X-ray tube. The XRD analysis was performed at 25 °C
within a 2θ range between 15 and 75°, a scanning speed of 5°/
min, and a scan step of 0.02°.
The basic strength of the prepared catalyst was evaluated

using the Hammett indicator method to determine its total
basicity in a solution of 0.01 M benzoic acid in anhydrous
methanol. The following indicators were employed: bromo-
thymol blue (with an H_ value of 7.2), phenolphthalein (with
an H_ value of 9.8), 2,4-dinitroaniline (with an H_ value of
15.0), and 4-nitroaniline (with an H_ value of 18.4).
To assess the surface characteristics of the catalyst, the

nitrogen adsorption−desorption profile was analyzed using the
Brunauer−Emmett−Teller (BET) method over a pressure
range (P/P0) of 0.02−0.2 starting at a temperature of −196
°C. The volatile species that were adsorbed onto the surface of
the catalyst were removed through a vacuum outgassing
process overnight at a temperature of 250 °C.
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The functional groups of the catalyst were conducted by
Fourier transform infrared spectroscopy (FTIR) analysis. The
solid samples were compressed with KBr powder into disks.
The FTIR spectrum was then collected using a Perkin-Elmer
spectrometer, operating in the wavenumber range of 4000−
650 cm−1. The 32 scans at a 4 cm−1 resolution were performed
in the absorbance mode, which enabled a high-quality
spectrum to be obtained.
Investigation of the surface morphology and elemental

distribution of the catalyst was performed using scanning
electron microscopy−energy dispersive spectroscopy (SEM-
EDS) using the Oxford Aztec model at a magnification of 1000
times and an accelerating voltage of 10 kV. Prior to the SEM-
EDS analysis, the specimen was coated with a thin layer of
gold.
The catalyst chemical composition, specifically the O 1s and

K 2p levels, were analyzed using X-ray spectroscopy (XPS).
The XPS spectra were obtained using monochromatized Al Kα
radiation (1486.6 eV) with a Kratos Axis Ultra DLD. Analyzer
pass energies of 160 and 40 eV were used for the survey and
high-resolution scans, respectively. To reference the binding
energy (BE) scale, the peak maximum in the C 1s spectrum
was set to 284.8 eV.
2.4. Process Optimization for Biodiesel Production. In

this study, the optimization of biodiesel yield was conducted
using a CCD with RSM, since CCD is a suitable experimental
design for conducting sequence experiments with a small
number of design points. The design variables considered in
this study were the catalyst loading level, methanol:oil molar
ratio, and reaction time, while the response value was the
biodiesel yield (Table S1). To conduct the experimental design
and analysis, the Design Expert version 13 software trials from
Stat-Ease Inc. was employed. A total of 20 experimental runs
were carried out (total run = 2y + 2y + 6, where y is the
number of independent factors and 6 is the number of replicate
points at the central point). To establish the reaction factors, a
second quadratic model was utilized, as represented in eq 1.

= + + + +
= = = =

X X X XY
i

i i
i

ii i
i j

ij i j0
1

3

1

3
2

1

3

2

3

(1)

This model included parameters for constant (β0), linear
(βi), quadratic (βii), and interaction coefficients (βij), as well as
random error (ε). These parameters were determined through
regression analysis and analysis of variance (ANOVA). The
established model was then used to determine the optimal
conditions for maximizing the biodiesel yield.
2.5. Biodiesel Production from Palm Oil and

Methanol. The palm oil was placed in a 500 mL three-neck
round-bottom flask, equipped with a condenser, thermometer,
and magnetic stirrer. It was then heated and stirred at 65 °C on
a hotplate and stirrer, allowing for the palm oil to become less
viscous and more reactive. Next, the amount of methanol to
give the desired palm oil:methanol molar ratio (ranging from
3.95:1 to 14.05:1) and catalyst mixture (2.32−5.68 wt %) was
prepared and added to the preheated oil with stirring at 500
rpm. After the predetermined reaction time (ranging from
39.55−140.45 min), the catalyst was removed from the
mixture by filtration. The resulting solution was allowed to
phase separate in a separating funnel, with the glycerol in the
lower layer being decanted. The upper phase containing the
biodiesel was washed with hot distilled water until the water
remained neutral (pH 7.0) to ensure the purity of the

biodiesel. The obtained biodiesel was stored in a glass bottle
with sodium sulfate anhydrous to remove any residual water.
The biodiesel yield was calculated using eq 2:

=biodiesel yield (%)
weight of biodiesel produced

weight of starting palm oil used
(2)

The reusability of the catalyst was evaluated in successive
transesterification reactions. After each reaction, the spent
catalyst was thoroughly washed with hexane to remove any
residue and then dried overnight in an oven at 105 °C to
prepare for the next run.
2.6. Biodiesel Analysis. The FAME composition of the

obtained biodiesel was investigated using GC equipped with a
flame ionization detector. A DB-WAX fused-silica capillary
column was used as the column for the GC analysis. The
biodiesel sample was injected into the GC system with a
helium carrier gas flow rate of 70 mL/min, injector
temperature of 200 °C, split ratio of 75:1, detector temperature
of 230 °C, and oven temperature of 130 °C. The GC oven was
heated gradually to 230 °C and held for 15 min, resulting in a
total run time of 62.5 min. The FAME composition was
analyzed in comparison with the mass spectra of the FAME
standard mixture and retention time.
2.7. Process Design of Biodiesel Production. Triolein

