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Two magnetic carbonaceous solid acid catalysts, commercial lignin-SO;H@Fe3;O4 and EFB
lignin-SOsH@Fe304, were prepared from commercial lignin and oil palm empty fruit bunch
(EFB)-derived lignin, respectively, by simply hydrothermal carbonisation, calcination and
sulfuric acid sulfonation steps. The catalysts exhibited high acid density (up to 2.40 mmol/g,
including 2.21 mmol -SOsH/g) and good performance in the esterification of oleic acid with
methanol. High esterification rates of §2.6% and 95.6% were achieved at 60 °C within 2 h
over EFB lignin-SO3sH@Fe304 and commercial lignin-SOsH@Fe304, respectively, while the
catalysts could be reused for at least five times. The catalyst preparation and esterification
parameters were optimised by single-factor and Box-Behnken methodologies, respectively. The
deacidification of Calophyllum inophyllum oil over EFB lignin-SOsH@Fe3;04 was examined.
The results of this study demonstrated the feasibility of utilising biomass-derived lignin for the
production of magnetic solid acid, which can be used as a green, effective, and practical
heterogeneous catalyst in biodiesel production.
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In recent years, global warming has intensified,
largely due to the continued consumption of fossil
fuels, underscoring the importance of developing
potentially alternative and renewable energy resources
such as green biodiesel [1]. Biodiesel consists of
several medium- or long-chain fatty acid alkyl esters
(C12-C18). Its advantages include being non-toxic,
having a low sulphur content, high lubricity level,
renewable and environmentally benign, and an
excellent alternative to liquid fossil fuels [2]. For
economics and sustainability, biodiesel is mainly
produced from waste or non-edible oils [3, 4] through
base-catalysed transesterification. In contrast, non-
edible Calophyllum inophyllum (CI) is believed to be
a potential source for industrial biodiesel production
because of its high survival potency in nature (up to
50 years) and high oil yield when compared to the
well-known Jatropha. The oil extracted from the seeds
of Calophyllum inophyllum (CI oil) has the advantages
of high heating value and moderately high flash point
[5]. However, CI oil contains high free fatty acids
(FFAs) with high acid values of 41-60 mg KOH/g,
requiring an additional acid-catalysed pre-esterification
step before the transesterification reaction [6, 7].

Considering abundant sources and renewable
character, lignocellulosic biomass, especially industrial
waste lignin, is widely used as one raw material to
produce various effective carbonaceous solid acid
catalysts [8]. Compared to sugar-based biochar,
lignin-based char possibly provided a higher degree
of SOsH functionalisation after sulfonation with H>SO4
due to lignin's highly aromatised framework structure
[9, 10]. For instance, Pua et al. prepared a novel solid
acid catalyst by chemical activation of Kraft lignin
with phosphoric acid, pyrolytic carbonisation and
sulfonation with sulfuric acid [11]. The prepared
catalyst showed an acidity of 1.30 mmol/g (from
NaOH titration) and produced a high esterification
yield of 96.1% under conditions of 80°C, 5 h and
methanol/oleic acid molar ratio of 12. The catalyst
was reused for three cycles, with catalyst activity
decreased by only 2.6%. Dechakhumwat et al. used
corncob-derived lignin residue to produce H2SO4
and TsOH sulfonated materials, which also showed
considerable activity in the esterification reaction of
oleic acid with methanol [12].

Another advantage of using lignin in preparing
carbonaceous catalysts is the stable supply of lignin
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residue in the paper and pulping industry, which
significantly alleviates the problem of waste discharge
and thus benefits the economics and sustainability of
the industry. In Malaysia’s oil palm industry, oil palm
empty fruit bunch (EFB) is the second most abundant
biomass waste (annual output of about 18 million
tonnes in 2007) and contains a substantially higher
content of cellulosic portion (~37%) [13-15]. It is
more suitable to be used in the paper and pulping
industry. However, the rest of the EFB waste pulp,
such as black liquor, contains mainly acid-insoluble
lignin, which is massively abandoned in the
environment or combusted for energy. Only a small
portion of the industrial waste lignin is used for
commercial applications.

Recently, the intervention of magnetic metal
compounds in preparing carbonaceous catalysts has
received increasing attention [16, 17]. The iron oxide
(Fe-O) presence in the magnetic catalyst serves as
Lewis acid and promotes the catalytic activity [18].
The magnetism benefits the recovery and reuse of
the solid catalyst and reduces the requirement of
centrifugation or filtration, which is time and energy-
consuming. The enhanced magnetism of the biomass-
derived carbonaceous solid acids may also provide a
way to solve the deactivation problem of sulfonated
catalyst [19], as possibly formed metal-carbon hybrid
linkages may change the surrounding chemical micro-
environment of active -SO3H sites and reduce their
leaching in liquid media. For example, the change in
the doping ratio of magnetic Zr and Fe complex in
sulfonated carbonaceous catalysts ZrFe-SA-SO;H
and ZrFe-CMC-SOsH significantly altered the activity
lost during the reuse of the solid catalysts in oleic
acid esterification. As the molar ratio of Fe/Zr in
the solid catalysts was 0.5, the esterification activity
was decreased by about 32-34% after 5 cycles. In
comparison, it dropped to ~9% when the Fe/Zr ratio
of 1.0 was executed [20].

In this study, a novel magnetic carbonaceous
solid acid was developed using waste lignin as raw
material. It exhibited satisfactory activity and improved
stability in the esterification reaction of oleic acid and
deacidification of CI oil. Some basic physicochemical
features of the prepared catalyst were analysed using
instrumental characterisation technologies, while
the catalyst preparation and esterification parameters
were optimised by orthogonal and Box-Behnken
methodologies, respectively.

