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characterization and its evaluation in oleic acid
esterification

Adeyinka S. Yusuff, *a Kudirat A. Thompson-Yusuffb and Jyoti Porwalc

Herein, fatty acid (oleic acid, OA) was upgraded to fatty acid methyl ester (FAME) via esterification reaction

using sulfonated biochar obtained from eucalyptus tree shed bark as solid acid catalyst. Under the optimal

esterification conditions (i.e., at 65 �C for 2 h using a methanol/OA molar ratio of 10 : 1 with a catalyst

dosage of 4 wt%), the FAME yield was 97.05 � 0.28% when a solid acid catalyst prepared by loading 6 g

of p-Toluenesulfonic acid (p-TSA) on 2 g of activated biochar (p-TSA3/ABC) was used. The remarkable

performance of the p-TSA3/ABC could be attributed to its high acidity (468.8 mmol g�1) and dominance

of the SO3H acid site on the catalyst surface. Experimental findings showed that the p-TSA3/ABC was

relatively stable due to its highly functionalized structure. The catalyst was recycled for five successive

cycles and exhibited no dramatic decrease in catalytic activity.
1. Introduction

Esterication of organic acid and alcohol is known to be the
basic reaction process for producing valuable materials in some
manufacturing industries.1 Also, the esterication process is
employed as one of the reaction steps for converting feedstock
with high free fatty acid (FFA) to biodiesel. Generally, esteri-
cation of low-quality feedstock or fatty acids with simple alcohol
requires a solid or liquid catalyst in order to enhance the
reaction rate and product yield.

Basically, acid catalysts are oen used to catalyze the ester-
ication reaction as a base catalyst could react with FFA to form
undesired products through saponication and, as a result,
lower the desired product yield and quality.2 Research has
shown that the application of liquid acid (homogeneous) cata-
lyst in the synthesis of methyl esters from low-grade feedstocks
requires excess catalyst amount and a larger reactor.3–5 More so,
reusability of the spent catalyst is impossible since the liquid
catalyst would mix with a liquid reactant, thus resulting in
wastewater generation as washing is required to strip off the
acid catalyst from the product.2 In contrast, the utilization of
solid acid (heterogeneous) catalysts could reduce the incidence
of corrosion, guarantee an ecofriendly environment and facile
processes, and ensure catalyst reusability.
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Overall, mineral acids, such as H2SO4 and HF, have been
impregnated onto support materials in order to improve the
acidic strength, activity and stability of the resulting solid acid
catalysts in heterogeneous acid-catalyzed reaction.6,7 However,
most synthesized solid catalysts reported are costly and
require a tedious preparation process.2,8 Although H2SO4

impregnated carbon-based catalysts have been proved to be
effective in the esterication of FFA,9,10 utilization of H2SO4 as
sulfonating agent for sulfonated catalyst preparation could
result in corrosion if high pressure withstanding reactor is not
used and requires special precautionary measures.11,12 There-
fore, there is the need to search for alternative sulfonating
agents that are less corrosive, have low vapor pressure and
have better catalytic performance. In this regard, para-toluene
sulfonic acid (p-TSA) has been considered as a sulfonating
agent with those qualities mentioned above.13 It is an aromatic
ring connected to a long alkyl chain which endows it with an
amphiphilic nature.2

Most sulfonated carbon-based catalysts have been synthe-
sized via p-TSA treatment. Zhang et al.14 synthesized a novel
sulfonated carbon-based material from p-TSA and glucose and
applied it as a solid acid catalyst for esterication of FFA. Also,
biodiesel was produced from high acid value Jatropha oil using
solid acid catalyst obtained from impregnation of p-TSA on
lignin15. Furthermore, Russo et al.16 utilized a –SO3H function-
alized carbon-silica composite derived via p-TSA treatment fol-
lowed by H2SO4 sulfonation for biomass conversion and
concluded that the p-TSA was able to prevent the damaging
corrosion. Dechakhumwat et al.2 utilized corncob residue to
synthesize heterogeneous acid catalyst using p-TSA as
RSC Adv., 2022, 12, 10237–10248 | 10237
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View Article Online
a sulfonating agent for esterication of oleic with methanol to
produce biodiesel.

The preparation of sulfonated carbon-based catalysts from
biomass or waste could reduce the biodiesel production cost,
guarantee process sustainability and serve as a mitigation
measure for waste management. Some of the biomass or waste
materials that have been used as sulfonated catalyst supports
include corncob,2 coffee residue,1 palm kernel shells,12 sweet
potato peel,17 rice husk,18,19 waste orange peel,20 coconut meal
residue,21 hyacinth leaves,22 Cacao shell,23 lignin,15 Willow
catkins,24 cotton stalk,25 tomato peel waste,26 hazelnut shells,27

hura crepitans seed pod,28 waste pomelo peel,29 sugarcane
bagasse30 and so on. Most of these materials are carbonaceous
materials and could serve as sources of biochar.

