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ABSTRACT: The increasing global population and its associated energy
requirements significantly burden natural energy resources. The Paris
Agreement’s promises to prevent global warming and promote sustainable
development are obscured by the fossil fuel industry’s frightening rate of
exploitation. Biodiesel offers a sustainable substitute for fossil fuels to solve
viable fuel and socioeconomic issues. Diverse feedstocks, including Jatropha
oil, palm oil, used frying oil, edible oil, animal fat, and microbial oil, are used
to make biodiesel. Much exploration has been done on creating innovative
and sustainable biodiesel synthesis technologies to boost the yield of
biodiesel to remain competitive. In the current investigation, tamarind seed
(Tamarindus indica) derived sulfonated doped carbon catalyst was utilized
for the transformation of used cooking oil methyl ester (UCOME). The
morphological and spectral analyses of the produced catalyst were performed
thoroughly by means of TGA, BET, FTIR, XRD, and SEM-EDAX. The study of optimization of parameters that impact biodiesel
efficacy was conducted using response surface methodology, which gave 98.97% conversion. The esterification reaction was
examined by two kinetic models, and it followed the pseudo-first-order reaction kinetics with the reaction being endothermic and
not spontaneous. The catalyst exhibited good reusability with 81.17% conversion until 4 cycles. The deactivation study of the
prepared sulfonated catalyst (SDC) was analyzed. Additionally, fuel was ascertained by GC−MS, 1H NMR, and FTIR evaluations.
The anticipated cost of 1 kg catalyst and 1 L UCOME, as determined by cost analysis, were $3.706 and $0.403, respectively,
demonstrating their excellent economic viabilities.
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■ INTRODUCTION
Our energy sectors currently use fuels only made from fossil
resources, which is raising concerns about the state of the
world’s oil reserves as well as the growing environmental
effects of these fuels.1 The enormous improvements in
industrialization and motorization around the world have led
to an increase in pollution levels that affect human health.2

This goes hand in hand with the rise in energy demands given
the scarcity of resources.3 Therefore, alternative fuels that are
made from renewable resources, address the energy and
environmental crises, and burn cleaner than petro-fuels are
required.4 Biodiesel is regarded as one of the most suitable
alternatives because of its renewability, structural and
behavioral similarities to diesel, and lack of sulfur.4

Furthermore, the number of pollutant discharges, viz.,
hydrocarbons, CO2, and CO, from the engine is significantly
reduced when using biodiesel or using it in combination with
diesel.5 To make biodiesel, a wide range of oil feedstock can be
utilized. Soybean, peanut, coconut, corn, palm, and sunflower
oils are utilized as edible oils, whereas inedible oils including
neem, jojoba, apricot, cotton, and tobacco seed oils, lard, and
used cooking oil (UCO) are also applied to make biodiesel.6

Commercializing biodiesel has been hampered mostly by
manufacturing costs on a worldwide scale. It is generally agreed
in the literature that the oily feedstock accounts for 80% or
more of the entire production expenses.7 Vegetable feedstock
accounts for around 90−95% of the universal feedstock used in
biodiesel manufacturing.8 Moreover, the application of inedible
oils requires additional pretreatment procedures. This leads to
an understandable conflict between food and fuel, with the cost
of edible oils rising as a result of their extensive use in the
manufacture of fuel.9 Conversely, inedible oils are prone to
sporadic supply, but edible oils are widely available and provide
a steady supply. UCO can be used to lower the biodiesel
production costs because buying this oil does not incur
additional expenses. Many people, especially in rural regions,
dispose of used cooking oil directly into the environment
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because it is an expensive trash disposal option. To prevent
pollution, these oils need to be treated before being discharged
into the atmosphere.10 Moreover, UCO minimizes conflict
with food, as being an inedible oil. In addition to resolving one
of the environmental issues that affect wastewater systems, this
use can lower the costs of raw materials also.11

The most popular technique of biodiesel production is
transesterification, which is a reversible reaction between oils
and alcohol aided by a catalyst (even in industrial
manufacturing).12 Methanol is more widely utilized than
ethanol because of its superior chemical characteristics and
lower price. Catalysts used in these processes can be
enzymatic, homogeneous, or heterogeneous.13 Because of the
high free fatty acids (FFA) level in UCO, it is suitable for
biodiesel manufacture by esterification utilizing an acid
catalyst. Hence, using a homogeneous base catalysis system
to produce biodiesel from waste cooking oil presents serious
problems for the final product’s quality and purity. When soap
and water are produced in the course of the saponification
method, a high concentration of FFA in the feedstock can
reduce the effectiveness of the alkaline catalyst.14 H2SO4 and
HCl are commonly used homogeneous acid catalysts although
they are caustic and extremely corrosive.15 As an alternative,
high FFA oil can be produced as biodiesel in dual steps: first, it
is esterified employing a homogeneous acid catalyst like H2SO4
and HCl and then it is transesterified using a base catalyst.
However, the reactor is vulnerable to corrosion and has
elevated manufacturing expenses because of the necessity of a
further treatment step and the extremely concentrated acid
catalyst.16 The major difficulties related to homogeneous
catalysts include problems of separation and purification of
products, formation of soap, and overflowing wastewater owing
to excessive washing of biodiesel, which hinders their
application in biodiesel production. Since a solid catalyst can
be effortlessly isolated from different phases and because it
encourages a more ecologically friendly process, heterogeneous
catalysis has been created to take the place of homogeneous
ones.17 A support to the catalyst is required to enlarge the
surface area,18 which improves catalyst stability while raising
the reaction rate because remonstrance amid mass transfer
redundancy lessens the rate of reaction.19 Again, heteroge-

neous catalysis’s diffusional resistances have an impact on the
ultimate yield by slowing down the reaction rate.20