EXPERIMENTAL
Chemicals and Materials

Commercial dealkaline lignin was purchased from
Tokyo Chemical Industry, Shanghai, China. Oil palm
empty fruit bunch (EFB) fibre was collected from
Sztech Engineering Sdn. Bhd. (Shah Alam, Selangor,
Malaysia). Calophyllum inophyllum (CI) oil was
obtained from Indonesia.
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Analytical reagents FeCl3.6H,0 (>99.0%),
FeS04.7H>0 (>99.0%), ammonium hydroxide
(NH4O0H, >99.0%), H2SO4 (>98.0%), oleic acid (OA,
acid value of 199 mg KOH/g) and methanol (99.9%)
were purchased from Xilong Chemical Factory
Co., Ltd. (Shantou, Guangdong). Sodium hydroxide
(NaOH) and potassium hydroxide (KOH) were
purchased from R&M, Malaysia.

Extraction of EFB fibre-derived Soda Lignin

In this work, soda lignin was extracted from the black
liquor obtained in the alkaline pulping of EFB fibre.
The pulping experiment was conducted in a 2.5 L
rotary pulp digester (Institut Perhutanan Tropika Dan
Produk Hutan, INTROP, UPM), using 25% (w/v)
NaOH aqueous solution and a fibre/liquid ratio of 1:8
was employed. The EFB fibres were cooked at 170°C
for 3 h, and black liquor was recovered after the
reaction. The pulp was collected, washed with water
and stored at 4°C.

Lignin was precipitated from the concentrated
black liquor by neutralising 200 ml black liquor
to pH 6 using 6 M H2SO4. 95% ethanol was added
to degrade the remaining polysaccharide. The degraded
precipitates were filtered and collected in the filtrate
to evaporate the ethanol at 80 °C. The black liquor
was re-precipitated by adjusting to pH 2 using 6 M
H,SO,, filtered and washed thrice with acidified
water (pH=2). Lastly, the extracted lignin was oven-
dried at 55°C for 24 h.

The Preparation of Lignin-derived Magnetic
Catalysts

Magnetic solid acid catalysts in this work were
prepared through three simple steps: (1) hydrothermal
carbonisation of lignin with colloidal iron hydroxides,
(2) calcination and (3) sulfuric acid sulfonation. The
commercial lignin was used as a control raw material
to determine the parameters for synthesis preparation,
which will be further used to synthesise EFB lignin-
derived magnetic acid catalyst.

For a typical procedure, an aqueous solution
(50 mL) of FeCls (0.02 mol) and FeSO4 (0.01 mol)
was loaded in a 3-neck round-bottom flask and pre-
heated to 80 °C using a water bath. Then, 10 ml of 25%
ammonia solution was added under vigorous stirring,
and after addition, the mixed solution was stirred for
another 1 h. The mixture was transferred into an
autoclave lined with zirconia oxide (ZrO») equipped
with a mechanical stirrer (500 mL; FCFDO05-30,
Jianbang Chemical Mechanical Co., Ltd., Yantai,
Shandong Province, China), and 5 g of commercial
lignin was loaded into the autoclave. The autoclave
was sealed and heated at 180 °C for 16 h with a stirring
speed of 500 rpm. After the reaction, the solid product
was recovered and washed thoroughly with deionised
water and ethanol several times until the liquid
reached a neutral pH. The obtained solid was dried
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in an oven at 60 °C overnight and calcined in a tubular
furnace of 600 °C for 2 h under flushing nitrogen (200
mL/min) to form magnetic carbonaceous particles.
After the hydrothermal carbonisation and calcination
reactions (FeCl;.6H,O + FeSO4.7H>0 + NH; — FesOs4
+ NH4Cl + (NH4)2SO4 + H>0), the carbonised magnetic
particles were functionalised using concentrated
H>SO4 (98%, 50 mL). The magnetic carbonaceous
particles and concentrated H>SO4 with a 1:10 ratio
were added to a sealed glass bottle and heated using a
water bath of 80 °C for 6 h. The sulfonated samples
were washed repeatedly with hot distilled water
(80 °C) until the pH value of the liquid reached neutral,
dried in an oven at 60 °C overnight and then ground
before use.

The prepared catalysts were used in the
esterification process as a response (output) to
evaluate reaction efficiency based on the chosen
parameters.

Instrumental Characterisation of Solid Lignin
and Catalysts

The morphology and elemental compositions of
lignin samples and magnetic solid catalysts were
examined by scanning electron microscopy (SEM)
equipped with electron dispersive X-ray spectroscopy
(EDX) (JSM-6010PLUS/LV, JEOL, Japan) in
Universiti Tenaga Nasional. X-ray diffraction (XRD)
investigation was carried out using X’Pert Pro
(PANalytical, Eindhoven, Netherlands) with Cu
Ka radiation (4 = 0.154 nm) in the scanning range
(20) of 10-90°. The average crystallite size (D) of
crystalline Fe3O4 was calculated from the Debye
Scherrer formula:

D = 0.891/Bcos6 (Eq. 1)
where a characteristic diffraction angle of 26 =
10-90° was used for calculation, and £ was the line
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broadening at the half height of the maximum
intensity (FWHM). A physical adsorption analyser
(ASAP2020, Micromeritics, USA), using the N
adsorption-desorption method, determined the physical
porosity of sulfonated catalysts. The specific surface
area of the catalyst was calculated at the adsorption
branch using the Brunauer-Emmett-Teller (BET)
method. The functional groups of the catalysts were
detected by Fourier transform-infrared spectroscopy
(FT-IR; Nicolet iS10, ThermoFisher Scientific Co.,
Ltd., Waltham, USA) over the range of 4000 to 400
cm’! with a resolution of 4 cm-1, using the standard
KBr disk method to prepare the analysis sample. The
magnetisation of the catalyst was measured using a
vibrating sample magnetometer (VSM, 7400 Series,
Lake Shore Cryotronics, Inc., Westerville, USA) at the
Nanocat Lab, Universiti Malaya. The acid density of
the catalyst was measured by acid-base titration with
0.1 M NaOH as the titrant.

