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Abstract: Sulfonated kenaf seed cake (SO3H-KSC) catalyst, was synthesized to aid biodiesel
production from palm fatty acid distillate (PFAD). It was chemically activated with phosphoric
acid for an impregnation period of 24 h in order to enhance the porosity and the specific surface
area of kenaf seed cake (KSC). After the carbonization and sulfonation, the resultant catalyst was
characterized with powder X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET), Fourier transform
infrared (FTIR) spectroscopy, field emission scanning electron microscope (FESEM), NHs-temperature
programmed desorption (NH3-TPD) and thermogravimetric analysis (TGA). The SO3H-KSC catalyst
was amorphous in nature and had an acid density of 14.32 mmol/g, specific surface area of 365.63 m?/ g,
pore volume of 0.31 cm3/g and pore diameter of 2.89 nm. Atoptimum esterification conditions-reaction
time 90 mins, temperature of 338 K, methanol:PFAD molar ratio of 10:1 and catalyst concentration
of 2 wt.%—a free fatty acid (FFA) conversion of 98.7% and fatty acid methyl esters (FAME) yield
of 97.9% was achieved. The synthesized SO3H-KSC catalyst underwent five reaction cycles while
maintaining a fatty acid methyl esters (FAME) yield and free fatty acid (FFA) conversion of >90%.
Thus, the SO3H-KSC catalyst was shown to be an excellent application of bio-based material as a
precursor for catalyst synthesis for esterification of PFAD.

Keywords: kenaf seed cake; sulfonation; esterification; FFA conversion; reusability

1. Introduction

Catalyst synthesis has become an interesting area of research in the production of biodiesel
in recent times. Homogeneous catalysts such as NaOH, KOH and H,SO4 were more prevalent in
conventional biodiesel production due to their high conversion rate and reduced reaction time [1].
Homogeneous catalysts however, had some drawbacks—such as corrosion of reactors, increased
solvent usage, non-recyclability of the catalysts, multiple purification steps of the produced biodiesel,
generation of waste water [2] and being environmentally unfriendly-which affect the total cost of
biodiesel production [3]. On the other hand, different heterogeneous catalysts [4] such as zirconia [5],
eggshells [6], ferric alginate [7], titanium dioxide [8], silica nanoparticles [9], and even catalytic
technologies [10], were then exploited as available alternatives to homogeneous catalysts for the
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production of biodiesel. However, these streams of heterogeneous catalysts require expensive
materials, have complicated synthesis routes and record low catalytic activity, whereas catalysts
derived from biomass (bio-based catalysts), have an easy synthesis route, are readily abundant and are
environmentally benign. Hence, bio-based catalysts emerged as the leading alternatives owing to their
immense advantages, thereby reducing the total cost of biodiesel production, while also reducing the
global environmental threat and increasing their feasibility for industrial usage [3].

Among the abundant streams of biomass sources is kenaf seed (Hibiscus cannabinus, L).
Economically, kenaf seed is generally regarded as a crop that can easily replace tobacco, because it is
well adapted to arid regions, and is seen as Malaysia’s next industrial crop because of its industrial
potential. It is currently grown in Asia (Malaysia, India, Thailand and China) [11]. Kenaf seed was
discovered in the early 1970s and later publicized in the 1990s as an early replacement, and a potential
starting material, for textiles and fiber board, and as a fuel source [12]. Kenaf seed is an herbaceous
annual plant that belongs to the family of Malvaceae. Two kinds of fiber exist that may serve as a
potential source for activated carbon (AC) which, when further chemically activated, can serve as a
bio-based catalyst. As a result, the synthesis of sulfonated bio-based catalysts from kenaf seed has
become important for the production of biodiesel from acidic oils with high free fatty acid (FFA).
Some bio-based catalysts that have been previously synthesized for the production of biodiesel are:
palm seed cake [13], eggshells [6], sugarcane bagasse [14] and rice husk-derived sodium silicate [15].

In biodiesel production, two major components are vital, the catalyst (precursor) and the fatty acid
source (feedstock). Having identified our catalyst source (kenaf seed cake), it is important to identify
our fatty acid source. Palm fatty acid distillate (PFAD), is a common residue in the oil palm industry
and is utilized as a feedstock in the esterification reaction to produce biodiesel. Globally, Malaysia ranks
second in palm oil production, behind only Indonesia. In 2017 alone, Malaysia produced 21,000 MT
of palm oil, which accounted for 32% of the global production of palm oil [16]. Hence, the abundant
production of PFAD in Malaysia is imminent. PFAD consists of about 90% FFA and 10% triglycerides,
diglycerides, monoglycerides and small amounts of other impurities [17].