There have already been several reports of acid-function-
alized heterogeneous catalysts in the direction of biodiesel
manufacturing, viz., sulfonated synthetic coal, resin, 12-
tungstophosphoric acid loaded bentonite clay, CM-SO3H,
HSO3(Pmim), HSO4, etc. The synthesis of these catalysts
requires a number of steps and severe chemical conditions,
which limits their practical use. These factors raise the overall
cost of biodiesel production and decrease its environmental
friendliness. However, producing biodiesel by the synthesis of
catalysts made from waste biomass may offer a different,
affordable, and sustainable method. Sulfonated carbonaceous
catalysts are already utilized extensively in a variety of chemical
processes, and it appears that this trend will continue.21 Keera
et al. were the first to introduce sulfonated carbonized organic
material for the esterification of standard acid to convert into
FAME.22 Additionally, the activity of sulfonated carbon
catalysts is on par with or even superior to those of the
majority of traditional solid acid catalysts. Abdullah et al.
prepared biodiesel employing waste cooking oil (WCO) using
empty fruit bunch-based activated carbon with the biodiesel
yield of 97.1%.23 Gualberto Zavarize et al. reported an acid
catalyst derived exploiting Amazon ac ̧ai ́ berry seeds for
producing biodiesel using spent cooking oil with 89%
conversion.24 Roslan et al. prepared biodiesel with 97%
conversion from used cooking oil using sulfonated resin in 2
h reaction time.25 A thorough review of the many works
published in the last few years indicates that the use of biogenic
precursor tamarind seeds for synthesizing carbonaceous char
toward impregnation of catalyst has not been reported so far
for esterifying used cooking oil to manufacture biodiesel
(Figure 1 shows reaction mechanism).
In this study, a novel waste biomass, i.e., tamarind seed

(Tamarindus indica), was employed to derive sulfonated
catalyst (SDC) that was used as a reusable catalyst for the
transformation of UCO to used cooking oil methyl ester
(UCOME) over esterification. Utilizing UCO as feedstock
further minimizes reliance on fossil fuels for energy production
and indirectly lowers pollution. The primary objective of the
research is to optimize the esterification reaction’s critical
parameters for escalated FFA conversion to UCOME, which

Figure 1. Esterification reaction mechanism of UCO to produce biodiesel.
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can be utilized as a replacement for traditional diesel. The
effects of the optimized factor as time, temperature, acid
catalyst weight, and methanol percentage were investigated. To
maximize and improve the various interaction impacts of the
aforementioned process parameters, the RSM-CCD technique
is applied along with a conventional approach. Comparing the
central composite design (CCD) to other optimization
methods like the Box-Behnken and Doehlert matrix26 reveals
some significant advantages. Compared to other methods for
optimizing, the CCD provides more experiments, which
improves process optimization. The activation energy, the
rate constant, and thermodynamic attributes were all examined
through the use of kinetic research and thermodynamic
analysis. After employing SDC catalysts, the UCOME is
further examined and contrasted with ASTM requirements. A
cost analysis of prepared UCOME and catalyst manufacture
reveals that it is a comparably competitive technique with
outstanding results. It is a tool made to quantify the
environmental effects of production procedures, assisting in
the making of decisions that support equitable development.
Moreover, the deactivation mechanism of the synthesized SDC
are critically discussed. Research on the catalytic effectiveness
and failure mechanism of solid acid catalysts (SDC) is
necessary to promote SDC for commercial usage.

■ RESOURCES AND TECHNIQUES
Resources. Methanol (99.50%), 2-propanol (≥99%),

concentrated H2SO4 (98%), hexane (95%), KOH (≥85%),
and phenolphthalein (pH indicator) were obtained from
Merck India. For the synthesis of the sulfonated catalyst waste
biomass tamarind seeds were accumulated from the regional
areas of NIT, Durgapur campus. Used cooking oil was
obtained from the nearby restaurants of Durgapur, West
Bengal, India. The used cooking oil was heated and filtered to
eradicate impurities. Without further purification, the chem-
icals were utilized. Deionized water was applied using an
Arium-611 DI (Gottingen, Germany Sartorius A.G.) ultra-pure
water system and used throughout the studies.

Synthesis of Catalyst. The conglomerated tamarind seeds
were washed with water for stripping impurities following
which seeds were dehumidified in an air oven; this sheds the
moistness. About 100 g of seed was completely carbonized in a
muffle furnace under a steady nitrogen atmosphere for 1.5 h at
500 °C. Ahead of the carbonization, the temperature of
decomposition of the raw seeds was evaluated by thermogravi-
metric analysis (TGA) to figure out the temperature at which
the loss of mass was reported as minimal and the residual mass
remained constant. The carbonized seeds were physically
activated for the advancement of surface qualities and
accordingly, steam was supplied under 2−3 kg/cm2 at 300
°C for 60 min.27 The physically activated carbon (PAC) was
then functionalized with concentrated H2SO4 following
criterion approaches with some alterations.
In an archetypal technique, SO3H groups were added into

the PAC by loading 10 g of carbon with 100 mL of
concentrated H2SO4 (1:8 w/v) at 120 °C for 12 h under 600
rpm agitation. After reaching out at normal temperature, the
synthesized material was then washed frequently with water
until sulfate ions (SO42−) were no longer identified and
filtered. The catalyst was then dehydrated at 80 °C in an oven
for 8 h. The catalyst was designated sulfur-doped carbon
(SDC). The SDC made was passed through a sieve of 0.2−0.5
mm to get a finer carbon catalyst.1