Biochar is a carbon-rich material derived via pyrolysis or
degasication of organic material at high temperature (usually
300–650 �C) under little or no oxygen in order to avoid
combustion.12,31 Research has shown that biochar, as catalyst
support, is effective for developing solid acid catalysts due to its
good textural properties, better thermal stability and numerous
functional groups.32 However, by comparing the commercial
activated carbon with the biochar, there is the need to improve
the surface properties of the latter. Synthesis of activated or
modied biochar via chemical activation using zinc chloride as
activating agent can result in modied biochar with high
surface area, abundant surface functional groups, porous
structure and high adsorption capacity.32,33 Ngaosuwan et al.1

had used ZnCl2-modied biochar obtained from the coffee
residue as a support for the sulfonated carbon-based catalyst for
esterication reaction. As a result, it is worthwhile to investigate
and modify other biomass materials as catalyst sources for the
esterication reaction. Eucalyptus trees grow quickly and are
widely available in most parts of the world, producing large
quantities of bark that is discarded as waste.34 Furthermore,
eucalyptus tree shed bark, which contains a higher percentage
of organic matter than other plant-based biomasses, is abun-
dant and can be used as a starting material for biochar
production.35 However, there is a dearth of information on the
synthesis of sulfonated biochar catalyst from eucalyptus tree
bark for esterication of fatty acid with methanol to produce
FAME (biodiesel).

Thus, this study was aimed to investigate the potentiality of
utilizing eucalyptus tree bark as a source of sulfonated biochar-
based catalyst for the esterication of oleic acid. The impact of
p-TSA (sulfonating agent) loading on eucalyptus bark derived-
biochar was investigated. Moreover, the impact of esterica-
tion process conditions on FAME yield and the recyclability of
the spent catalyst were studied in detail.

2. Materials and methods
2.1. Materials

Eucalyptus tree shed barks (ETB) were picked from a dry waste
bin at CSIR-Indian Institute of Petroleum, Dehradun, India. p-
Toluene sulfonic acid monohydrate (CH3C6H4SO3H, $98.0%,
Merck), oleic acid (C18H34O2, 65–88%, Merck), methanol
(CH3OH, 99.8%), n-hexane (99%), methyl heptadecanoate
10238 | RSC Adv., 2022, 12, 10237–10248
(99.5%), zinc chloride (ZnCl2, 98%) and hydrochloric acid (HCl,
36%) were all purchased from Sigma-Aldrich Chemical Indus-
tries, India.

2.2. Preparation of sulfonated biochar catalyst

The sulfonated ETB biochar catalyst was synthesized via a three-
step (pyrolysis–activation–sulfonation) process as follows:

2.2.1. Preparation of activated biochar. Firstly, the
collected ETB was thoroughly washed with clean water to get rid
of sand, dried at 80 �C for 6 h in an oven and then ground into
powder using mortar and pestle. Aer that, the ETB powder was
sieved through a 0.3 mm sieve mesh. In order to produce bio-
char (BC), 50 g of ETB powder was pyrolyzed in a furnace under
no oxygen condition at 600 �C and 5 �Cmin�1 (ramping rate) for
1.5 h. The pyrolyzed material (biochar) was le to cool and kept
in a glass container. In order to activate the BC sample, 30 g of
eucalyptus biochar was suspended in 200 mL of 3 M ZnCl2
solution, stirred on a magnetic stirrer (at 60 �C for 5 h) and then
ltered. The BC residue was thereaer washed several times
with deionized water until solution pH attained neutral. Finally,
the washed BC sample was dried at 110 �C overnight in an oven
and the resulting dark ne powder would henceforth refer to as
activated biochar (ABC).

2.2.2. Synthesis of sulfonated biochar catalysts.Herein, the
sulfonated biochar catalysts were synthesized via the impreg-
nation method. A xed quantity of the ABC sample of 2 g was
suspended in 50 mL of distilled water, and different amounts of
p-toluene sulfonic acid (p-TSA) monohydrate (2, 4, 6 and 8 g)
were gently added and stirred on a magnetic stirrer for 5 h at
60 �C. The resulting homogenized solution was then dried at
100 �C for 24 h in an oven. The dried sulfonated biochar cata-
lysts were denoted as p-TSAm/ABC, where m stands for the mass
ratio of p-TSA to activated biochar, e.g., p-TSA2/ABC indicated
that 4 g of p-TSA was impregnated on 2 g of activated biochar.