Catalytic Esterification of Oleic Acid

The performance of the sulfonated catalyst was
evaluated by esterifying oleic acid in a sealed
glass bottle. The conditions of a typical esterification
experiment were 10 g of oleic acid, a methanol/
oleic acid molar ratio of 10, a catalyst loading of
7%, a temperature of 60 oC and a reaction time of
2 h via magnetic stirring at 250 rpm. After the
reaction, the solid catalyst was separated by an
external magnet (neodymium—iron—boron (NdFeB)),
while the collected liquid sample was heated at
70 °C to remove unreacted methanol. Finally, the used
catalyst was washed with ethanol and oven-dried
at 80 °C for a recyclability study. The acid values
(AV) of liquid samples were determined by acid-
base titration with 0.1 M KOH, following ASTM
D664. Then, the conversion rate in esterification
reactions was calculated as the difference between
the AV of the esterified samples (AVEgp) and that
of oleic acid (AVoa).

Esterification rate (%) = (AVps — AVgp/AVp,) X 100 (Eq. 2)
Table 1. The factors and levels for optimisation of catalyst preparation.

Level
Factors Unit

1 2 3
Lignin loading g 2.5 5 7.5
Hydrothermal carbonisation duration h 8 16 24
Calcination temperature °C 400 600 800
Calcination time h 1 2 3
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Table 2. Factors and ranges for the esterification process in the Box-Behnken optimisation study.

Level
Factors Symbol
-1 0 1
Catalyst loading, wt% A 5 7 9
Methanol to OA, molar ratio B 8:1 10:1 12:1
Reaction time, min C 90 120 150
The esterification conditions of oleic acid over RESULTS AND DISCUSSION

EFB lignin-derived solid acid catalyst were optimised
using Design Expert Software (version 10.0.3). A Box
Behnken methodology was introduced with 3 factors
(catalyst loading, methanol to oil molar ratio and
duration) and 3 levels for each factor (listed in Table
2), which gave a total of 17 factorial points, with the
esterification rate set as the response. The correlation
of the response (Y) from randomised experimental
runs with varied independent factors (X; and Xj) was
fitted using a full quadratic model:

Y=Bo+ X Bixi+ XiaBixi + Xy Bux? +
X Byxi t e (Eq.3)

where, £, i and f; were the regression coefficients
for the linear, quadratic, and interactive terms,
respectively. fo and were the intercept and error,
respectively.

Deacidification of Calophyllum inophyllum Oil
via Catalytic Esterification

Catalytic esterification of degummed CI oil with
methanol over EFB lignin-derived catalyst was
conducted in a three-neck flask equipped with a reflux
condenser, using the following conditions: 60 °C, 120
min, catalyst loading of 9% and different methanol/oil
molar ratios. After the reaction, the catalyst was
removed using an external magnet. The liquid sample
was collected and evaporated at 70 °C to remove
excess methanol before product analysis. The KOH
titration method determined the AV of as-received
and esterified CI oil. The chromatography analysis
(GC) of the esterified sample was also performed to
examine the formation of methyl esters after catalytic
esterification, using 7890A (Agilent Technology,
USA) equipped with a capillary column DB-WAX
(30 m x 0.32 mm X 0.25 um) and a flame ionisation
detector (FID). The injector, column and detector
temperatures were 250, 220 and 280 °C, respectively.
The peaks of different methyl esters were identified
using GC standards.

The Optimisation of Commercial Lignin-SO;:H@
Fe304 Catalyst

The influence of four parameters (including lignin
loading amount, hydrothermal carbonisation time,
and calcination temperature and time) on catalyst
preparation was investigated via a single-factor
optimisation test to achieve higher esterification rates
and greater surface acidity over commercial lignin-
SOs;H@Fe304. The results of single-factor tests were
plotted in Fig. 1, while the esterification verification
was conducted under the conditions listed in Table 1.
Lignin loading of 5 g, hydrothermal carbonisation
duration of 16 h, calcination temperature of 600 °C
and calcination time of 120 min were used as the
parameters of catalyst preparation.

From Figure la, it could be seen that the
surface acidity was decreased from 2.20 to 1.60
mmol/g with the increase of lignin loading from 2.50
to 7.50 g, while the highest esterification rate of 94.9%
was achieved at lignin loading of 5.0 g. Further
increasing lignin loading to 7.5 g did not significantly
increase conversion; instead, it decreased to 80.2% at
an acid density of 1.6 mmol/g. It may be due to the
limited active sites on the catalyst, leading to a
decrease in the conversion rate [21]. At a lignin
loading of 2.5 g, the conversion rate was low due to
particle agglomeration and a limited number of active
sites exposed to the reactants. A longer hydrothermal
carbonisation duration from 8 to 24 h significantly
increased the surface acidity of solid acids from 1.80
to 2.60 mmol/g, as shown in Figure 1b. However,
higher surface acidity did not certainly result in better
esterification performance. At shorter hydrothermal
durations, the formation of polycyclic aromatic carbon
on the catalyst was limited, thereby limiting the
loading of the sulfonic group during the sulfonation
process. An esterification rate of >93% was achieved
with a hydrothermal duration of > 16 h, and it
decreased slightly with further prolonged time. Based
on Figure lc, the elevation of calcination temperature
from 400 to 600 °C yielded a drastic increase in
both esterification rate (from 74.2% to 95.6%) and
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catalyst acidity (from 1.0 to 2.2 mmol/g). This is
attributed to the formation of porous structures
that allow the loading of sulfonic groups on the
catalyst surface, enhancing the catalytic activity
[22]. However, a further increase in the calcination
temperature does not affect the esterification rate,
resulting from the dissolution of Fe3O4 and Fes;C
particles during the sulfonation process [23].
Moreover, the catalyst calcined at 800 °C had lost all
acidity and activity. From Figure 1d, the 60-180 min
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calcination time exerted less influence on surface
acidity and the esterification performance of the
catalyst. In contrast, a slight reduction in the
esterification rate was observed after 120 min of
calcination. In summary, the preparation of
commercial lignin-SOsH@Fe304 was suggested
to be conducted under the following conditions:
lignin loading of 5.0 g, hydrothermal carbonisation
duration of 16 h, calcination temperature of 600 °C
and calcination time of 120 min.