(C57H98O6) and methyl oleate (C19H36O2) were utilized as
model compounds to represent palm oil and the product of
transesterification reactions, respectively. Aspen Plus V11 and
Economic Evaluator in Aspen Plus were employed to conduct
the simulation work and cost estimation evaluations. The
nonrandom two liquid (NRTL) model was selected as the
thermodynamic model, predicting the vapor−liquid equili-
brium (VLE) and liquid−liquid equilibrium (LLE) through
binary interaction parameters from a previous work.20

2.8. Biodiesel Production: TEA. This study employed a
case study approach to analyze the techno-economic perform-
ance of a biodiesel production plant with a capacity of 1050
kg/h of oil feed. The biodiesel production plant used palm oil
as the feedstock and employed transesterification with
methanol as the conversion process. An evaluation of the
costs and benefits was conducted to estimate the equipment
size using the Aspen Process Economic Analyzer. This tool
facilitated the transfer of the Aspen Plus flowchart unit
operations to the device cost model, providing a projected cost
of purchased equipment and the total direct cost (TDC) from
the supplier. The study considered various factors, such as
capital investment, operating cost, revenue, NPV, IRR, PBP,
and sensitivity analysis. The operating time for the biodiesel
production plant was estimated to be 8400 h/y, with a project
evaluation time of 20 y. The production plant operated for 50
weeks/y, with 5 shifts/week/person, and 3 shifts/d. This
duration accounts for the deduction of sick and vacation days
from the total of 52 weeks in a year. The number of operators
required (NOL) for the plant was estimated using eq 3, which
takes into account the total number of particulate (P) and
nonparticulate (Nnp) handling unit operations.

21 This can help
improve the production efficiency, reduce labor costs, and
improve decision-making processes.

= + +N P N(6.29 31.7 0.23 )OL
2

np
0.5

(3)

The NPV is a powerful tool for evaluating the worth of a
project, providing decision-makers with valuable insights into
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its financial feasibility. A positive NPV indicates that the
project is expected to generate profits, while a negative NPV
suggests that the project may not be financially viable. The
NPV is calculated based on the cash flows of a project, which
are then discounted using a discount rate to reflect the time
value of money. The formula for calculating the NPV is shown
in eq 4:

=
+=

R
NPV

(1 i)t

n
t

t
0 (4)

where t represents the year of operation or number of periods,
Rt represents the cash inflow minus cash outflow over period t,
and i represents the discount rate. The discount rate is typically
based on the capital cost or the required rate of return for
similar investments. A higher discount rate will result in a
lower NPV, as the future cash flows are discounted at a higher
rate.
Another economic measure, the PBP is a popular financial

metric used by companies to assess the feasibility of their
investment projects. It is the length of time required for an
investment to recover its initial cost and is calculated by
dividing the initial investment by the annual cash inflows
generated by the investment, as shown in eq 5.

=PBP
cost in investment

annual net cash flow (5)

On the other hand, the IRR is a widely used financial metric
in investment analysis. It is a financial risk indicator that helps
investors assesses the profitability of an investment over a
specified period of time. The IRR is the discount rate at which
the NPV of an investment equals zero, as shown in eq 6.

= =
+=

CNPV 0
C

(1 IRR)t

n
t

1
0

(6)

The variable t in the equation represents the number of time
periods over which the cash flows are generated. The net cash
inflow generated by the investment project during each period
is denoted by Ct, and the total initial investment cost is
denoted by C0.
Biodiesel production involves various costs, including those

of raw materials,22−26 products,27,28 and utilities.29,30 These
costs can vary, depending on the availability and price of the
raw materials in the market (Table 1). Utility costs are another
important aspect of biodiesel production. These costs include
the cost of electricity, process steam, and cooling. Heating of
chemical reactors for the reactants (palm oil and methanol) is
one of the primary utility costs for biodiesel production.
Additionally, for a biodiesel refinery, heating of chemical
reactors for distillation towers is also a significant utility cost.
The data, encompassing the mass balance obtained from
Aspen Plus, has been quantified in a rigorous manner.31−33

2.8.1. Total Capital Investment (TCI). An overview of the
TCI assumptions based on previous work-based calculations
by Peters et al. in 200334 is shown in Table 2. The TCI was
divided into two main categories: fixed capital investment
(FCI) and working capital investment (WCI). The FCI was
further sub-divided into direct costs and indirect costs.
2.8.2. Total Product Cost (TPC). The TPC of biodiesel

production is the sum of all costs incurred in the process of
converting palm oil into biodiesel. An overview of the TPC
assumptions developed based on the previously established
principles by Peters et al., 2003,34 is represented in Table 3.

The TPC of biodiesel production can be broken down into
several components. These components include direct
production costs, fixed charges, plant overhead, and general
expenses.
2.9. Environmental Analysis. Climate change is a

significant and urgent issue that requires immediate attention
from individuals, communities, and governments around the
world. The concept of carbon footprint refers to the total
amount of GHGs, mainly CO2, released into the atmosphere
due to human activities. It is usually measured in terms of mass
or weight of CO2 equivalent produced per unit of product or
service.35 Aspen Plus process simulation software was used to
estimate the CO2 emissions.