Catalyst Characterization. The highest temperature for
carbonization of the tamarind seed is determined by TGA
(Shimadzu, model C30574700290, Japan) synchronized with
the DTA-TG apparatus. The temperature range for the TGA
was 30−700 °C with 10 °C/min accretion and the flow rate
was 19.8 mL/min for N2 gas. An EDAX instrument
(OXFORD INCAX- sight) was utilized to find inorganic
elements. For determining the kind of a sample’s structure
through XRD analysis, an X-ray diffractometer (D8 AD-
VANCE BRUKER AXS made in Germany) is employed.
Results were referred to the JSDPS standard library throughout
a 10−50° 2θ range with 0.02 step size.27 SEM (JEOL JSM-
6030, India) examination was done to examine how the surface
properties changed following the application of steam and
H2SO4 impregnation. The inclusion of precise functional
categories on the samples was determined using (FTIR
C109292, spectrometer USA) FTIR. Using the Smart Sorb
92-93 (Smart Instruments, India) instrument, BET analysis
estimates each sample’s pore volume and surface area to
determine its physical characteristics. The surface properties
were calculated using the N2 desorption−adsorption method
while the working temperature was kept at 77 K.

Production of UCOME Using the Esterification
Process. Used cooking oil was esterified in a 3-neck flat
bottom flask accustomed with a magnetic stirrer hot plate
which enables temperature modification so that the mixture
temperature remains constant. A thermometer was installed on
one neck to assess the mixture’s temperature, and a condenser
was installed on the other side of the flat bottom to lessen
methanol loss by evaporation. Reagents were added over the
middle neck. Methanol was added to the flask when the oil had
been warmed to the necessary temperature. To ensure that the
mixing was complete, the agitation was kept at 650 rpm. The
catalyst was then introduced in the desired weight percentage.
The duration of the reaction was determined by the prepared
design matrix. When the reaction was ended, the catalyst was
recovered by utilizing Whatman 1 filter paper and was
repeatedly cleaned with hexane to shed the oil. Using a rotary
evaporator, excess methanol was collected from the reaction
mixture. After that, the mixture is placed into a separating
funnel and kept for the entire next day so that it can separate
into noticeable layers. The bottom layer is an aqueous phase
that contains water that has been drained, while the top layer
contains used cooking oil methyl ester (UCOME). To
measure the decrease in FFA% of the sample, titration was
performed with 0.01 N KOH.28

Design of Experiments (DOE) via CCD Approaches.
The approach of using one factor/parameter at a time (OFAT)
is not suitable for the effective optimization of parameters since
numerous conjoining tests are needed to complete the process,
which substantially decreases the cost and time of
optimization. To find the lesser number of meaningful runs
between related attributes at multiple levels of each attribute
which are acceptable to estimate the ideal reflex within a
lowered number of exploratory runs, a software-guided
approach like response surface methodology (RSM) is
preferred. For the esterification of UCO for UCOME
synthesis, the influencing parameters of the process are catalyst
loading, methanol concentration, reaction temperature, and
time. In this research work, 4 parameters are considered for the
CCD matrix. Using eq 1, N can be represented below as

= + + = + +N A C F n n2 2( )n
c (1)
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N = the summation of all the runs, A = 2n = 8 = axial runs, C =
nc = 6 = center runs, and F = 2(n) = 16 = factorial runs.
This statistical study is covered by fit and comparability of

models’ statistics, as well as analysis of variance (ANOVA).
The different variables along with their parametric level used
for the optimization study are listed in Table 4. Parametric
contribution is attained using eq 2:

= ×
i
k
jjjjj

y
{
zzzzzContribution factor (%)

SS
SS

100f

T (2)

where SSf = sum of squares of a particular factor and SST =
sum of squares of the model.

■ RESULTS AND ANALYSIS
Characterization of the Synthesized Carbon Catalyst.

The thermal strength of the prepared (SDC) catalyst was
evaluated by thermogravimetric analysis, as shown in Figure
2(a). There are two main peaks in thermal deterioration; one is
below 100 °C and is attributed to water loss. The other peak,
which occurs from losses of volatile organic components
(VOC), is between 200 and 400 °C. Since no mass loss is
observed beyond 500 °C, it is inferred that the remaining mass

is solely carbonaceous in origin. For this reason, 500 °C is
chosen as the carbonization temperature.
The surface area (SA) and pore volume (PV) of PAC and

SDC were calculated from BET analysis as displayed in Figure
2(b), which depicted: (a) surface area of the carbon has
improved by physical activation through steam owing to the
formation of micropore on the surface of the PAC and (b)
H2SO4 impregnation has blocked the micropores of PAC and
resulted in the formation of SDC. PAC has a PV of 0.264 cm3/
g and SA of 807.4 m2/g while the PV and SA for SDC are
0.0715 cm3/g and 329.53 m2/g subsequently. The produced
SDC catalyst exhibits a shift in surface area and a matching
drop in PV, suggesting that H2SO4 did indeed successfully
dope the PAC support.
The crystalline structure of the prepared SDC and PAC can

be understood utilizing the XRD analysis results, which is seen
in Figure 2c,d. To identify the diffraction peaks, a typical
JCPDS library is used. The peaks obtained within the range
20°−30° at 2θ values of 24.48° and 25.44° validate that the
nature of the support is carbonaceous. The diffraction pattern
for SDC is observed to form an elevated peak between 20° and
30° and an additional mini peak between 41° and 49°. The
observed peak at the planes (131, 003, and 511, respectively)
provides evidence of successful H2SO4 doping of the carbon

Figure 2. TGA and DTGA graph (a), N2 adsorption−desorption isotherm and BJH pore size distribution curve (b), and XRD patterns of
sulfonated catalyst (SDC) (c) and physically activated catalyst (d).
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support on the PAC catalyst, further supported by FTIR
analysis.
The FTIR graph is displayed in Figure 3a for SDC catalysts.