120
Calcination time, min

(d)

Figure 1. Single-factor investigation of the preparation conditions (a, lignin loading; b, hydrothermal
carbonisation duration; ¢, calcination temperature; d, calcination time) for commercial lignin-
SO3H@F€304.
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Figure 2. The esterification and recycling performance of EFB lignin-SO3H@Fe3;04 and commercial lignin-
SO3H@Fe30;4 catalysts (Esterification conditions: 60 °C, 2 h, oleic acid of 10 g, methanol/oleic acid molar
ratio of 10 and catalyst loading of 7 wt%).

Esterification Performance of Oleic Acid Catalysed
by Lignin-derived Magnetic Solid Acids

The performance of both EFB lignin-SO3H@Fe304
and commercial lignin-SO3;H@Fe304 catalysts was
tested using the esterification reaction of oleic acid at
60 °C for 2 h (Figure 2), which received esterification
rates of 82.6% and 95.6%, respectively. After the 1%
reaction cycle, the used catalysts were recovered with
an external magnet, carefully cleaned, dried, and then
reused in the esterification reaction. Possibly because
of the leaching of acidic active sites from solid
catalysts during the esterification reactions, the
esterification rates of both catalysts in the 2™ cycle
were decreased to 75.4% and 88.8%, respectively.
However, from the 3" cycle onward, the esterification
rate was slightly reduced, and the activity of the
magnetic acid catalysts remained 93.3-93.7% after
4 cycles (2™ to 5'™") compared to the 2™ cycle.
The undifferentiated rate of activity reduction for
EFB lignin-SO3H@Fe304 and commercial lignin-
SOsH@Fe304 possibly implied that the two solid acids
possessed active sites with the same acidic properties,
even though they originated from different lignin
materials, and had entirely different porosity. The
superiority of the esterification rate over commercial
lignin-SO3H@Fe304 than that of EFB lignin-derived
catalyst could be attributed to the higher acidic density
of the former catalyst (acidity by titration, 2.40 vs.
2.10 mmol/g; -SO3H content, 2.21 vs. 1.49 mmol/g, in
Table 3). A lower degree of leaching was observed
during the active-site leaching test using EFB lignin-

SOsH@Fe;04, with an esterification rate of 48%. The
leaching phase of this catalyst was considered low,
and this correlated with a reduction in catalyst acidity
after 4 reaction cycles. This confirmed that the catalyst
has minimal leaching, as the catalyst exhibited a 14.4%
reduction in esterification rate after the 4™ cycle.

The physicochemical properties and
esterification performance of the carbonaceous
magnetic solid acids prepared in this work are
compared with those in the literature in Table 3. It
can be seen that for EFB lignin-SOsH@Fe3;04 and
commercial lignin-SOsH@Fe304 catalysts, comparable
or even higher oleic acid esterification yields with
methanol can be expected at lower reaction
temperatures or shorter reaction times. This could be
attributed to the higher density of the -SO3;H group and
acidic sites over the catalyst surface, especially for
commercial lignin-SOsH@Fe3;04. More importantly,
the solid acids prepared in this work exhibited
remarkably improved stability compared to previous
literature results, demonstrating the superiority of
lignin-derived magnetic acid catalysts as practical
solid acid catalysts for biodiesel production and other
acid-catalysed synthesis reactions. The magnetic
Fes;04intervention may significantly improve catalyst
stability by reducing —SOsH leaching, and the Fe;O4
magnetic core enhances esterification performance.
Meanwhile, interactions between Fe3;O4 and sulfonated
lignin can increase the effective acidity of —SOsH
groups and stabilise protonated intermediates formed
during esterification.
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Table 3. Comparison of the physicochemical properties and esterification performance (oleic acid + methanol) of carbonaceous solid acids prepared in this work with some
recently published results.

Surface acidity

Porosity

Esterification performance

Magnetic
Catalysts . strength Refs.
By S content By base titration Surface area Average pore ... . o .-
(mmol SOsH/g)#*  (mmol/g) (m*/e) diameter (nm) (emu/g) Conditions Yields (%) Recyclability
Corncob residue- .

. No Catalyst loading of 5 wt%, N [12]
de;rcl)\I/{e_dl((:)atalyst C- 1.86 0.58 241 3.5 magnetism MeOH/OA ratio of 15, 60 °C 80.4 28.8% after 3 cycles
Microwave- .