Table 1. Economic Assumptions for the Cost of Raw
Materials, Products, and Utilities

item cost

CO2 emission
amount

(kg CO2/GJ) reference

raw materials
palm oil 0.255 USD/kg 22
methanol 0.23 USD/kg 23
K2CO3 1.30 USD/kg 24
KOH 2.20 USD/kg 25
water 0.0061 USD/kg 26
products
biodiesel 1.0 USD/kg 27
glycerol 0.265 USD/kg 28
utilities
steam (2 bar, 120 °C) 10.69 (USD/GJ) 66.68 29
low pressure steam (6
bar, 160 °C)

11.80 (USD/GJ) 72.86 29

medium pressure
steam
(11 bar, 184 °C)

13.28 (USD/GJ) 76.60 29

high pressure steam
(42 bar, 254 °C)

15.73 (USD/GJ) 91.14 29

cooling water 0.354 (USD/GJ) 29
chilled water 4.43 (USD/GJ) 29
electricity 0.06 (USD/kWh) 120.06 30

Table 2. Total Capital Investment (TCI) Assumptions

cost parameter percentage

total direct cost (TDC)
purchased equipment cost (PEC)
land 8% of PEC
buildings, process, and auxiliary 10% of PEC
equipment installation and painting 25% of PEC
instrumentation and controls (installed) 10% of PEC
piping (installed) 10% of PEC
electrical system (installed) 10% of PEC
service facilities and yard improvements 40% of PEC
total indirect cost (TIC)
engineering and supervision 5% of TDC
legal expense 1% of FCI
construction expense and constructor’s free 10% of FCI
contingency charges 5% of FCI
fixed capital investment (FCI) TDC + TIC
working capital investment (WCI) 5% of FCI
total capital investment (TCI) FCI + WCI
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3. RESULTS AND DISCUSSION
3.1. Screening of the Catalyst. The CSA support alone

was ineffective in promoting the reaction, but when K2CO3
was loaded onto the CSA, a high yield of biodiesel was
obtained. This suggests that supporting potassium compounds
on the CSA was essential for generating catalytic activity in the
transesterification reaction. Interestingly, the synthesized
catalyst loaded with 30 wt % K2CO3 exhibited the highest
biodiesel yield (96.4%). However, increasing the K2CO3
loading level above 30 wt % did not significantly improve
the biodiesel yield with only a slight numerical increase from
96.4 to 96.5%. This was likely due to the excessive potassium
compounds covering the active sites.36 Thus, the 30 K/CSA
catalyst was deemed to be the most promising for further study
in the transesterification of palm oil/ methanol to biodiesel,
and its properties were analyzed in more detail.
3.2.1 XRD Analysis. The XRD analysis of the CSA revealed

broad peaks in the range of 20 to 30° and a broad diffraction
peak at a 2θ of 35−50°, which indicates the amorphous nature
of the cellulose network, consistent with the existing
literature11 (Figure S1). Additionally, two peaks at 2θ values
of 26.58 and 43.14° were observed, suggesting the presence of
graphitized carbon15,36 However, the CSA modified with
various concentrations of K2CO3 exhibited more peaks in their
XRD patterns. Specifically, the peaks at a 2θ of 28.64, 38.56,
40.44, and 57.14° were attributed to the presence of tetragonal
potassium, while the peaks at 2θ values of 25.73, 41.31, 42.41,
and 45.01° were assigned to the presence of K2O,37 indicating
its role as the primary component in the catalyst. The
modification of the CSA with K2CO3 showed alterations in the
range and intensity of the peaks, indicating the successful
incorporation of K2CO3 into the composite structure and the
creation of the target catalyst, which may enhance the catalytic
activity of the catalyst.
3.2.2 Basic Strength. The basic strength (H_) and basicity

of the CSA modified with different K2CO3 levels was evaluated
using the Hammett indicator and titration method, respec-
tively. The titration method for determining basicity involves
adding standardized acidic solution to the sample, causing a
neutralization reaction with the basic components. The
endpoint, indicated by a color change, represents the
stoichiometric balance between acid and base. Basicity is

quantified by measuring the volume of acidic solution needed
to reach this endpoint. The unmodified CSA support exhibited
a low basic strength and basicity, resulting in no catalytic
activity (no FAME yield) (Table S2). However, loading
K2CO3 onto the CSA (from 25 to 35 wt %) induced a marked
increase in the basic strength (range of 9.8−15.0) and total
basicity (5.20−7.10 mmol/g). The catalytic activity of the
synthesized catalysts was closely linked to their basic strengths
and basicity, with higher levels resulting in higher biodiesel
yields.
According to the XRD results, the total basicity of the

catalyst was primarily influenced by the presence of K2O and
K2CO3 on its surface. However, increasing the K2CO3 loading
beyond 30 wt % did not lead to a significant improvement in
the total basicity, increasing only slightly numerically from 6.83
to 7.10 mmol/g. This was due to the excessive potassium
compounds covering the surface basic sites, making them
inaccessible to incoming reactants.36