The following are the peaks that are present at various
characteristic wavenumbers: 1026.13 and 1134.14 cm−1 signify
sulfur as sulfoxide and sulfone (S�O).29 1597.05 cm−1

indicates C�C alkene bond, and 1701.12 cm−1 refers to
C�O bond of the carbonyl group. Moreover, the transmission
peak at 631.04 cm−1 represents the sulfur group (−SO3H) and
validates successful H2SO4 adsorption on the SDC catalyst.
The SDC ascertained the occurrence of numerous and
necessary components on the matrix upon EDAX analysis,
indicating doping in Figure 3b−f). This coincides with a sharp
peak for S and O in SDC Figure 3b. The doping of sulfur on
the physically activated carbon can be additionally validated by
the SEM pictures. As a result of the steam flow, Figure 3g

demonstrates that the produced PAC support has many pores
that can adsorb sulfur groups. This indicates that the carbon’s
surface characteristics were perfectly altered by the super-
heated steam utilized during the activation procedure, which
created pores. Further, Figure 3(h) substantiates the revelatory
adsorption of H2SO4 in the surface and the pores, resulting in
surface smoothing and pore blockage in the SDC catalyst.
The XPS measurement performed on the SDC catalyst is

depicted in Figure 4, which confirms the existence of C, O, and
S on the catalyst surface. The bending energies of 292.15 eV
(C�O) and 284.14 eV (C�C) correspond to the C 1s shown
in Figure 4a. The peak at 533.56 eV corresponds to the O 1s
spectra as shown in Figure 4b.30 Moreover, XPS analysis shows
the −SO3H group. The single peak obtained at 172 eV
indicates the −SO3H group concerning to S 2p as depicted in
Figure 4c.31

Figure 3. FTIR graph of sulfonated catalyst (a), EDAX analysis of PAC (b), SDC (c) along with elemental mapping of carbon (d), oxygen (e), and
sulfur (f), SEM images of physically activated carbon (PAC) (g) and sulfonated catalyst (SDC) (h).
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Figure 4. XPS analysis of SDC catalyst. Experimental spectra for C 1s (a), O 1s (b), and S 2p (c) regions and XPS survey spectrum of SDC (d).

Table 1. RSM (CCD) Matrix Utilized in the Used Cooking Oil Conversion

Run Catalyst conc wt % (A) Methanol conc wt % (B) Time (min) (C) Temperature (°C) (D) Actual FFA conversion (%) Predicted FFA conversion

1 5 40 90 60 98.59 98.79
2 4 50 120 65 98.71 98.86
3 6 30 60 65 86.38 86.50
4 3 40 90 60 86.89 86.98
5 5 40 90 60 98.97 98.73
6 4 30 60 65 90.57 90.79
7 4 50 60 65 96.88 96.63
8 4 30 120 65 95.47 95.60
9 5 40 150 60 97.42 97.31
10 5 40 90 60 98.54 98.73
11 6 30 120 65 91.37 91.25
12 7 40 90 60 85.98 85.84
13 6 50 120 65 90.73 90.95
14 5 20 90 60 91.59 91.44
15 5 40 90 60 98.82 98.73
16 6 30 120 55 97.34 97.53
17 5 60 90 60 95.31 95.58
18 6 50 60 55 88.39 88.20
19 6 50 120 55 95.62 95.58
20 4 30 60 55 80.99 81.71
21 4 50 120 55 92.54 92.36
22 5 40 90 60 98.78 98.73
23 6 50 60 65 88.71 88.84
24 4 30 120 55 90.74 90.80
25 5 40 90 50 90.45 90.54
26 5 40 90 70 96.19 95.98
27 5 40 30 60 85.13 85.12
28 5 40 90 60 98.67 98.73
29 4 50 60 55 84.61 84.99
30 6 30 60 55 87.403 87.59
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Modeling and Statistical Analysis of UCOME Using
RSM. The esterification reaction was optimized using
experimental matrix RSM under central composite design
(CCD).32 UCOME conversion varied from 80.99 to 98.97%,
per testing run. The actual and anticipated results for
individual experimental runs are shown in Table 1. As shown
in eq 3, the coded factors A through D have an impact on the
UCOME conversion.

= + +
+

+

A B C
D AB AC
AD BC BD
CD A B
C D

FFA Conversion 98.73 0.2661 0.9736 3.05

1.36 0.8758 0.0416
2.77 0.6604 0.4096
1.32 3.09 1.33

1.88 1.37

2 2

2 2 (3)

where A = catalyst weight, B = concentration of methanol, C =
reaction duration, and D = temperature, respectively. The “+”
indication signifies that a parameter in the regression equation
has a positive influence on the reaction process, considering
the “−” sign signifies a negative impact on the reaction as a
result of the selected parameter.
The results of the investigative runs are assessed and

consolidated utilizing ANOVA statistical analyses as seen in
Table S1. The model’s F-value was high enough to
demonstrate the model’s relevance. Additionally, a p-value
below 0.0001 indicates the numbers in the advocated model
were revealed by accident, additionally demonstrating the
reliability of the outcomes. Additionally, the model shows a
significant correlation between actual and hypothetical data,
with the R2 values for hypothetical and actual data as shown in
Table S2 (0.9954 and 0.9982, respectively) differing by less
than 0.2. The model’s appropriate precision (AP) value, which
must be at least 4, is substantially higher at 114.4298 than it is
at 4. High AP values suggest accurate, error-free outcomes
from the trial. As stated in Table S3, the effect of important
parameters can be listed as follows: catalyst loading = 5.48%,
methanol weight = 0.21%, reaction time = 27.49%, and
temperature = 2.80%.
Diagnostic graphs are utilized to predict the reliability of the