. Catalyst loading of 10 wt%, o
synthesized coal- 1.67 1.73 Negligible - No MeOH/OA ratio of 12, 65 98.1 77.2% after 3 cycles [24]
derived catalyst magnetism °C.3h
C250(30)-S75(5) ’
. Catalyst loading of 12 wt%, .
Bamboo AC-derived ;5 170 22571 <10 No MeOH/OA ratio of 7, 65 °C, 91 Activity decreased by [25]
catalyst magnetism I ~47% after 3 cycles
Eilj)]?:hz}r]-rgfl:}r,it\l/ce d Catalyst loading of 5 wt%, [26]
magnetic catalyst - - 38.51 3.17 6.6 MeOH/OA ratio of 8, 150 97.6 Not reported
MBC02-SOsH °C.2h
Alkali lignin
alcohothermal
. 1.21 8.3 0.03 - 92.4 84.1% after 4 cycles
carbon-derived Catalyst loading of 5 wt%
0,
catalyst C(HYE)-S No MeOH/OA ratio of 12, 80 [27]
Glucose magnetism °C.7h
hydrothermal o
. 0.83 4.0 1.8 - 93.3 84.4% after 4 cycles
carbon-derived
catalyst C(Glu,W)-S
22?1{1%?:3_04 1.49 2.1 56.88 455 21.8 Catalyst loading of 7 wt%, 82.6 70.3% after 5 cycles
Commercial lienin MeOH/OA ratio of 10, 60 This work
SOH @F;Of 201 2.4 0.16 49.7 9.1 °C,2h 97.0 83.3% after 5 cycles

2 Surface acidity by S content (mmol SO3H/g) was calculated using the following formula: Surface acidity (mmol SO3H/g) = S content in catalyst (wt%) x1000 / 32.0655
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Figure 3. SEM images of (A) EFB lignin, (B) EFB lignin-SOsH@Fe304, (C) commercial lignin and (D)
commercial lignin-SO;H@Fe304.

Instrumental Characterisation of Lignin-derived
Magnetic Solid Acids

The morphology of EFB lignin, commercial lignin,
EFB lignin-SO3sH@Fe304 and commercial lignin-
SOsH@Fe;04 was identified by SEM analysis (Figure
3). EFB lignin and commercial lignin exhibited both
anomalous but different surface morphology. Circular
holes with irregular micrometre scales interspersed
over the surface of EFB lignin (Figure 3A), while
commercial lignin showed a rough surface (Figure
3C). After hydrothermally carbonised and sulfonated
with H,SOs, the morphology of solid surface was
completely fractured. The corrosive effect of strong
acid during sulfonation might increase the porosity
of the EFB lignin-SOsH@Fe30,4 catalyst (Figure
3B) [11]. At the same time, agglomerated particles
with spherical shapes were observed on the surface
of commercial lignin-SOsH@Fe3;04 (Figure 3D). The
small irregular particles with a rough surface, indicating
iron oxide and the sulfonic group, were successfully
formed on the surface of commercial lignin [28].
Meanwhile, the pores on EFB lignin (Figure 3B)
were not visible after hydrothermal carbonisation

and sulfonation, mainly due to the particles loaded
on the EFB lignin surface.

The elemental compositions of EFB lignin,
commercial lignin and two lignin-derived catalysts
were analysed by EDX in Table 4. EFB lignin
consisted of 80.66 wt% carbon (C),17.98 wt% oxygen
(0), 1.09 wt% sulphur (S) and 0.27 wt% sodium (Na),
while commercial lignin contained 49.04 wt% C,
35.96 wt%, 9.17 wt% S and 5.83 wt% Na. The carbon
content was increased to about 52% for the two lignin-
derived catalysts, while the presence of iron (Fe) and
sulphur (S) contents in EFB lignin-SOsH@Fe3;0s (Fe,
17.48 wt%; S, 4.79 wt%) and commercial lignin-
SO;H@Fes;04 (Fe, 15.03 wt%; S, 7.10 wt%) might
imply the efficient loading of magnetic metal oxide
and -SOsH on the solid catalysts. These results
demonstrated that the existence of S in the commercial
lignin decreased after the agglomeration of iron
particles on its surface. However, the elemental
composition of both lignin-derived magnetic catalysts
indicates the presence of the SO3;H group after
sulfonation [29].
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Table 4. Elemental compositions of lignin and the derived solid acids.

Element Composition (%)

Sample |
Carbon (C) Oxygen (O)  Sulphur(S)  Sodium (Na) (;‘;‘;
EFB Lignin 80.66 17.98 1.09 0.27 n.d
Commercial lignin 49.04 35.96 9.17 5.83 n.d
EFB lignin-SOsH@Fe304 52.71 25.03 4.79 n.d 17.48
Commercial lignin-
51.49 26.39 7.1 n.d 15.03

SO3H@F€304

n.d = not detected

The magnetism curves of EFB lignin-
SOsH@Fe;04 and commercial lignin-SO;H@Fe3;04
were determined using VSM, as shown in Figure 4.
The curves in the form of a sigmoidal shape confirmed
the superparamagnetic properties of the catalysts [20].
The saturation magnetisation values of EFB lignin-
SOsH@Fes;04 (Figure 4a) and commercial lignin-
SOs;H@Fe3;04 (Figure 4b) were 21.79 and 9.14 emu/g,
respectively, although the Fe content was slightly

25

higher in EFB lignin-derived catalyst (Table 4). The
magnetism of the catalysts prepared in this work was
comparable to previous literature, like 14.4 emu/g for
magnetic carbonaceous acid catalyst derived from
glucose [30] and 8.9 emu/g for biomass-based FCHC-
SOsH catalyst [31]. It demonstrated that an external
magnetic force could easily separate both EFB lignin-
SOsH@Fe;04 and commercial lignin-SOsH@Fe;04
could be easily separated from the reaction mixture.

20

10 A

(b)

-10p00  -7500  -5000  -2500
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5000 7500
Coercivity (Oe)
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Figure 4.