3.2.3 BET Surface Area (SBET) Analysis. The BET isothermal
analysis was used to determine the SBET of the CSA and 30 K/
CSA heterogeneous catalyst samples. The SBET of the CSA
support (503.52 m2/g) was higher than that of the 30 K/CSA
catalyst (140.31 m2/g), suggesting that K2CO3 effected the
catalyst structure. The reduction in the SBET of the 30 K/CSA
catalyst compared to the CSA support may be due to the
agglomeration of K2O and/ or K2CO3 particles on the CSA
surface.11,15 Despite this reduction, changes in the surface
features confirmed the successful synthesis of the 30 K/CSA
catalyst.
3.2.4 Functional Groups: FTIR Analysis. The FTIR spectra

revealed bands above 3624.83 and 1665.48−1675.76 cm−1 due
to hydroxyl groups, which reflects the presence of moisture
adsorbed onto the surface of the prepared catalyst36,38 (Figure
S2). In the FTIR analysis of CSA, distinct peaks were observed
at 2973.70 and 2886.50 cm−1, which were attributed to C−H
stretching vibrations. These peaks are often seen in the IR
spectra of biomass and biochar.39 Additionally, a peak at
around 1058.06−1077.23 cm−1 was observed, which corre-
sponds to single bond C−O.40 Interestingly, the FTIR spectra
of both the CSA and 30 K/CSA catalyst exhibited peaks at
865−876 cm−1, indicating the presence of carbonate
groups.36,41 This was due to the reaction of CO2 in the air
with alkali during the preparation of the samples, indicating the
formation of a small amount of K2O or K2CO3. Notably, the
30 K/CSA catalyst showed additional peaks at 1447.36,
1380.50, and 704.26 cm−1, which were ascribed to carbonate
species of K2O loaded onto the support. These peaks were
caused by thermal degradation during calcination.36,39,42

3.2.5 Surface Morphology: SEM Analysis. The CSA
powder exhibited a smooth and wrinkled structure with a
few voids (Figure S3). On the other hand, the 30 K/CSA
powder displayed wrinkled and agglomerated particles on the
surface. The formation of agglomerate particles in the 30 K/
CSA catalyst is mainly attributed to the thermal decomposition
of K2CO3 to K2O during the calcination step. The surface of
the 30 K/CSA catalyst displayed an agglomerated texture,
which was discovered to be the result of the volatilization of
organic materials during the calcination process. As a result,
gaseous CO2 and water molecules were released from the
surface, leaving behind a powder composed mainly of K2O.
Thus, the 30 K/CSA catalyst, which is predominantly
composed of K2O, has been identified as a potential candidate

Table 3. Total Product Cost (TPC) Assumptions

description percentage

direct production
raw materials CRM

utilities CUT

operating labor COL

operating supplies 0.5% of FCI
maintenance and repairs 2% of FCI
fixed charges
insurance 0.4% of FCI
local taxes 1% of FCI
plant overhead 5% of TPC
cost of manufacturing
(COM)

direct production + fixed charges + plant
overhead

general expenses (GE)
research and development 5% of TPC
distribution and marketing 2% of TPC
administrative 2% of TPC
total product cost (TPC) COM + GE
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for use as a heterogeneous base catalyst in the biodiesel
production process.
The EDS analysis results showed that the CSA consisted

mainly of carbon (C), oxygen (O), and K elements with a
small amount of K2O, while the 30 K/CS catalyst contained C,
O, K, and silicon (Si) elements (Figure S4). Of particular
interest was the significant increase in the potassium content of
the 30 K/CSA catalyst, which went from 1.8 to 25.4 wt %. This
finding suggests that the loaded K2CO3 was well distributed
over the CSA, which is essential for effective catalytic activity.
The increased potassium content suggests that the catalyst may
be effective in catalyzing reactions that require high potassium
levels.
3.2.6 XPS Analysis. The XPS analysis revealed that the CSA

catalyst was composed primarily of C (74.92%), K (18.87%),
and O (6.21%) (Figure S5). The carbon peaks at a BE of
284.00 eV corresponded to C−C/C�C bonds.43 The K 2p
peaks at BE values of 292.97 and 293.66 eV suggested the
presence of potassium in the form of K2O or K2CO3. For the
30 K/CSA catalyst (Figure S5), the XPS analysis revealed a
different surface composition. Carbon was still the most
abundant element, followed by O and K. The single O 1s peak
produced at a BE of 529 eV confirmed that all the oxygen
atoms were present in the form of metal carbonate or oxide.
The K 2p peaks at a BE of 292.76 and 295.49 eV also
confirmed the presence of potassium in the form of K2CO3 or
K2O. Thus, the XPS analysis provided concrete evidence of the
successful loading of K2CO3 onto the CSA, corroborating the
findings of the EDS analysis, which could have important
implications for catalyzing chemical reactions.
3.3 Process Optimization: RSM Statistical Analysis.