regression line (Figure S1). The projected and actual UCO
conversion to UCOME is contrasted in Figure S1a. The
residuals, or the discrepancies between actual and anticipated
values, are used to gauge the suitability of the ANOVA model
with the assumptions. A comparability of the experimental run
and the expected is shown in Figure S1b. A considerable
residual difference between runs was noticed because of
experiment noise. The fitted model records no mistakes
because all residuals are within the range of 4.00. The
comparison of the actual and anticipated conversion of
UCOME is shown in Figure S1c. The propinquity of the
numbers to the regression line indicates a decent estimate of
the result for variations in the individual attributes. A normal
distribution must be assessed in terms of the residuals for it to
be regarded as genuine. Figure S1d shows the relationship
amid a normal distribution and the studentized residuals where
the data follow linear trends.

Influence of Factors on Used Cooking Oil Conversion
to UCOME. A three-dimensional diagram Figure S2 was
applied to assess the outcome of autonomous parameters on
the synthesis of UCOME from used cooking oil. The
resemblance between MeOH content and temperature is
seen in Figure S2a. The plot clearly shows that the FFA

conversion increased as temperatures and MeOH% increased.
The UCOME conversion was 98.97% when the MeOH
content was 40% w/w at 60 °C. Over a 40 wt % methanol
concentration, the conversion drastically reduced. That can be
confirmed as methanol is employed in large quantities to dilute
the reaction mixture and add water.
The impact of catalyst A% and time over FFA trans-

formation is displayed in Figure S2b. Owing to the existence of
additional active components as the catalyst dosage was
elevated, the conversion significantly increased.32 However,
despite repeated enhancement in catalyst, the utmost FFA
conversion was observed. The esterification reaction is
reversible; therefore, the highest conversion was seen at 90
min and decreased after that.
Temperature and reaction time are ascertained to influence

the feedstock conversion as shown in Figure S2c. After 90 min
at 60 °C, conversion was 98.97%. The 3D figure shows how
the two factors strongly interact. Figure S2d portrays the
interacting impact of the amount of the catalyst and methanol
on the transformation of UCOME. The conversion elevated as
the catalyst and MeOH concentrations increased, reaching
their maximum point, respectively. Following esterification is
reversible in nature when the reaction is prolonged past the
optimal value, a mild decline in conversion can be seen. When
MeOH is introduced in excess, the system becomes diluted,
which has an impact on the reactions and conversion rates of
the reactants. However, a small concentration of MeOH is
inadequate to halt a retrograde reaction. In this study, the
catalyst concentration was kept at 3 to 7% w/w, with 5 wt %
depicting the utmost transformation. Because they are
heterogeneous, catalysts in excess can cause diffusional
defiance between alcohol and UCO.
The relationship between reaction time and MeOH

concentrations is depicted in Figure S2e. At low methanol
concentrations, conversion efficiency did not increase while the
reaction time was enhanced from 60 to 120 min. The
maximum UCOME conversion was at 40% MeOH concen-
tration after 90 min, despite large variability; changing the
period had little effect on the result. The resemblance amongst
catalyst weight and temperature is depicted in Figure S2f. The
ideal temperature for conversion was 60 °C. Since
esterification is an endothermic reaction, conversion was
initially improved by raising the temperature.

Kinetic and Thermodynamic Analysis of Esterifica-
tion. To identify the kinetic order of the heterogeneous acid
esterification method, the reaction was considered to be
pseudo-homogeneous. The concentration of FFA decreases as
the process progresses. Because esterification reactions are
reversible in nature, an extra volume of methanol must be
given to shift the reaction in a positive direction. Considering
that, the rate of the reaction can be written as

=i
k
jjj y

{
zzzC

t
kC

d
d

nffa
ffa

(4)

=C C x(1 )ffa ffa0 (5)

where k, cffa, cffad0
, and X indicate reaction rate constant, the

concentration of FFA, primary FFA concentration, and
fractional ester conversion, respectively. Moreover, eq 5 can
be rewritten as eq 7.
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For n = 1 (first order) and for n = 2 (second order), eq 6 can
be shown as eqs 7 and 8 subsequently. The influence of the
increasing temperature on UCOME transformation was
assessed by varying the temperature from highest to lowest
selected in the CCD matrix. The optimization research led to
the selection of the temperature range for the kinetics
investigation. Figure S3a,c shows linear correlations between
time vs −ln(1 − X) and X(1 − X) for reaction temperatures
ranging between 45 and 60 °C. The graphs in Figure S3b,d
depict pseudo-first-order and second-order kinetics. When the
linear regression coefficients (R2) were compared, it was
discovered that the pseudo-first-order model reported a higher
R2 (0.9841) compared to the R2 (0.9696) for the second
order.33 This supports our hypothesis that esterification occurs
as an outcome of pseudo-first-order kinetics. To estimate the
activation energy (Ea) and k value of the esterification reaction
Arrhenius equation was employed, as represented in eq 9,

= +k
E

RT
Aln lna

(9)

where Ea = activation energy, R = universal gas constant, A =
Arrhenius constant, T = temperature (K), and X = UCO
conversion to UCOME. The graph between ln k and 1/T, as
shown in Figure S3b gives the energy of activation is 61.012 kJ
mol−1 for the pseudo-first-order reaction kinetic model. This Ea
value is in the range 25.8−83.2 kJ mol−1 usual for trans/
esterification as reported by other studies.34,35 Besides,
intercept and slope values obtained from Figure S3e are used
to calculate the thermodynamic parameters, viz., enthalpy (H0)
and entropy (S0). The Eyring−Polanyi equation illustrates how
thermodynamic parameters are connected, as demonstrated in
eq 10,
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where h and kb signify Planck’s and Boltzmann’s constants,
respectively. The values of enthalpy and entropy were
ascertained to be 58.306 kJ mol−1 and −0.0911 kJ K−1

mol−1, correspondingly. The related ΔG0 value is produced
by replacing the results of (H0) and (S0) in eq 11,

=G H T S0 0 0 (11)

If H0 is positive, the reaction is endothermic; if S0 is negative,
the process is less chaotic. The positive ΔG0 value of 88.66 kJ
mol−1 at 60 °C indicated that the reaction was not
spontaneous at any temperature.