The magnetisation curve of (a) EFB lignin-SOsH@Fe3;04 and (b) commercial lignin-SO;H@Fe30a.
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Figure 5. XRD patterns of (a) EFB lignin-SOsH@Fe3;04 and (b) commercial lignin-SO3H@Fe304.

XRD characterised the crystalline structures
of lignin and two lignin-derived catalysts in Figure 5.
The XRD patterns of both raw EFB lignin and
commercial lignin presented in Figure S1 with broad
diffraction peaks between 20 20° to 45° which are
assigned to the 002 planes indicated the existence
of carbon in both lignin [32]. XRD patterns of both
EFB lignin-SOsH@Fe3;04 (Figure Sa) and commercial
lignin-SO3H@Fe3;04 (Figure 5b) exhibited characteristic
signals of Fe3O4 (ICSD: 98-011-1285) at 26 = 35.8°,
43.5°, 57.3° and 63.1°, and could be attributed to the
formation of Fe3O4 cubic spinel structure. Similar
peaks were identified in the magnetic lignin-based
carbon nanoparticle (MLBCN) reported by Ma et al.
[33], which suggests Fe304 cubic spinel structure in
the catalyst. The crystalline sizes of Fe3;Os4 were
13.25 and 15.15 nm, respectively, for EFB lignin-
SOsH@Fe;04 and commercial lignin-SO3H@Fe304.

Nitrogen adsorption-desorption isotherms of
the two lignin-derived catalysts are shown in Figure 6.
The specific surface area and pore volume were
determined as 0.384 m?/g and 0.001 cm?/g,
respectively, for EFB lignin, and 0.112 m?%/g and
0.038 c¢cm?/g for commercial lignin (Figure S2).
However, after hydrothermal carbonisation and
sulfonation, EFB lignin-SO;H@Fe3;04 catalyst (Figure

6a) exhibited significantly increased specific surface
area of 56.88 m?/g and larger pore volume of
0.06 cm?®/g, while the porosity of commercial lignin-
SOs;H@Fe304 (Figure 6b) remained negligible (BET
surface area of 0.16 m%/g). The average pore diameter
was sharply reduced from 202 nm of EFB lignin
to 4.55 nm of EFB lignin-SO3H@Fe3;04, while it
was remarkably enlarged (49.7 vs. 5.37 nm) after
the carbonisation, calcination and sulfonation of
commercial lignin. It demonstrated that the porosity
of commercial lignin-SOsH@Fe304 was mainly
composed of a mesoporous structure, while more
micropores were formed during the preparation of EFB
lignin-SO3H@Fe30s. The formation of micropores was
possibly contributed by the release of volatile gas
during calcination [29] or the sulfonation process,
while similar results were reported previously by
Yang et al. [27]. In that work, the sulfonation of
alcohothermal biochar derived from TCI dealkaline
lignin and cellulose dramatically increased the BET
surface area from 0.3 and 10.3 to 221.9 and 89.2,
respectively, while the sulfonation of alcohothermal
biochar derived from HY alkali lignin and glucose, as
well as the sulfonation of hydrothermal biochar
derived from TCI lignin, provided less or slightly
adverse influence on the porosity of the obtained
carbonaceous solid acids
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Figure 6. Nitrogen adsorption/desorption isotherms of (a) EFB lignin-SOsH@Fe3;04 and (b) commercial lignin-
SO3H@FC304.
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Figure 7. FT-IR spectra of (a) EFB lignin-SO;H@Fe304 and (b) commercial lignin-SOsH@Fe;04.

FT-IR analysis (Figure 7) was conducted band of 3413 cm! was attributed to O-H stretching
to determine the presence of functional groups in vibration and indicated the existence of -OH and -
sulfonated catalysts, and Figure S3 illustrates the COOH groups in both catalysts [34]. During
spectra of EFB lignin and commercial lignin. The carbonisation, the C=C stretching vibration at 1590
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cm’! possibly suggested a higher poly-aromatization
for EFB lignin-SO3sH@Fe3;04. The absorption at 1032
cm™! was attributed to S=O symmetric stretching and
indicated the presence of -SO3H groups in both
catalysts after the sulfonation process [35], while the
strong absorption of Fe-O stretching vibration at 581-
580 cm™! demonstrated the successful loading of Fe304
in the two magnetic solid acid catalysts. Suminar et al.
studied the lignin-derived carbonaceous catalyst for
biodiesel production and showed that the catalyst has
SOsH groups linked to the amorphous structure C-O-
S stretching vibration and S=O symmetric stretching
[36]. Similarly, the absorption peaks were identified
in both lignin-derived magnetic acid catalysts and
indicated the same functional groups.

Box-Behnken Optimisation of Esterification
Conditions over EFB Lignin-SO;H@Fe304 Catalyst

Table 5 and Figure 8 show the experimental and
predicted results obtained in the Box-Behnken

Esterification of Oleic Acid and Deacidification of
Calophyllum inophyllum Oil over Lignin-derived
Magnetic Carbonaceous Solid Acid

optimisation of oleic acid esterification at 60 °C
over the EFB lignin-SOsH@Fe3;04 catalyst. The model's
accuracy was verified by determining the R? value,
which was found to be 0.9711 (Table 6b). The
quadratic model can interpret more than 97.11%
of the output response, and the remaining 2.89% is
formed from residues. The statistical optimisation
gave a quadratic polynomial equation model (Eq. 4)
as follows:

Y=281.48 +4.50x; +4.76x; + 2.66x3 +
2.05x1x2 + 2.45x1x3 + 0.28x2x3 - 1.73X12 —
1.20x2% — 1.20x5? (Eq. 4)

where Xj, X> and X; referred to the three independent
variables, namely catalyst loading, methanol to
OA molar ratio and esterification time, respectively
(Table 6), while Y was the conversion rate of oleic
acid as response.