The design expert software (version 13 trials) was used to
optimize the biodiesel yield. The experiment was conducted
with 20 factorial points, each with three process parameters
and five coded levels per parameter. Based on the CCD, the
resulting experimental biodiesel yields are shown in Table 4,

with a maximum obtained yield of 96.90%. Regression analysis
was then performed using the experimental yield data, and a
quadratic fit was determined as the best fit (Table 5). The
ANOVA based on the RSM regression model coefficient values
revealed an observed F-value of 18.43 (Table 6). Correspond-
ing p-values were less than 0.05, indicating the significance of
the model. Significance of the regression coefficient terms was
considered when their respective p-values were less than 0.05.1

The findings revealed that the linear effect of the methanol:oil
molar ratio (B), the interaction between the catalyst loading
and methanol:oil molar ratio (AB), the interaction between the
methanol:oil molar ratio and reaction time (BC), and the
second order effect of the methanol:oil molar ratio (B2) were
significant predictors of the model’s outcome.
In the past, it was commonly believed that a high R2 value

indicated the best fit for a model. However, it was later
discovered that this may not always be the case. Therefore, as
the adjusted coefficient of determination (adj. R2) was
introduced to better evaluate a model’s fitness while
considering the predictor variables.44 In this study, the R2

and adj. R2 values were determined to be 0.9431 and 0.8920,
respectively. Furthermore, the adequate precision was found to
be 14.788, which surpassed the desired value of greater than 4.
These findings suggest that the model created in this study
could be utilized for navigating the design space. The
relationship between the independent variables and the
response was modeled using a second-order polynomial
equation, where the predicted FAME yield was calculated
using eq 7:

= + +A B C

AB AC BC
A B C

FAME yield 96.44 0.3193 1.44 0.0702

1.45 0.1787 0.7537
0.2093 0.315 0.44442 2 2 (7)

where A is the catalyst loading level (wt %), B is the
methanol:oil molar ratio, and C is the reaction time (min).
Assessing the accuracy of a regression model is a crucial step

in predicting outcomes based on changes in independent
variables. In this study, the parity plot and three diagnostic
plots were used to evaluate the accuracy of the regression
model that predicted the FAME yield based on variations in
the catalyst loading level, methanol:oil molar ratio, and
reaction time. The parity plot (Figure S6) shows that the
predicted FAME yield closely aligned with the actual FAME
yield. The data points cluster closely around the regression
line, confirming that the predicted FAME yields accurately
reflect the actual FAME yield in response to changes in the
independent variables. The residuals plots, which are the
differences between the actual and predicted values for each
experimental point, were used to test the ANOVA assumption.
The plot of the predicted FAME yield with respect to
internally studentized residuals revealed that the residuals were
randomly scattered (Figure S6), indicating that although the
predicted observations deviated slightly from the actual
observations, it was not significant.45 This plot also validated
the normality of the data. A plot of the internally studentized
residuals versus the normal probability mostly followed a
straight line (Figure S6), indicating that the residuals were
normally distributed. The plot of the experimental run with
residuals with respect to internally studentized residuals
(Figure S6) shows that the standardized residuals satisfy the
ANOVA assumption by lying within the interval of ±3,46 and

Table 4. Experimental and Predicted FAME Yield Values
from the Response Surface Analysis

run

catalyst
loading

(wt %) (A)

methanol:oil
molar ratio

(B)

reaction
time (min)

(C)

actual
FAME

yield (%)

predicted
FAME yield

(%)

1 4 3.95:1 90 86.81 85.09
2 4 9:1 90 96.90 96.39
3 3 12:1 60 96.62 96.35
4 4 9:1 90 96.65 96.39
5 4 9:1 90 96.20 96.39
6 5.68 9:1 90 96.05 95.31
7 5 12:1 60 93.97 93.17
8 4 9:1 90 96.10 96.39
9 5 12:1 120 91.15 91.44
10 3 6:1 120 89.95 91.06
11 4 14.05:1 90 88.67 89.94
12 3 6:1 60 89.04 89.06
13 5 6:1 120 92.38 92.96
14 4 9:1 140.45 95.67 95.30
15 4 9:1 39.55 95.13 95.06
16 4 9:1 90 96.25 96.39
17 5 6:1 60 90.25 91.67
18 2.32 9:1 90 96.08 96.38
19 3 12:1 120 96.45 95.34
20 4 9:1 90 96.15 96.39
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so the fitted model accurately approximates all the data
without significant errors.
Perturbation plots were used to analyze the effect of the

process variables on the obtained biodiesel yield (Figure S7).
The plots allowed assessment of the impact of different factors
at a specific point in the plan space by changing just one factor
while keeping the others constant.44 The methanol:oil molar
ratio (B) was found to be the most significant factor affecting
the biodiesel yield, where lower to middle values had a more
significant impact on the yield than intermediary and higher
levels. This suggests that careful consideration should be given
to the oil:methanol molar ratio when attempting to optimize
the yield. Catalyst loading (A) and reaction time (C) were also
found to have a noticeable effect on the biodiesel yield,
although not as significant as the methanol:oil molar ratio.
These findings were also supported by the ANOVA analysis
(Table 6), which showed similarities to the perturbation plot
in terms of the factors with the most prominent effect on yield.
3.4 Interaction Effect of Process Parameters on the