Stability Test and Deactivation Study. The catalysts
were easily recovered by filtration after the initial cycle, cleaned
with hexane, and heated at 120 °C. After the first recycling

Figure 5. (a) Reusability of SDC catalyst for esterification reaction. Experimental conditions: methanol weight, 40 wt %; catalyst weight, 5 wt %;
temperature, 60 °C; time, 90 min. (b) FTIR spectra of reused catalyst (after 4 cycles). (c) Scheme for catalyst deactivation process.
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trial, the yield of FAME decreased marginally to 93.59% and
remained largely consistent up to the fourth recycling
experiment. The catalyst was frequently exploited in additional
catalytic reactions with varying catalyst loading under preset
conditions to evaluate its efficacy. The catalyst had good
catalytic activity for the first four cycles as shown in Figure 5a.
However, in our research, we found that the sulfonated carbon
catalysts’ activity decreased with each recycling cycle, and a
sharp decline was seen after the fifth recycling trial. The two
main causes of deactivation were methylation of −SO3H and
leaching of active phases. UCOME and unreacted UCO were
found in the spent catalysts during FTIR analysis, which
suggests that it may have contributed to the catalysts’
deactivation. From Figure 5b the peak observed at 2927.94
and 2850.79 cm−1 corresponds to the CH2 and CH3 group,
confirming the presence of ester and feedstock. The trans-
mission peaks at 1743.64 and 1520.93 cm−1 signify C�O and
C�C stretching vibrations, which validate the occurrence of
more esters on the catalyst surface. After each cycle, the
unreacted oil and ester remained on the catalysts’ surfaces,
preventing the resulting mixture from diffusing into the
(−SO3H) groups’ active centers Figure 5c.

Cost Analysis of Catalyst and UCOME. The cost analysis
can be utilized as an approach to measure the progress of
biodiesel production. The price of the feedstock and other
expenditures make up the cost analysis. By considering all the
factors, involving the origin of the waste biomass, the synthesis
process, the applied treatment procedure, and especially
reusability, the cost evaluation for the synthesis of catalysts
for the current work is evaluated to establish whether the
strategy is viable. An essential technique that can reveal the
production chain’s more efficient operations and point the way
toward improving biodiesel production is the systematic
examination of mass and energy equations at each stage of
the process. Given that we spent $1.054 preparing the waste-
derived activated carbon, which is less compared to
commercially available activated carbon, i.e., $14.5, making
the current approach profitable for commercialization. There-
fore, since the cost of raw materials is essentially nonexistent,
using waste precursors gives a clear advantage. For the present
work, the costs for SDC without reuse are around $14.824;
nevertheless, after 4 reuses, the costs are only $3.706. All prices

were displayed in US dollars ($) and were based on the
detailed synthesis as shown in Table 2. In contrast, the cost of
feedstock is also nil since used cooking oil is obtained free of
cost from a local vendor. The approximate production cost of 1
L UCOME using an SDC catalyst is $0.403 as shown in Table
3.

Comparability of the Synthesized Catalyst with
Other Sulfonated Catalysts. Several waste biomass-based
heterogeneous catalysts were used for biodiesel production
using waste cooking oil, according to the literature. Sulfonated
carbonated coconut meal residue,36 sulfated Ce supported
activated carbon obtained from coconut shell,37 etc., showed
high conversion of WCO oil, but they require very high
temperatures. Table 4 summarizes the relevant facts for
comparison with our created catalyst, such as operating
parameters, catalyst type, reaction temperature, and time.
Through the literature review, it can be outlined that the
preceding work has severe flaws. Long reaction times can be
seen in refs 38 and 39 to produce biodiesel, as well as a high
molar ratio.40,41 However, several heterogeneous catalysts,
such as palm kernel shell,42 rubber de-oiled cake,43 cacao
shell,44 etc., can be made from waste biomass, curbing the
inclusive cost of biodiesel manufacturing. Nevertheless, the

Table 2. Cost Analysis of Catalyst Synthesis

Stage Details Price ($)

Cost of waste biomass (CWB) Waste biomass is locally available. $0
Cost of biomass washing (CBW) = EC (electricity cost) + WC
(washing cost)

EC = units required × unit price for water = 1 × $0.037 $0.037
WC = $0

Drying cost of waste biomass (DRWB) Time (h) × units required × per unit cost = 10 × 1.5 × $0.037 $0.56
Cost of carbonization (CC) = IEC (IEC = inert gas costs) + EC
(electricity cost)

IEC = N2 flow = $0.031 $0.309
EC = Time (h) × units required × per unit cost = 1.5× 5× $0.037=$0.278
CC= $0.031 + $0.278

Physical activation cost (PAC) = SC (steam preparation cost) + EC
(electricity cost)

SC = Time (h) × units required × per unit cost = 1 × 1 × $0.037 = $0.037 $0.148
EC = Time (h) × units required × per unit cost = 1 × 3 × $0.037 = $0.111PAC
= $0.037 + $0.111