In previous works on biodiesel synthesis where palm seed cake-derived bio-based catalysts
were utilized for the esterification of PFAD, FAME yield of 97.8% and FFA conversion of 98.2% were
achieved at the following optimum conditions: methanol-PFAD ratio of 9:1; esterification time and
temperature of 2 h and 60 °C, respectively; and finally, a catalyst concentration of 2.5 wt.% [13].
Similarly, oil transesterification at the optimum conditions of 2.5 wt.% catalyst concentration, 12:1
methanol:oil ratio, and a reaction temperature of 65 °C for 30 min reaction time, yielded 97% FAME
while using a rice husk-derived sodium silicate catalyst [18]. Sugar cane bagasse has also been used
as a bio-based solid catalyst for the synthesis of methyl esters from PFAD. A FAME content of 80%
was achieved with 11.5 wt.% of the catalyst weight and 20:1 methanol: PFAD weight ratio in 30 min
reaction time [14]. In spite of the extensive previous work on bio-based catalysts, to the best of our
knowledge, no work has been done on the synthesis of kenaf seed cake as a catalyst for biodiesel
production while using PFAD as feedstock.

Therefore, the main objective of this study was to address the synthesis and biodiesel performance
of a kenaf seed cake (KSC)-derived catalyst while using PFAD as a fatty acid source, in order to introduce
a new and improved bio-based catalyst into the realm of catalysis for the esterification reaction. Hence,
we carried out a comprehensive characterization of the synthesized catalyst and optimization of
the produced biodiesel. To analyze the synthesized catalyst’s amorphous nature, X-ray diffraction
(XRD) analysis was carried out. Thermo-gravimetric analysis (TGA) was done to check the thermal
strength of the catalyst while Fourier transform infrared (FT-IR) analysis confirmed the presence of
the sulfonic group attachment to the activated carbon (AC) of the KSC. The Brunauer-Emmett—Teller
(BET) analysis was used to assess the surface area, pore size and pore diameter. NHj3-temperature
programmed desorption (NH3-TPD) confirmed the active acid site distribution of the KSC and the
morphology of the catalyst was illustrated by a field emission scanning electron microscope (FESEM).
The reusability potential was confirmed by the carbon hydrogen nitrogen sulfur (CHNS) analysis.
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Reaction optimization variables such as the reaction time and temperature, catalyst concentration
and methanol: PFAD molar ratio were studied in detail for a higher yield and conversion. The fuel
properties of the FAME were also analyzed based on its reusability potential.

2. Results and Discussion

2.1. Surface Area Enhancements via Initial Chemical Activation

The surface area of the sulfonated kenaf seed cake (SO3H-KSC) was greatly enhanced compared to
the initial starting material, as observed from the Brunauer-Emmett-Teller (BET) surface area analysis.
The improvement of pore size and surface area, as a result of the dehydration process of chemical
activating agents, from the kenaf seed cake (KSC), to the activated carbon kenaf seed cake (AC-KSC)
and the final sulfonated-kenaf seed cake (SO3H-KSC), is an indication that H3PO4 when used for
chemical activation, can aid in surface area and pore development. These materials were all analyzed in
nitrogen desorption/adsorption measurements and are summarized in Table 1 below. The adsorption
isotherms showed that AC-KSC has better material surface properties, with respect to its surface area
and pore diameter and pore size than those of KSC. Also, it is observed that AC-KSC has slightly better
surface properties than those of SO3H-KSC. This is due to the sulfonation process; upon sulfonation,
the pores and surface area will slightly shrink as a result of the attachment of the functional group to
its surface. Hence, this provides justification for the initial pretreatment with phosphoric acid (H3PO,)
to make room for an improved surface area and pore volume [19].

Table 1. BET analysis of kenaf seed cake (KSC), activated carbon (AC)-KSC and sulfonated-kenaf seed
cake (SO3H-KSC).