Biodiesel Yield: RSM Approach. In this study, the 30 K/
CSA catalyst was used to produce biodiesel from palm oil and
methanol. The Design Expert version 13 software was
employed to conduct a response surface analysis, which
involved creating contour and three-dimensional plots to
identify the interaction between the operational factors and
determine the optimal conditions for maximum biodiesel yield.
The results of the study showed a quadratic model when one
of the three variables was fixed.
3.4.1 Effect of Catalyst Loading and Methanol:Oil Molar

Ratio on the FAME Yield. The effect of the catalyst loading
level and methanol:oil molar ratio on the obtained FAME yield
is illustrated in Figure 1a,b. When maintaining a constant
reaction time of 90 min, increasing the methanol:oil molar
ratio from 3.95:1 to 9:1 at a catalyst concentration of 4 wt %
led to a significant enhancement in the FAME yield from 86.81
to 96.15%. This increase in yield is due to the excess of

methanol molecules that act as a driving force for the reaction
and help maintain the reaction equilibrium. However,
increasing the methanol:oil molar ratio to 14.05:1 at a catalyst
concentration of 4 wt % caused a slight reduction in the FAME
yield to 88.67%, which was due to the dilution of solution
mixtures and flooding of the active-sites of the heterogeneous
catalyst that then decreases the interactions and slows down
the reaction rate. Additionally, excess methanol can lead to the
hydrolysis of the produced biodiesel, resulting in the formation
of soaps and reducing the biodiesel yield.47,48 Thus, the
methanol:oil molar ratio is an essential parameter in
determining the FAME yield in accordance with the F-value
result.
On the other hand, there was no improvement in the FAME

yield when the catalyst concentration was further increased
from 2.32 to 5.68 wt % while maintaining a constant reaction
time of 90 min and a methanol:oil molar ratio of 9:1. This may
be because the catalyst was already saturated at the lower
concentration of 2.32 wt %, and so increasing the catalyst
concentration further did not have any effect on the reaction.
Based on the ANOVA results, the effect of the catalyst loading
was found to be insignificant over the tested range. This is in
accordance with the earlier published work on the synthesis of
biodiesel from a waste Musa paradisiaca plant derived catalyst,
where increasing the catalyst concentration from 5 to 9 wt %
did not result in a significant decline, nor did it lead to a further
increase in the biodiesel yield.47

3.4.2 Effect of Catalyst Loading and Transesterification
Reaction Time on the FAME Yield. A contour plot and surface
plot showing the relationship between catalyst loading and
reaction time on the obtained FAME yield at a constant
methanol:oil molar ratio of 9:1 is shown in Figure 1c,d.
According to the plot, the FAME yield initially increased as the
reaction time increased from 39.55 to 90 min, which could be
attributed to better mixing and a higher reaction rate at longer
reaction times. However, when the reaction time was further

Table 5. Fit Summary Statistics for the Model Predictiona

source sum of squares df mean square F-value p-value remark

mean vs total 1.761 × 105 1 1.761 × 105

linear 29.87 3 9.96 0.899 0.4628
2Fl 21.59 3 7.20 0.6019 0.6252
quadratic 143.68 3 47.89 40.71 <0.0001 suggested
cubic 10.52 4 2.63 12.67 0.0044
residual 1.25 6 0.2076
total 1.763 × 105 20 8816.01

adf is the degree of freedom.

Table 6. ANOVA Results for the Quadratic Unreduced Model for Biodiesel Production Using the 30 K/CSA Catalysta

source sum of squares df mean square F-value p-value remark

model 195.14 9 21.68 18.43 <0.0001 significant
A, catalyst loading 1.39 1 1.39 1.18 0.3022 NS
B, methanol:oil molar ratio 28.41 1 28.41 24.15 0.0006 significant
C, reaction time 0.0672 1 0.0672 0.0571 0.8159 NS
AB 16.79 1 16.79 14.27 0.0036 significant
AC 0.2556 1 0.2556 0.2173 0.6511 NS
BC 4.55 1 4.55 3.86 0.0777 NS
A2 0.6310 1 0.6310 0.5363 0.4808 NS
B2 143.23 1 143.23 121.74 <0.0001 significant
C2 2.85 1 2.85 2.42 0.1509 NS

adf is the degree of freedom; NS is not significant.
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increased to 140.45 min, the FAME yield decreased due to the
reversible reaction between palm oil molecules and methoxide.

The reaction had reached equilibrium, which resulted in a
decreased yield of biodiesel.11,47 Interestingly, no improvement

Figure 1. Surface response and contour plots showing the predicted values of the FAME yield: the interaction effects of the (a, b) catalyst loading
and methanol:oil molar ratio, (c, d) catalyst loading and reaction time, and (e, f) reaction time and methanol:oil molar ratio.
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in the biodiesel yield was found with an increased catalyst
concentration, suggesting that the catalyst concentration had
already reached a saturation point, beyond which increasing
the concentration did not improve the biodiesel yield. From
the ANOVA analysis, the effect of catalyst loading and reaction
time were actually insignificant.
3.4.3 Effect of the Methanol:Oil Molar Ratio and