Biomass preparation cost (BPC) CWB + CBW + DRWB + CC + PC = $0 + $0.037 + $0.56 + $0.309 + $0.148 $1.054
Doping cost (DC) = RC (rotation costs) + PCCH (pure cost of
chemicals)

RC = Time (h) × units required × per unit cost = (12 × 0.5 × $0.037) = $0.222 $12.422
CCH = [amount of H2SO4 required (L) × per litre cost] = 4 × $3.05 = $12.2
DC = $0.222 + $12.2

Net cost of catalyst (NCC) Biomass preparation cost (BPC) + Doping cost DC = $1.054 + $13.76 $13.476
Total cost of catalyst/kg = NCC + extra cost (10% of $ 13.476) = $13.476 + $1.3476 $14.824
Total cost of catalyst (1 kg) after four cycle = catalyst synthesis cost/no. of cycles for use = $14.824/4 $3.706

Table 3. Cost Analysis of Used Cooking Oil Methyl Ester

Step Description Amount

Cost of Used cooking oil for 100 L
UCOME production

Used cooking oil is freely
available.

$0

Catalyst used for UCOME (100 L) 4.075 kg $15.102
Price of methanol required for
UCOME

(Quantity × cost of
methanol/kg) (45 ×
$0.40)

$18

UCOME preparation cost
(experimental time (h) × units ×
cost)

(1.5 h × 40 × $0.037) $2.22

Additional expenses (Washing cost +
miscellaneous)

$1.80

Net cost of UCOME (100 L) ($0 + $15.102 + $18 +
$2.22 + $1.80)

$37.122

Extra cost 10% of $37.122 $3.7122
Absolute cost of UCOME (100 L) $37.122 + $3.7122 $40.2942
Absolute cost of UCOME (1 L) $40.2942 ÷ 100 $0.403

ACS Sustainable Resource Management pubs.acs.org/acssrm Article

https://doi.org/10.1021/acssusresmgt.3c00111
ACS Sustainable Resour. Manage. XXXX, XXX, XXX−XXX

I

pubs.acs.org/acssrm?ref=pdf
https://doi.org/10.1021/acssusresmgt.3c00111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


synthesis of these catalysts necessitates a high calcination
temperature and a longer period, limiting their industrial
applicability.

Fuel Characteristics Study. The production of UCOME
was validated by GC analysis, performed in an Agilent GC
system assembled with an INNOWAX column. As seen in
Figure S4, the reaction was successful because the FFAs in the
oil were transformed into the appropriate methyl esters.28 The
formed ester of the GC analysis is depicted in Table S4.
The FTIR spectra of the produced UCOME are shown in

Figure S5 displays. The UCOME was compared to UCO as
displayed in Figure S5a,b. Both the UCO and UCOME
showed similar peaks except the peak at 1078.62 and 956 cm−1,
which confirms the production of UCOME. FTIR inves-
tigations are used in many reports to analyze the formation of
biodiesel. Rabelo et al. reported that the component of methyl
ester exists in the range of 1800−1700 cm−1. This peak defines
the stretching of C�O, signifying esters.45 Based on Figure
S5b the absorption peak that reflected the ester for this
research work was observed at 1744.63 cm−1. The main
spectrum region that confirms the formation of UCOME is
between 1500 and 900 cm−1. The peak at 1462.04 cm−1

signifies the ester (−CH3) spectrum. The stretching of O−
CH3 at 1165.51 cm−1 is a typical biodiesel peak.46 In addition,
Rafati et al. also obtained a similar ester peak at 1163 cm−1.47

The peaks found in this research work are 2921.05, 2852.76,
1367.45, 1114.85, 1078.62, and 724.21 cm−1.48

The UCOME production is also substantiated from the
proton NMR analysis as shown in Figure S6. The presence of
methoxy protons and α-CH2 protons in the ester was
confirmed as a result of the singlet peak observed at 3.664
ppm and triplet peak detected at 2.850 ppm. Equation 12 was
employed to determine the formation of methyl ester based on
the integrals of methylene (ACHd2

) and methoxy (AMe) groups,
resulting in 98.66% from proton NMR analysis.

= ×
A

A
Conversion (%)

2
3

100Me

CH2 (12)

where C denotes the FFA conversion % and factors 2 and 3
determine the proton numbers of the methoxy and methylene
groups, respectively.

Fuel Properties of the Synthesized UCOME. The fuel
attributes of the derived FAME are evaluated and contrasted
with those of ordinary diesel. Table 5 lists the characteristics
evaluated by ASTM standards. Low FFA and AN levels in the
fuel are a good sign that the fuel will not corrode the metallic
engine components. For information on the fluidity and spray
properties of the fuel during fuel injection, an estimation of

kinematic viscosity (KV) is required. KV is found to be 2.2
mm2/s. Because the ester had a low moisture content,
hydrolysis would be less likely to occur. The fuel has a high
fire point of 189 °C and a flash point of 180 °C, implying that
it is thermally stable and safe for storage or transportation. The
aniline point is comparable to ordinary diesel, indicating that
the product has a higher aromatic component. Additionally,
the fuel’s cetane number is within the suitable range for the
standard of diesel. The high calorific value of 40.44 MJ/kg
further demonstrates that the fuel is energy-potent. The ester
content discovered by the standard (EN14103) for ester
characterization was higher than the necessary 96.4%.