2.3. Analysis of sulfonated biochar catalysts

The phases and crystallographic structure, surface functional
groups, surface morphology and elemental composition,
textural characteristics (specic surface area and pore geom-
etry) and thermal stability of the synthesized p-TSA/ABC cata-
lysts were examined by using a powder X-ray diffractometer (D8
Advance, Bruker AXS Gmbh, Germany) with Cuka (l¼ 1.5406 Å)
radiation at a scan rate of 0.02� min�1, Fourier transform
infrared spectrometer (Perkin Elmer-Spectrum TWO, spectra
range: 4000 to 400 cm�1), Micromeritics analyzer (ASAP 2010,
USA), eld emission-scanning electron microscope (FE-SEM,
Quanta 200F, Eindhoven, Netherland) and TGA/DTG instru-
ment (Shimadzu DTG60, Japan; the condition for analysis: N2

carrier ow rate ¼ 100 mL min�1, heating rate ¼ 15 �C min�1

and temperature range ¼ 30–900 �C), respectively. Moreover,
the acid densities of the synthesized sulfonated biochar cata-
lysts were determined using ion-exchange titration procedures
reported by Nda-Umar et al.12 For each measurement, 0.05 g of
the as-synthesized p-TSA/ABC catalyst was suspended in 20 mL
of 2 M NaCl solution and stirred for 1 h on a magnetic stirrer.
Aer that, the suspension was ltered, and the ltrate obtained
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
was titrated against 0.05 M NaOH in the presence of phenol-
phthalein as an indicator. The acid density (acidity), expressed
as mmol NaOH per g cat, was calculated using eqn (1).

Ad ¼ VNaOH � CNaOH

Mc

(1)

where Ad ¼ acidity (mmol NaOH per g cat), VNaOH ¼ volume of
NaOH consumed and Mc ¼ mass of catalyst used.
2.4. Activity test

2.4.1. Esterication of oleic acid. Conversion of oleic acid
(OA) to FAME via esterication withmethanol in the presence of
synthesized p-TSA/ABC catalyst was carried out in a 100 mL
round bottom ask attached with a reux condenser and
a magnetic stirrer. All through the experiments, the ask was
immersed in a silicon oil bath to regulate the temperature. For
each experiment, a prepared solid acid catalyst (of certain mass)
was suspended in methanol, mixed for 10 min, and 10 g of OA
was added to the mixture. Thereaer, the reactants and catalyst
were heated to the desired reaction temperature and contin-
uous stirring started immediately. In order to avoid mass
transfer limitation, the stirring rate was xed at 500 rpm.
Various esterication process parameters, such as temperature
(50–80 �C), time (1–5 h), methanol/OA molar ratio (4 : 1–12 : 1)
and catalyst loading (1–5 wt%), were evaluated. Aer the reac-
tion was completed, the product mixture was centrifuged at
7500 rpm for 10 min and the spent catalyst was removed. The
centrifuged liquid was then evaporated by rotary evaporator at
80 �C to remove unreacted methanol and water.
Fig. 1 Schematic representation of the process including catalyst prepa

© 2022 The Author(s). Published by the Royal Society of Chemistry
2.4.2. Analysis of esteried product. The FAME content in
the evaporated product was analyzed by gas chromatography
(Agilent GC, 7890A, USA) coupled with ame ionization detector
(GC-FID) and capillary column (J &WDH-5HT; dimension: 15m
� 0.32 mm � 0.1 mL) with helium as a carrier gas. For each
analysis, 10 mL of the esteried product was dissolved in 200 mL
of internal standard (methyl heptadecanoate) and 1 mL of the
mixture was thereaer injected into the analyzer for analysis to
commence. The oven's initial operating temperature was 60 �C,
which was gradually increased to 180 �C at a rate of 15 �Cmin�1.
The temperature was then raised to 230 �C at a rate of
7 �C min�1 and held for zero min. Finally, the temperature was
set to 350 �C for 10 min at a rate of 30 �Cmin�1. The FAME yield
(Y) was calculated as follows:

Y ¼ ðP​
AÞ � AI

AI

� CI � VI

m
� 100% (2)

where
P

A indicates overall FAME area from C14 to C22, AI is the
peak area associated with the internal standard, VI and CI are
the volume and concentration of internal standard, respec-
tively, and m is the sample weight. Fig. 1 shows the schematic
diagram of the process, which includes sulfonated catalyst
preparation and characterization, esterication reaction, cata-
lyst reusability, FAME separation and purication.

2.4.3. Catalyst reusability and stability study. In further-
ance of our desire to ascertain the recycling performance of the
p-TSA/ABC catalyst, we investigated the catalyst stability during
reuse. Aer each experiment, the spent catalyst was collected,
washed with n-hexane to remove the adsorbed stains and then
dried at 100 �C overnight in an oven. Subsequently, the regen-
erated catalyst was used for another esterication reaction
ration, esterification reaction, catalyst reusability and FAME separation.