Table 5. Experimental and predicted results of oleic acid esterification over EFB lignin-SOs;H@Fe304 catalyst
using Box-Behnken methodology.

Std Run )C(;_t_alys ¢ )h(/lzc;hanol: X;--Duration, Zeﬂ——Experi?ental Yorediciea=-Predicted
loading, % OA min conversion, % conversion, %
16 1 7 10 120 81.9 81.5
11 2 7 8 150 77.1 76.7
7 3 5 10 150 75.1 74.3
14 4 7 10 120 80.2 81.5
8 5 9 10 150 88.5 88.2
10 6 7 12 90 80.5 80.9
1 7 5 8 120 70.1 71.3
15 8 7 10 120 81.5 81.5
13 9 7 10 120 81.3 81.5
9 10 7 8 90 73.5 71.9
12 11 7 12 150 85.2 86.8
6 12 9 10 90 77.1 77.9
17 13 7 10 120 82.5 81.5
3 14 5 12 120 77.5 76.8
4 15 9 12 120 91.1 89.9
5 16 5 10 90 73.5 73.8
2 17 9 8 120 75.5 76.2
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Figure 8. Comparison between actual versus predicted data for esterification rate.

Analysis of variance (ANOVA) was used to
evaluate the statistical data, suitability of the quadratic
model and investigate the effect of reaction parameters
on the response. The ANOVA results for the
esterification of oleic acid are shown in Table 6a. The
model’s accuracy was determined using the regression
coefficient, which yielded an R? value of 0.941,
indicating that more than 94.1% of the output response
was significant to the quadratic model (Eq. 4). The
remaining 5.9% is attributed to residues. The predicted
R? of 0.624 is in reasonable agreement with the
adjusted R? of 0.934. The model is expected to have a
good fit, with a regression coefficient value of more
than 80%. Table 6b shows the correlation variation
(C.V.%) was 1.77%, less than 10%, and the lower
C.V.% value indicates a good model fit. The p-value

obtained from the ANOVA was 0.0001, indicating
that all parameters are statistically significant. The
results from the ANOVA also clearly indicate that
all linear terms, X;: catalyst loading, X>: methanol
to OA molar ratio, X3: duration and their quadratic
terms: X%, X>*> and X3?, are significant. A and B
were the most significant variables for achieving a
higher percentage conversion in the esterification
reaction. Regarding interactions, terms with X; X,
and X;X; are more significant. The model F-value
0f 26.14 indicates that the model terms are significant.
The Lack of Fit, with a p-value of 0.0746, which
is higher than 0.05, implies that the Lack of Fit
is insignificant. There is only a 7.46% chance
that a Lack of Fit F-value this large could occur
due to noise.
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Table 6. Significance test (a) and variance analysis (b) of regression coefficients.

(a) sscllllizrzz df Mean square F value P-value
Model 468.81 9 52.09 26.14 0.0001 significant
X;-Catalyst loading ~ 162.00 1 162.00 81.29 <0.0001
X>-MeOH:0A 181.45 1 181.45 91.05 <0.0001
X;s-Duration 56.71 1 56.71 28.46 0.0011
X1 Xz 16.81 1 16.81 8.43 0.0228
X1 X; 24.01 1 24.01 12.05 0.0104
X> X; 0.30 1 0.30 0.15 0.7084
X/ 12.57 1 12.57 6.30 0.0403
X7 6.09 1 6.09 3.06 0.1240
X3 6.09 1 6.09 3.06 0.1240
Residual 13.95 7 1.99
Lack of Fit 11.06 3 3.69 5.11 0.0746 giogtniﬁcant
Pure Error 2.89 4 0.72
Cor Total 482.76 16

df = degree of freedom

(b) Terms Coefficient Standard error t-Stat
Intercept 81.48 0.63 82.97
X;-Catalyst loading 4.5 0.5 5.68
X>-Methanol: OA 4.76 0.5 5.94
Xs-Reaction time 2.66 0.5 3.84
X1 X; 2.05 0.71 3.72
X X3 245 0.71 4.12
X> X3 0.28 0.71 1.94
X7 -1.73 0.69 -0.1
X7 -1.2 0.69 0.42
X5 -1.2 0.69 0.42
Statistical parameters Values Statistical parameters Values
Standard deviation 1.41 R-Squared 0.97
Mean 80.54 Adjusted R-Squared 0.93
?(?_ i;fgzi)ent of variation 1.77 Predicted R-Squared 0.62
PRESS 181.51 Adequate Precision 17.11
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Figure 9. Response surface plots and contour plots of esterification rate over EFB lignin-SO3H@Fe3;04 vs.

a) catalyst loading and methanol/OA molar ratio, with a fixed duration of 150 min, b) catalyst loading and

duration, with a fixed methanol/OA ratio of 10 and ¢) methanol/OA molar ratio and duration, with catalyst
loading of 9 wt%.
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Figure 10. Deacidification of Calophyllum inophyllum oil with different (a) methanol to oil molar ratio
(Deacidification conditions: 60 °C, 2 h, catalyst loading of 9 wt%) and (b) catalyst loading (Deacidification
conditions: 60 °C, 2 h, methanol to oil molar ratio 30).