Transesterification Reaction Time on the FAME Yield. The
effects of varying the methanol:oil molar ratio and reaction
time on the FAME yield at a constant catalyst loading of 4 wt
% were plotted in contour and surface plots (Figure 1e,f).
Increasing the methanol:oil molar ratio up to 9:1 led to a
significant increase in the FAME yield (Figure 1a,b), which is
because higher amounts of methanol promote the reaction
toward the product side. However, excessive amounts of
methanol can cause the reaction to shift back toward the
reactant side, leading to a decreased FAME yield. Similarly,
increasing the reaction time up to 90 min increased the FAME
yield (Figure 1b,c) because longer reaction times allow for
greater conversion of the reactants into products. However, the
FAME yield started to decrease after 90 min due to the reverse
reaction.
The optimal catalyst loading level was found to be 3.27 wt %

with a methanol:palm oil molar ratio of 9.98:1, reaction time of
74 min, and reaction temperature of 65 °C. Under these
optimal conditions, a predicted biodiesel yield of 96.90% was
obtained. To verify the accuracy of the results, the experiments
were repeated three times, and the obtained yield was found to

be 97.14%. Thus, the predicted values were viable and could be
relied upon for future biodiesel production.
3.5 Chemical Composition of the Obtained Biodiesel.

The fatty acid composition of the biodiesel produced from
palm oil was determined using GC-FID. The biodiesel was
composed of a variety of fatty acids, including saturated,
monounsaturated, and polyunsaturated with two or three
double bonds (Table S3). However, the most prominent fatty
acids present were cis-9-octadecenoic, palmitic, and linoleic
acids.
3.6 Reusability. The reusability of a catalyst is a crucial

factor for its practical application in the production of
biodiesel. In this study, the reusability of the 30 K/CSA
catalyst was evaluated under the previously evaluated optimal
reaction conditions (Section 3.4). The first reaction cycle
produced a high FAME yield (97.14%) (Figure S8). However,
the FAME yield decreased significantly to 85.50 and 63.50% in
the second and fourth cycles, respectively. This reduction in
yield may be attributed to the leaching of potassium ions from
the catalyst during the recovery process.45 Additionally, pore
blockage of the catalyst active sites by reactants and products,
such as triglycerides and glycerol, may have also contributed to
the inhibition of catalyst activity.49 The total basicity decreased
significantly, indicating the loss of potassium compounds on
the support.
From an environmental and economic standpoint, it is

advantageous to use catalysts derived from renewable
resources. The potential reusability and development of these
catalysts may facilitate the profitable operation of the biodiesel

Figure 2. Simulation flowsheet of the conventional processes.
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industry, as they can significantly reduce the cost of biodiesel
production. For instance, the utilization of carbon or ACs as
catalysts can substantially reduce the production cost.
Previously, a biocatalyst impregnated with KOH for the
production of biodiesel from a mixed cooking oil (sunflower
and palm oils) was found to be reusable up to the fifth cycle,1

albeit with a reduction in yield to 85.6 wt % that was attributed
to the leaching of potassium ions. Similarly, in a study on the
use of Musa champa peduncle waste ash as a catalyst for the
conversion of Jatropha curcas oil to biodiesel, it was
demonstrated that the catalyst could be reused up to three
times, albeit with a yield reduction to 90.03 wt %. This
decrease in yield may have been caused by the leaching of
K2CO3.

50

3.7 Process Analysis. 3.7.1 Conventional Process for
Biodiesel Production. The continuous process flow of
conventional transesterification reaction is shown in Figure 2.
The recycled and fresh top-up methanol and KOH catalyst
were mixed in the mixer (M-100), while the fresh palm oil was
preheated and pumped into R-100 for biodiesel production. A
96.5% conversion level of palm oil to biodiesel production is
assumed. Products from R-100 are sent to the distillation
column (T-100) to recover the unreacted methanol at the top
and recycled into the reactor. The overhead stream contains a
mixture of biodiesel, glycerol, unreacted oil, and catalyst.
Because both biodiesel and glycerol have similar boiling points,
the number of stages in the column was increased. Water is
used as a solvent to extract glycerol from the FAME in column
T-101. The raffinate phase from the extraction column flows to
the vacuum distillation column (T-102) for FAME purifica-

tion. The FAME is obtained as the top product, and unreacted
oil is obtained as the bottom product. The remaining catalyst is
neutralized by sulfuric acid, resulting in the production of
potassium sulfate. The precipitated salt is removed in the solid
separator (S-101). The glycerol enriched phase is purified in
the distillation column (T-103). Glycerol is obtained at the
bottom of the column, while water is vaporized out at the top
of the column. In Figure S9, the simulation flowsheet of the
conventional processes from the Aspen Plus program is
represented. The mass balance and unit operations of the
conventional process are shown in Tables S4 and S5.
3.7.2 Heterogeneous Catalyzed Process for Biodiesel

Production. The production of biodiesel through a heteroge-
neous acid-catalyzed process is shown in Figure 3. The process
involves mixing fresh and recycled methanol in a mixer (MIX-
100), which is then pumped into reactor R-100, where it reacts
with preheated palm oil in a stirred tank reactor. The solid
catalyst is separated in a solid separator (S-100) and recycled
back into R-100, while the liquid stream is directed to a
distillation column (T-100) to recover the excess methanol.
Methanol is collected as the distillate, whereas biodiesel and
other components are collected at the bottom. The mixture of
glycerol and biodiesel is sent to a decanter (V-100) for
separation. The FAME enriched phase is directed to a
multistage distillation column (T-101) for the purification of
FAME under vacuum conditions. The glycerol enriched phase
is directed to the distillation column (T-102) to separate
glycerol at the bottom section. Figure S10 illustrates the
simulation flowsheet of the heterogeneous catalyzed processes
using the Aspen Plus program. The corresponding mass