RSC Adv., 2022, 12, 10237–10248 | 10239
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under the same experimental conditions. For the leaching test,
the sulfonated catalyst was mixed with methanol at 60 �C for
2 h. The methanol was recovered by ltration through a sepa-
rating funnel and employed for esterication of OA at 65 �C for
2 h and amethanol extract to OAmolar ratio of 10 : 1. Moreover,
a control experiment in the absence of catalyst was carried out
with pure methanol and OA under the same reaction
conditions.
3. Results and discussion
3.1. As-synthesized catalyst characterization

In order to gain insight into the properties of the as-synthesized
sulfonated biochar catalysts derived from eucalyptus tree bark,
FTIR, SEM, EDX, TGA, XRD, N2 adsorption–desorption
isotherm and acidity analyses were carried out and discussed as
follows:

3.1.1. FTIR analysis results. The FTIR spectra of the ABC
and the p-TSA/ABC catalysts at different impregnation ratios are
depicted in Fig. 2. The main peaks in the ABC sample occurred
at 3539 cm�1, 1629 cm�1, 1144 cm�1 and 618 cm�1 were
attributed to the O–H stretching, NH2 deformation, C–N
stretching and C–O–H twisting, respectively.36 However,
a change in FTIR pattern was observed aer impregnating p-TSA
on activated biochar, with some of the peaks earlier observed on
the support material disappeared or shied. As shown in Fig. 2,
all the sulfonated catalysts exhibited a similar FTIR pattern with
Fig. 2 FTIR spectra of (a) ABC and (b–e) sulfonated p-TSA/ABC
catalysts at different impregnation ratios of p-TSA to ABC: (b) 1 : 1, (c)
2 : 1, (d) 3 : 1 and (e) 4 : 1.

10240 | RSC Adv., 2022, 12, 10237–10248
numerous peaks, which signied the complexity of the cata-
lysts. The typical absorption bands observed on the spectra of
the p-TSA/ABC catalysts were N–H stretching vibration at
3457 cm�1, C]O deformation of –COOH at 1648 cm�1, CH2

deformation at 1498 cm�1, S]O vibration reduction (sulfonic
acid bond) at 1356 cm�1, C]S asymmetric stretching at
1209 cm�1 and another S]O vibration reduction at 1042 cm�1.
It is worthy of mention that appearance of C]S in the spectra
suggested that sulfonic (–SO3H) groups were successfully
inserted into the framework in the form of C–SO3H.2 These FTIR
data obtained were in agreement with the results reported for
sulfonated carbon catalyst derived from corncob,2 coffee
residue1 and palm kernel shells.12 By comparing the FTIR
spectra of ABC and the sulfonated biochar catalysts, it could be
concluded that SO3H groups from the sulfonating agent were
present on the catalyst surface, indicating that acid sites were
the active centers during the esterication reaction. This is
corroborated by the SEM, EDX and XRD analyses.

3.1.2. SEM analysis. Fig. 3 reveals the surface morphologies
of ABC and p-TSA/ABC catalysts at different impregnation
ratios. As evident in Fig. 3a, ABC exhibited a sponge-like,
irregular and rough surface morphological structure. Besides,
there were numerous pores on its surface. As shown in Fig. 3b–
e, however, the pores were blocked due to the impregnation of
sulfonating agent on the support material (ABC). It was noticed
that the number of pores on the ABC surface reduced as the
impregnation ratio increased, indicating that the catalyst
surface converged by the SO3H group from the sulfonating
agent. Nevertheless, even upon the sulfonation, the reactants
could easily diffuse through the available pores of the
sulfonated catalysts and most of the acidic sites were active
during the esterication reaction.29

3.1.3. EDX analysis. As evident in Table 1, the ABC con-
tained mainly of C followed by O with traces of Zn and Cl due to
activating agent (ZnCl2) used for biochar modication, while
the p-TSA/ABC catalysts had C, O, Si, S, Cl and Zn except for p-
TSA4/ABC catalyst without the Cl. It was noticed that the sulfur
content increased as loading of p-TSA (sulfonating agent)
increased, thus conrming successful impregnation of sulfonic
acid on the support material (ABC). This result corresponded to
the study reported by Zhao et al.29 for biochar-based catalyst
from waste pomelo peel. It is important to mention that traces
of Si found in p-TSA3/ABC and p-TSA4/ABC could be attributed
to presence of impurities in sulfonating agent similar to results
reported by Dechakhumwat et al. (2019).

3.1.4. TGA analysis. The thermal decomposition trends of
the ETB powder, ABC and p-TSA3/ABC are shown in Fig. 4. As
seen in Fig. 4a, the ETB exhibited three decomposition stages,
with the rst weight loss occurred between 30 and 216 �C, which
could be due to the water removal. A signicant weight loss was
noticed in the second stage over the temperature range of
216 �C to 390 �C, which signied simultaneous depolymeriza-
tion of hemicellulose and degradation of cellulose, usually in
the form of gases (NH3, CO2 and H2O).37,38 Furthermore, TGA
curve of ETB was almost constant above 450 �C, which
demonstrated the end of the decomposition process. However,
it was observed that the decomposition trend of ABC differed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TGA results for (a) ETB, (b) ABC and (c) p-TSA3/ABC catalyst.