■ CONCLUSION
This research investigation substantiated the utilization of
novel sulfonated Tamarindus indica carbon as a catalyst for
producing biodiesel from used cooking oil using the RSM.
Using SDC catalyst (5 wt %), the esterification of UCO with
methanol with 40 wt % concentration gave 98.97% UCOME
conversion after 90 min at 60 °C, while esterification of UCO
produced a conversion of 98.97%, which is apparently noticed
to be more remarkable than the earlier published works at
relatively lower reaction temperature. According to the
ANOVA results, all of the investigated parameters have a
substantial effect on UCOME conversion, except the reaction
time, which has a compelling outcome on the reported

Table 4. Comparability of the Synthesized SDC with Formerly Reported Acidic Catalyst

Catalyst Feedstock Parametersa Conversion/yield (%) Reference

Coconut meal residue Waste palm cooking oil 12:1, 5, 150, 180 95.5 36

Coconut meal residue Waste palm oil 12:1, 5, 70, 720 92.7 38

Magnetic catalyst from palm kernel shell Waste cooking oil 13:1, 3.66, 65, 120 90.2 42

Jatropha hulls Jatropha crude oil 18:1, 7.5, 180, 450 95.9 39

Rubber de-oiled cake Waste cooking oil 12.8:1, 8.18, 63, 60 91.2 43

Cacao shell Oleic acid 7:1, 5, 45, 1440 94 44

Sodium peroxide/sulfonic acid-functionalized SBA-16 Waste cooking oil 18:1, 10g, 65, 240 93 40

Corncobs and calcined poultry Neem seed oil 14.76:1, 2.58, 61.9, 72.65 92.89 41

Ce supported activated coconut shell Chicken fat oil 12:1, 3, 90, 60 93 37

aMethanol to oil ratio, catalyst (wt % unless otherwise indicated), temperature (°C), time (min).

Table 5. Analysis of Used Cooking Oil and Used Cooking
Oil Methyl Ester Obtained

Parameter
Used

cooking oil
Used cooking oil
methyl ester Standards

Acid Value (mg KOH/
g)

16.89 0.21 ASTM
D974

Free fatty acid (%) 8.49 0.11
Kinematic viscosity
(mm2/s)

8.57 2.2 ASTM
D445

Relative density
(25 °C)

0.91 0.815 ASTM
D4253

Calorific value (MJ/
kg)

36.35 40.44 ASTM
D6751

Water content (%) 1.8 0.045 ASTM
D3172

Flash point (°C) 180 ASTM
6450

Fire point (°C) 189 ASTM
6450

Aniline point (°C) 49.5 ASTM
D611

Cetane Number 51.3 ASTM
D613

Ester content (%) 97.2 EN14103
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conversion. The experimental confirmation of the projected
optimum conditions validates the model’s validity once more,
and the obtained results are deemed satisfactory when
compared to the projected output. The Ea for the esterification
reaction was discovered to be 61.012 kJ/mol, and its kinetics
suited the first-order reaction well. This indicates that very
little energy is needed for the reaction to occur very vigorously.
The UCOME was put through GC, FTIR, and 1H NMR
analysis to ascertain the structural proportions of the methyl
esters formed. The content of ester, as per the European
standard 14103, was determined to be greater than the
minimal threshold. The biodiesel’s characteristics were in line
with ASTM requirements. Because of its high fire and flash
points, the UCOME was excellent for both storage and
transportation. Tests using cetane numbers verified that the
fuel has reduced combustion delays than conventional diesel
and is of sufficient grade for use as industrial biodiesel. As a
result, it can be combined with other fuels or used entirely in
place of petro-diesel. The catalyst can also be employed for
four successive cycles of reactions. In our laboratories, more
efforts are being undertaken to lessen the loss of catalyst
function. Sulfonated Tamarindus indica carbon created locally
is significantly more affordable ($1.054) than activated char
acquired from the vendor ($14.6), as per the examination of
the expenses concerned with creating the catalyst, which
provides a significant pathway for industrialization. The final
cost of the prepared catalyst was evaluated to be $3.706/kg.
This suggested that the process has the potentiality for
commercial application. A cost analysis reveals that the
catalyst’s production is relatively simple and produces high-
quality ester with widespread commercialization potential.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssusresmgt.3c00111.

ANOVA esterification results, fit and model comparison
characteristics, process parameter values, graphs of
predicted vs actual results, studentized residuals vs
predicted, normal regression plot, and residual graph, 3D
surface image, plots of X vs time, k vs temperature, and
thermodynamnic graph of conversion, gas chromato-
gram and analysis results, FTIR spectrum, 1H NMR
spectrum. The results of the investigative parametric
runs are assessed and consolidated utilizing ANOVA
statistical analyses, as seen in Table S1. Table S1
suggests that all the parameters have influence on the
esterification reaction. Additionally, the model shows a
significant correlation between actual and hypothetical
data, with the R2 values for hypothetical and actual data
as shown in Table S2 (0.9954 and 0.9982, respectively).
Table S3 has listed the effect and contribution of
individual parameters. Diagnostic graphs are utilized to
predict the reliability of predicted and actual conversion
(Figure S1). A three-dimensional diagram (Figure S2)
was applied to assess the outcome of autonomous
parameters on the synthesis of UCOME from used
cooking oil. Figure S3 depicts the thermodynamic nature
of the performed reaction. Table S4 lists out the
presence of different ester in the produced UCOME.
The production of UCO to UCOME was validated by
Figure S4, i.e., GC analysis. The reaction was successful

because the FFAs in the oil were transformed into the
appropriate methyl esters. The FTIR spectra of the
produced UCOME are shown in Figure S5. The
UCOME was compared to UCO as displayed in Figure
S5a,b. Both the UCO and UCOME showed similar
peaks except the peak at 1078.62 and 956 cm−1, which
confirms the production of UCOME. Figure S6
substantiated UCOME production from the proton
NMR. The presence of methoxy protons and α-CH2
protons in the ester was confirmed as a result of the
singlet peak observed at 3.664 ppm and triplet peak
detected at 2.850 ppm. (PDF)
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