The interaction of two independent factors on
the esterification rate of oleic acid was graphically
represented in Figure 9. In Figure 9a, esterification
was performed at 60 °C for a fixed duration of 150
min, the increase in methanol to OA molar ratio and
catalyst loading contributed to enhance conversion of
oleic acid to methyl oleate, which gave the highest

yield of 88.5% with methanol to OA molar ratio of 10
and catalyst loading of 9%. The linear term of catalyst
loading, with an F-value of 81.29, was identified as the
most influential parameter. Hence, the high catalyst
loading could enhance the conversion rate; however,
the conversion rate was slightly decreased as the
F-value was 6.30 for the squared term of catalyst
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loading (A?). It could be reflected in the distribution
or interaction at higher concentrations of the
heterogeneous catalyst. In Figure 9b, when
esterification was performed at 60 °C with a fixed
methanol to oil molar ratio of 10, a high amount of
catalyst and longer reaction duration benefited the
interaction of liquid reactants with solid catalysts, thus
increasing the conversion rate. It shows that a high
amount of catalyst and longer reaction time exhibited
a high conversion rate [37]. The conversion rate
decreased as the catalyst loading reduced with a longer
reaction time. It could be due to the limited amount
of catalyst in the reaction mixture, which allows the
reactant to react to the catalyst for a high conversion
rate. Moreover, prolonging the reaction time could
allow the reactants to interact with the catalyst to
increase the conversion rate. Iftitahiyah et al.
suggested that the conversion rate improved by
extending the reaction time [38]. It further indicates
that in the presence of an excess of methanol in the
reaction, it is more likely to deactivate the catalyst's
active sites, probably by occupying them. Meantime,
Manan et al. stated that an increment in the ester
conversion rate was observed with the increase in the
reaction time [39]. But further prolonging the reaction
time by more than 5 h was inadequate for the
conversion rate, presumably due to the increase in the
water formation as a by-product of the esterification
reaction. Thus, the highest conversion was recorded
as 88.5% with catalyst loading of 9% for a duration
of 150 min.

The esterification rate was plotted against the
interaction of methanol to oil molar ratio and duration,
as shown in Figure 9¢ at 60 °C with a fixed catalyst
loading of 7%. The esterification rate increased when
a lower methanol to OA ratio was executed for a
longer reaction duration. Moreover, excess methanol
dilutes the oleic acid and catalyst concentration,
reducing the interaction between reactants and the
catalyst’s active sites [40]. Meanwhile, the interaction
between excess alcohol and sulfonic groups
(-SO3H) resulted in the formation of sulfonic
ester that prevents catalytic efficiency [41]. The
limitation in the esterification reaction was caused
by the poor accessibility of the catalyst surface with
increasing alcohol concentration. As a result, a higher
esterification rate was obtained at a methanol to
OA ratio of 10 and a reaction duration of 120 min.
In summary, it was validated that the optimised
reaction parameter conditions were 60 °C, 8.8 wt%
catalyst loading, methanol to OA molar ratio of
11.9:1 and reaction time of 148 min with the highest
conversion of 92.05%.

Esterification of Calophyllum inophyllum Oil
using EFB Lignin-SOs:H@Fe304 Catalyst

CI oil with an acid value of 53.2 mg KOH/g was used
to determine the deacidification efficiency of high acid
value oil at 60 °C over an EFB lignin-SOsH@Fe3;04
catalyst. The increased methanol usage in the reaction
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mixture pushed the reaction equilibrium forward to
produce more methyl esters [42]. The acid value of
CI oil was efficiently reduced to 8.3 mg KOH/g by
the esterification treatment within 2 h and using a
methanol/oil molar ratio of 30 (Figure 10a). The effect
of catalyst loading on the deacidification of CI oil was
studied. The acid value was further reduced to 5.0 mg
KOH/g by the esterification treatment within 2 h using
15 wt% catalyst loading and methanol/oil molar ratio
of 30 (Figure 10b), which is approximately near to the
required FFA level of <2+% for subsequent base-
catalysed transesterification. The deacidification rate
was calculated as 90.6%. Figure S4 shows the GC
spectrum of esterified CI oil, indicating the successful
forming of methyl esters.

CONCLUSION

This study developed a three-step methodology,
including hydrothermal carbonisation of EFB lignin
and commercial lignin with Fe(OH)x, calcination and
sulfuric acid sulfonation to synthesise lignin-derived
magnetic solid acid catalysts. The catalyst showed
relatively higher surface acidity (1.50 -2.20 mmol
SO3H/g) and performed well in the catalytic
esterification of oleic acid with methanol. A high
esterification rate of >83% was still achieved after
5 cycles of esterification at 60 °C within 2 h when
using commercial lignin-SOsH@Fe304 as the catalyst.
This meant that the catalyst activity from the 2™ to 5%
cycle only decreased by 6.3%, a better result than that
previously reported in other literature. The preparation
of commercial lignin-SOsH@Fe304 was optimised
by the orthogonal method, which exhibited the best
activity under the conditions: lignin loading of 6 g,
hydrothermal carbonisation duration of 12 h and
calcination at 500 °C for 90 min. Esterification
parameters were also optimised over EFB lignin-
SOsH@Fe3;04 using Box-Behnken methodology,
which gave the optimised conditions: 60 °C, 8.8 wt%
catalyst loading, methanol to oleic acid molar ratio of
11.9:1 and reaction time of 148 min with the highest
conversion of 92.05%. EFB lignin-SOsH@Fe3;04 was
further tested in the esterification of Calophyllum
Inophyllum oil containing very high free fatty acid
content. The catalyst exhibited a deacidification
efficiency of 84.3% with an enhanced methanol-to-oil
molar ratio of 30:1. In summary, the prepared solid
catalyst possessed good properties such as strong
magnetism, high surface acidity, and improved
reusability, which made the catalyst a potential
candidate to be used as a green, effective and practical
heterogeneous catalyst in biodiesel production.
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  D =   0 . 89 λ  β cos θ
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