Fig. 3 SEM images of (a) ABC and (b–e) sulfonated p-TSA/ABC
catalysts at different impregnation ratios of p-TSA to ABC: (b) 1 : 1, (c)
2 : 1, (d) 3 : 1 and (e) 4 : 1.

Table 1 EDX analysis for ABC and p-TSA/ABC catalysts

Element

Material (wt%)

ABC p-TSA1/ABC p-TSA2/ABC p-TSA3/ABC p-TSA4/ABC

C 70.58 42.05 54.01 66.88 64.15
O 27.97 34.20 23.43 20.83 28.98
Cl 0.23 5.14 8.87 1.63 —
Zn 1.23 11.55 8.99 3.44 1.52
Si — — — 0.22 0.09
S — 5.37 6.08 7.02 7.27
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from that of ETB probably due to pyrolysis and activation
effects. The ABC exhibited two stages of weight loss (Fig. 4b),
while p-TSA3/ABC catalyst displayed three major decomposition
stages, as seen in Fig. 4c. The rst stage of decomposition of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
catalyst occurred between 30 and 405 �C, which was ascribed to
the simultaneous evaporation of water molecules and degra-
dation of sulfonic acid (–SO3H) groups.12,21,39 Since degradation
of lignin takes place at 200–500 �C,40,41 the second stage weight
loss curve (Fig. 4c), which occurred from 405 to 606 �C, sug-
gested that sulfonation resulted in complete decomposition of
lignin as well as complete removal of hemicellulose and cellu-
lose. The TGA data obtained herein was in agreement with the
work reported by Dechakhumwat et al.2 However, the last stage
of mass loss by the p-TSA3/ABC took place above 600 �C, indi-
cating that the sulfonated catalyst was thermally stable due to
carbon moiety,12,42 as corroborated by the FTIR (Fig. 2) and EDX
results (Table 1).

3.1.5. XRD analysis. Fig. 5 depicts the XRD patterns of ETB
biochar, ABC and p-TSA3/ABC catalyst. As seen in the result, the
biochar displayed a broad hump peak observed over 2q angles
ranging between the 10–30�, which resulted from the presence
of amorphous carbon structure, which was consistent with the
(002) plane of the carbon.2,29 Also, a diffraction peak observed at
2q ¼ 35–50�, broad although depressed and diffused, indicated
that the intragraphitic layers were not fully developed.43

However, the activated biochar sample (Fig. 5b) exhibited some
peaks that were attributed to the presence of ZnO phases (34.5�,
36.7� and 56.8�), suggesting the traces of activating agent
(ZnCl2) in the studied sample. This observation was in line with
RSC Adv., 2022, 12, 10237–10248 | 10241
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Fig. 5 XRD pattern of (a) ETB biochar (b) ABC and (c) p-TSA3/BC
catalyst.

Fig. 6 N2 adsorption–desorption isotherms of ABC and p-TSA3/ABC
catalyst.

Fig. 7 FAME yield and acid density against various catalysts used
(Catalyst loading ¼ 1.5 wt%, methanol/OA molar ratio ¼ 12 : 1,

�

Table 2 Textural characteristics of activated biochar and sulfonated
biochar catalyst

Parameter

Sample

ABC
p-TSA3/ABC
catalyst

BET surface area (m2 g�1) 217 31
Total pore volume (cm3 g�1) 0.21 0.24
Average pore diameter (nm) 49.9 24.6
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results reported by Ngaosuwan et al.,1 who modied coffee
residue biochar with ZnCl2, whereby ZnO phases were detected
in the diffractogram of the activated carbon.

Meanwhile, there was visible change in the XRD pattern aer
sulfonation of activated biochar as seen in Fig. 5c. By comparing
the diffractograms of ETB biochar and synthesized sulfonated
biochar catalyst, there was reappearance of peak (at around 2q
¼ 26.7�), corresponding to the (002) plane of amorphous
carbon. It is worthy of note that the presence of amorphous
carbon in the sulfonated eucalyptus bark biochar catalyst
agreed reasonably well with the XRD data reported on
sulfonated carbon catalysts obtained from glucose,14 corncob,2

waste pomelo peel29 and pam kernel shell.12 Besides, the results
were corroborated by the TGA and EDX analyses.