Figure 3. Simulation flowsheet of the heterogeneous catalyzed processes.
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balance and unit operations for the heterogeneous catalyzed
process could be found in Tables S6 and S7.
3.8 Biodiesel Production: TEA. 3.8.1 Investment

Calculation. Considering that the cost of manufacturing
(COM) is a crucial aspect of successfully operating both
homogeneous and heterogeneous catalyst processes, this study

provides an overview of the predetermined cost estimates in
Figure 4a,b. In the heterogeneous catalyst process, the total
cost was 4.02 million (M)USD, where raw materials accounted
for the largest proportion at 71.77%, followed by labor costs at
10.06%. On the other hand, for the conventional process that
uses homogeneous catalyst, the total cost was 3.99 MUSD,

Figure 4. Total manufacturing cost (TMC) of a (a) heterogeneous and (b) conventional homogeneous catalyst.

Figure 5. Sensitivity analysis of the (a, b) palm oil, (c, d) methanol, and (e, f) FAME prices.
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with raw materials still comprising the largest portion at
67.87%, followed by labor costs at 10.60%. While the overall
costs for each process were quite similar, there were notable
differences in the cost breakdown.
3.8.2 Financial Performance. The profitability of a

manufacturing process is crucial to determine the feasibility
of a project. In this study, the financial performance of two
manufacturing processes, one using a heterogeneous catalyst
and the other using a homogeneous catalyst, was evaluated
based on the NPV, IRR, and PBP. The heterogeneous catalyst
process showed a NPV of 5.16 MUSD, an IRR of 44.2%, and a
PBP of 2.49 y. In contrast, the conventional process using a
homogeneous catalyst had a NPV of 3.60 MUSD, an IRR of
28.6%, and a PBP of 4.05 y. The higher NPV of the
heterogeneous catalyst process compared to the conventional
process using a homogeneous catalyst indicated that the
former process generated more profit after considering the
time value of money. Moreover, the heterogeneous catalyst
process was more profitable with a higher IRR than the
conventional process using a homogeneous catalyst. The
shorter PBP of the heterogeneous catalyst process indicated
that the initial investment would be recovered sooner
compared to the conventional process using a homogeneous
catalyst. Based on these financial performance results, the
heterogeneous catalyst process design is a suitable and
worthwhile investment.
3.8.3 Sensitivity Analysis. A key challenge in developing a

sustainable process is ensuring economic viability. This study
investigated the NPV and PBP of raw materials and biodiesel
costs with varying prices of palm oil (0.19 to 0.29 USD/kg),
methanol (0.13 to 0.48 USD/kg), and biodiesel (0.9 to 1.2
USD/kg), as represented in Figure 5. The cost of raw
materials, especially palm oil and methanol, had a significant
impact on the profitability of biodiesel production. As the cost
of raw materials increased, the NPV decreased and the PBP
lengthened. At a palm oil price of 0.29 USD/kg, the project
resulted in a negative NPV and an undefined PBP.
Furthermore, the use of a heterogeneous catalyst process was
more profitable at lower raw materials prices compared to the
conventional process using a homogeneous catalyst. In
addition, the price of biodiesel also played a crucial role in
the profitability of the production process, where the
heterogeneous catalyst process was more sensitive to changes
in the biodiesel price compared to the conventional process
using a homogeneous catalyst.
3.9 Environmental Assessment. The carbon emissions

from biodiesel production processes are mainly generated from
the consumption of electricity and steam. This study compared
the carbon footprint of the conventional and the heteroge-
neous catalyzed processes. The conventional process had a
higher CO2 emission (1784.62 ton/y) compared to the
heterogeneous catalyzed process (1401.86 ton/y). The high
carbon emissions from the conventional process were due to
the significant energy requirement for neutralization and
glycerol-biodiesel separation processes.

4. CONCLUSIONS
The study demonstrated the potential of the CSA-supported
K2CO3 catalyst in producing biodiesel from palm oil and
methanol. The optimized reaction conditions of a methanol:oil
molar ratio of 9.98:1, catalyst loading of 3.27 wt %, reaction
time of 74 min, and a reaction temperature of 65 °C gave a
high obtained biodiesel yield of 97.14%. Furthermore, the

methanol:oil molar ratio was found to be the most significant
factor affecting the yield. The reliability of the model for
predicting the biodiesel yield was confirmed by the high R2

(0.9431) and adj. R2 (0.8920) values. Furthermore, the TEA
showed that the heterogeneous catalyst process had a higher
NPV and IRR and shorter PBP compared to the conventional
process. Promoting the adoption of a heterogeneous catalyst
process is advocated due to the substantial influence of raw
material expenses on the profitability of biodiesel production.
This process not only mitigates costs but also exhibits
enhanced environmental compatibility, heightened biodiesel
productivity, and augmented profitability.
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