3.1.6. Textural characteristics analysis. Fig. 6 shows the N2

sorption isotherms of ABC and p-TSA3/ABC. It was clear that the
sulfonated eucalyptus biochar catalyst manifested a feature
corresponding to the mesoporous material (stage IV isotherm).
In addition, the synthesized catalyst exhibited a hysteresis loop
corresponding to H3, which suggested that it was aggregates of
plate-like particles forming slit-like pores.44 However, the acti-
vated biochar exhibited type II isotherm, which was a feature of
macroporous material. As seen in Table 2, the specic surface
area of the ABC sample exceeded that of the sulfonated catalyst,
in conformity with the less porous structure observed in the
results of SEM analysis. The sulfonation resulted in partial
blockage of some pores by the sulfonating agent (p-TSA)
impregnated on the ABC (support material). Nevertheless, going
by the preliminary results (see Fig. 7), the partial blockage of the
p-TSA3/ABC catalyst had nothing to do with the catalyst
performance, as also reported by Zhao et al.29
10242 | RSC Adv., 2022, 12, 10237–10248
3.2. Inuence of sulfonating agent loading on activated
biochar

The synthesized catalyst samples (ABC, p-TSA1/ABC, p-TSA2/
ABC, p-TSA3/ABC and p-TSA4/ABC denoted by the letters A to E,
respectively) were tested in order to gain insight into their
temperature ¼ 60 C and reaction time ¼ 3 h).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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catalytic performance in the esterication process, and the
results are depicted in Fig. 7. As seen in the result, the activated
biochar appeared to be ineffective for esterication of OA due to
the insufficient acidic site on its surface, thereby inhibiting the
reaction from moving towards equilibrium. However, aer
impregnation of sulfonic acid on ABC, a signicant increase in
FAME yield was recorded with an increase in the amount of
sulfonating agent used for impregnation. The trend displayed
in Fig. 7 revealed an increase in the yield of FAME from 30.11 �
0.71% to 92.33 � 2.01%, with a corresponding increase in the
impregnation ratio from 1 : 1 to 3 : 1, respectively. There was
a decrease in FAME yield when the impregnation ratio
increased to 4 : 1. The presumed reason for this observation was
that p-TSA was well dispersed on the ABC surface at low
concentration of the sulfonating agent, but at higher concen-
tration of p-TSA the sulfonic acid molecules deposited on the
support material surface and blocked the active sites.1,13 These
results indicated that p-TSA3/ABC is the best among the
synthesized sulfonated catalysts. The astounding performance
of the catalyst could be attributed to the impregnation effect,
which resulted in the even distribution of SO3H (sulfonic acid
group) on the ABC surface that improved the acidity of the
sulfonated catalyst, thus enhancing its catalytic performance.

Also, Fig. 7 showed that the acid density of the synthesized
sulfonated catalyst increased as the concentration of the
sulfonating agent increased. The values of acid density obtained
from acid–base titration ranged from 0.06–0.65 mmol g�1 with
Fig. 8 (a) Esterification reaction using p-TSA3/ABC catalyst at different ca
ratio ¼ 8 : 1 and temperature ¼ 65 �C, (b) yield of FAME at different meth
and catalyst loading ¼ 4.0 wt%, (c) influence of reaction time on FAME y
methanol/OAmolar ratio¼ 10 : 1 (d) FAME yield at various temperatures,
ratio ¼ 10 : 1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
p-TSA4/ABC catalyst exhibited the highest acidity. As expected,
a further increase in the impregnation ratio would enhance
total acidity but did not guarantee high FAME yield because the
porosity of the catalyst played a pivotal role in FAME conver-
sion.45 This result was similar to the work reported by Decha-
khumwat et al.2
3.3. Inuence of esterication process conditions on FAME
yield

Fig. 8a shows the inuence of catalyst loading on the esteri-
cation of oleic acid using p-TSA3/ABC catalyst. The catalyst
amount was varied from 1 to 5 wt%. From the result, it was
observed that the FAME yield increased with the amount of
catalyst up to 4.0 wt% and thereaer decreased as the catalyst
dosage increased to 5.0 wt%. The reason for this observation
was that high catalyst concentration raised the viscosity of the
reaction mixture, which inhibited the diffusion of reactant
molecules to the catalyst active centers, thereby leading to
saturation and mass transfer limitation during the reaction
process.46 This result indicated that increasing the catalyst
dosage does not guarantee FAME yield increase but increases
the overall biodiesel production cost. Since 4.0 wt% catalyst
loading gave the maximum FAME yield, it was selected as the
optimum value and used for the subsequent esterication
studies.
talyst loadings and FAME yield at fixed time ¼ 3 h, methanol/OA molar
anol/OA molar ratios at fixed reaction time ¼ 3 h, temperature ¼ 65 �C
ield at constant temperature ¼ 65 �C, catalyst loading ¼ 4.0 wt% and
reaction time¼ 2 h, catalyst loading¼ 4.0 wt% andmethanol/OAmolar
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Fig. 9 Reusability study of p-TSA3/ABC catalyst under optimum
reaction conditions (catalyst loading ¼ 4.0 wt%, temperature ¼ 65 �C,
reaction time ¼ 2 h and methanol/OA molar ratio ¼ 10 : 1).

Fig. 10 SEM images of (a) fresh and (b) spent p-TSA3/ABC catalysts.
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The effect of alcohol to OA molar ratio on FAME yield was also
investigated, and the result is shown in Fig. 8b. As seen from the
result, themaximumFAME yield was obtained whenmethanol/OA
molar ratio of 10 : 1 was used because the volume of methanol
used was enough to shi the esterication process forward to
attain high FAME yield. However, there was a slight decrease in
FAME yield when the molar ratio of methanol to OA was 12 : 1
because a large volume of methanol inhibited the separation of
methyl esters and water phases, thus decreasing the yield of the
nal product.29,47 Therefore, the optimum methanol/OA molar
ratio of 10 : 1 was selected and employed for further investigations.

As seen in Fig. 8c, the FAME yield increased from 82.9% to
93.18% when reaction time increased from 1 to 3 h. However, as
the reaction duration exceeded 3 h, no increase in FAME yield
was noticed. Since the esterication process was a reversible
reaction, increasing the reaction duration could drive the
reaction backward and deactivate the catalyst, which reduced
the FAME yield.29 In spite of the fact that maximum FAME yield
was obtained at 3 h, the reaction time of 2 h was selected as
optimum value because only a little increase in the FAME yield
(0.26%) was noticed with a 1 h difference in duration. It is
economical and facile to carry out the reaction process at a low
reaction time as less energy would be required.46

In order to investigate the inuence of reaction temperature
on FAME yield, the esterication experiments were carried out
with temperature varying from 50 to 80 �C while keeping other
variables constant. As seen in Fig. 8d, FAME yield increased with
increasing temperature up to 65 �C and then decreased as the
temperature rose above the optimum value. This observation was
due tomethanol vaporizing as the reaction temperature exceeded
its boiling point (around 65 �C), resulting in low biodiesel yield.
Thus, 65 �C was chosen as the optimum temperature.

3.4. Reusability study of p-TSA3/ABC catalyst

Herein, the stability of the p-TSA3/ABC catalyst was studied by
subjecting the spent catalyst to successive reaction runs under
the established optimum operational parameters. As shown in
Fig. 9, the yield of FAME gradually decreased from 80.32% to
35.78% due to a signicant reduction in the number of active
sites caused by catalyst surface poisoning by FFA molecules,
which reduced the FAME yield.1,46,48 Leaching analysis conducted
under optimum conditions revealed that 11.45% of OA was
converted when the usedmethanol reacted with the organic acid.
On the other hand, esterication of OAwith puremethanol in the
absence of catalyst resulted in a low OA conversion (1.08%).
These ndings indicated that leaching of the P-TSA3/ABC catalyst
occurred. The reduction in the FAME yield for several runs during
esterication reaction was attributed to the catalyst leaching. The
observed trend agreed with the results reported by Fraile et al.49

who concluded that the sulfonated carbon catalyst with high
SO3H acid site density leached due to the weak interaction
between poly-aromatic hydrocarbon structure and SO3H species.

3.5. Characterization of spent p-TSA3/ABC catalyst

The microstructure analysis of the reused p-TSA3/ABC catalyst
had been carried out aer ve successive runs, and the SEM
10244 | RSC Adv., 2022, 12, 10237–10248
results are shown in Fig. 10. By comparing the SEM micro-
graphs of the fresh and spent p-TSA3/ABC catalysts, it appeared
that there was a change in the morphological structure of the
fresh catalyst aer it was reused as the spent catalyst displayed
(Fig. 10b) an irregular structure with agglomerated particle,
attributed to the blockage of some pores by high molecular
weight fatty acid which reduced the number of the catalyst
active sites. This suggested the reason why the FAME yield
reduced as the reusability cycle increased. This was in good
agreement with the functional groups observed in the FTIR
spectra of the recovered catalysts aer the rst and last (h)
cycles (see Fig. 11).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 FTIR spectra of (a) fresh p-TSA3/ABC (b) reused p-TSA3/ABC
for the first time and (c) reused p-TSA3/ABC for the last time.

Table 3 EDX analysis for fresh p-TSA3/ABC and spent p-TSA3/ABC
used for last cycle

Element

Material (wt%)

Fresh p-TSA3/ABC Spent p-TSA3/ABC

C 66.88 40.62
O 20.83 44.00
Cl 1.63 —
Zn 3.44 6.18
Si 0.22 —
S 7.02 2.12

Table 4 Comparison of the catalytic activity of various biomass derived

Catalyst Support source Feedstock

TsOH/biochar Corncob Oleic acid
H2SO4/biochar Corncob Oleic acid
SCAC Coffee residue Caprylic acid
H2SO4/rice husk char Rice husk Oleic acid
H2SO4/Magnetic biochar Palm empty fruit bunches Oleic acid
H2SO4/Coconut shell biochar Coconut shell Palm fatty aci
H2SO4/biochar Murumuru kernel shell Oleic acid
p-TSA3/ABC ETSB Oleic acid

a C ¼ catalyst loading, t ¼ time, T ¼ temperature, M ¼ methanol/OA
toluenesulfonic acid.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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As seen in the FTIR result (Fig. 11), the peak associated with
C]O (ester) stretching at 1730 cm�1 was observed on the
spectra of the reused catalysts. Also, it appeared that the
intensity of the peak at 2992 cm�1 (C–H stretching vibration of
methyl group) increased aer rst and last time reuse, which
conrmed the poisoning of catalyst surface sites by methyl
esters.50 Furthermore, the intensity of those peaks (1200 cm�1

and 1040 cm�1) that were associated with the SO3H functional
group decreased as seen on the spectrum of the spent catalyst
used for the last cycle, which might be attributed to the loss of
acidic sites, as conrmed by EDX results (Table 3) which
showed that, the spent p-TSA3/ABC catalyst contained lower
sulfur composition compared to the fresh catalyst, thus sug-
gesting the leaching of catalyst active ingredient. Also, the
increase in oxygen content of the spent catalyst aer regenera-
tion suggested that its treatment with hexane favoured the
formation of oxygenated groups as corroborated by the FTIR
results. This result complied with the ndings reported by Zhao
et al.,29 who produced biodiesel from high free fatty acid feed-
stock using biochar-based acid catalyst from waste pomelo peel.
3.6. Comparison of the p-TSA3/ABC with previously reported
catalysts

Table 4 compares catalytic performance between the p-TSA3/
ABC and previously reported biomass-derived solid acid cata-
lysts in the esterication reaction. As seen in the listed data, it
was evident that the prepared p-TSA3/ABC catalyst exhibited
excellent catalytic activity compared to other biomass-based
catalysts, suggesting that the eucalyptus-derived solid acid
catalyst was effective in converting oleic acid to biodiesel via
esterication reaction and was a potential candidate for
industrial use.
3.7. Physicochemical characteristics of biodiesel obtained
from oleic acid

Any fuel/biofuel whose properties meet the EN 14214 and ASTM
D6757 standards can power a diesel engine. The properties of
the biodiesel sample produced through the esterication of
oleic acid over p-TSA3/ABC catalyst are contained in Table 5. As
-carbon catalysts in esterification reactiona

Experimental reaction
parameters

FAME yield
(%) ReferenceC (wt%) t (h) T (�C) M

69.0 8.0 60 15 : 1 >80 2
69.0 8.0 60 >80 2
5.0 4.0 60 3 : 1 71.5 1
5.0 2.0 110 4 : 1 98.7 18
5.0 1.5 150 8 : 1 97.6 51

d distillate 7.0 4.0 60 12 : 1 82.9 52
5.0 1.5 90 10 : 1 97.2 53
4.0 2 65 10 : 1 97.05 � 0.28 This study

molar ratio, SCAC ¼ sulfonated activated carbon catalyst, TsOH ¼ p-
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Table 5 Physicochemical and fuel properties of biodiesel obtained from esterification of oleic acid using p-TSA3/ABC catalyst

Property
Oleic acid based
biodiesel ASTM specication ASTM test

Density (g cm�3) 0.8863 — D4052
Kinematic viscosity (mm2 s�1)@40 �C 4.82 1.9–6.0 D445
Acid value (mg KOH g�1) 1.32 #0.8 —
Flash point (�C) 158 $130 D-93
Pour point (�C) �3 �15 to 10 —
Cloud point (�C) +7 �3 to 12 D2500
Specic gravity@20 �C 0.8869 0.86–0.90 D4052
API gravity, API 31.0 — —

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

4.
07

.2
02

5 
02

:3
8:

51
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
shown in the list, all the fuel characteristics of the synthesized
biodiesel were found to be in agreement with the ASTM values
except acid value that exceeded the limit.

4. Conclusions

Synthesized sulfonated biochar catalyst derived from euca-
lyptus tree bark exhibited amorphous carbon structure with
high acidity and numerous functional groups. The maximum
(Fig. 1) FAME yield (>96%) was obtained over the p-TSA3/ABC
catalyst, where the dominance of the SO3H acid site was
perceived. At 65 �C for 2 h with 10 : 1 methanol/OA molar ratio
and 4.0 wt% catalyst loading, a maximum FAME content of
97.05 � 0.28% was obtained. Additionally, the reusability study
showed that the solid acid catalyst was relatively stable when
subjected to successive runs. Thus eucalyptus tree bark could be
a starting material for a solid acid catalyst for biodiesel
production.
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