Sample Specific Surface Area (m?/g)  Pore Volume (cm?/g)  Pore Diameter (nm)
KSC 23.01 0.02 0.93
AC-KSC 375.18 0.39 3.07
SO3;H-KSC 365.63 0.31 2.89

2.2. Catalyst Characterization

2.2.1. Phase Identification

The amorphous phase identification of the SO3H-KSC, is shown in Figure 1. The X-ray diffraction
(XRD) pattern shows a broad, although weak, peak located between 20 and 28 26 (degree) angle for
SO3H-KSC, AC-KSC and KSC. These broad weak peaks of (002) at 20 angles, and in the absence of
sharp peaks, indicate that the synthesized catalyst is predominantly amorphous in nature. Although
another broad weak peak is seen at 46 to 49 (101) for the KSC, this is also generally attributable to
bio-based carbon materials [20]. The tiny peak seen on SO3H-KSC may be as a result of noise in
the kenaf seed cake during the chemical activation and sulfonation process. This amorphous nature
confirms that the carbon sheets are arranged in a relatively random manner and are carbonaceous
in nature. This, therefore, shows that the synthesized catalysts are amorphous bio-based catalysts
after undergoing both thermal and chemical treatments. Similar diffraction peaks have been reported
elsewhere [21].
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Figure 1. XRD patterns of KSC, AC-KSC and SO3H-KSC catalysts.

2.2.2. Morphology

The field emission scanning electron microscope (FESEM) micrographs of the KSC, AC-KSC and
SO3H-KSC catalysts are shown in Figure 2 below.

TKsC B c-xsc “ T " SO3H-KSC
(@) (b) (c)

Figure 2. FESEM micrographs of KSC (a), AC-KSC (b) and SO3H-KSC (c) catalysts.

The SO3H-KSC has a clear pore enhancement as compared to the KSC which did not undergo any
treatment. The surface structure of the SO3H-KSC is seen to have significantly improved due to the
pretreatment of the chemical activation by the soaking in phosphoric acid and sulfonation. Besides the
fact that the materials exhibited irregular and aggregate particles, the pores were evident in SO;H-KSC
when viewed at 5 um. At the same magnifying scale, the pores in KSC were insignificant. Also, it can be
observed that the pores in AC-KSC were evident and aggregated but not as pronounced as those of the
SO;H-KSC. Hence, the phosphoric acid successfully improved the porosity of the SO3H-KSC catalyst.

The elemental analysis also highlighted the presence of all the abundant elements in our sample.
As expected, and observed in Table 2, carbon is more prevalent than oxygen, sulfur and phosphorus.
The small amount of sulfur and phosphorus for SO3H-KSC confirms the sulfonation. The sulfur
also confirms the functionalization phase using sulfur, while phosphorus is used for the chemical
impregnation phase.
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Table 2. Elemental and acid site density analysis of KSC, AC-KSC and SO;H-KSC catalysts.

C o P S Total
Sample ~—, Pus PR 2 o Acidity
W:': ight Atomicity Woe ight 1, Atomicity wf ight Atomicity Wf ight Atomicity (mmol g1
(%) (%) (%) (%)
KsC 67.51 7117 32.29 28.63 0.1 0.1 0.08 0.1 0.13
AC-KSC 84.91 87.14 10.51 10.66 4.37 2.10 0.21 0.1 8.37
SO3H-KSC  60.65 78.53 29.17 16.14 4.84 1.42 5.34 391 14.32

 Measured using EDS analysis; ® Measured using CHNS elemental analysis.

2.2.3. Acid Density

The acid distribution and density of the SO3H-KSC catalyst was analyzed with ammonia-
temperature programmed desorption (NH3-TPD). Figure 3 shows the ammonia desorption peaks
of the KSC, AC-KSC and SO3;H-KSC. Tables 1 and 2 highlight the elemental composition, total acid sites,
pore diameter and specific surface area of all the stages of the catalyst preparation. The SO3H-KSC showed
two strong ammonia desorption peaks, one at 786 K and the other at Tmax 1015 K. These temperatures,
corresponding to the peaks, are indicators of strong acid sites and density, and show that the synthesized
catalyst has the acidic requirement for effective protonation. The AC-KSC on the other hand has one peak,
whose corresponding temperature (526 K) signifies a weak acid site [22]. The KSC shows an insignificant
ammonia desorption peak, recorded from 453 K to 483 K but which lacks the intensity and acid density
needed to be fit for protonation [23]. Moreover, this peak could be as a result of the interaction between
the -NHj3 with incompletely formed carbon sheets and the -SOsH functional group [24]. Furthermore,
the total acidity of KSC, AC-KSC and SO3H-KSC are in the order of 0.13 mmol/g, 8.37 mmol/g and
14.32 mmol/g, respectively, as presented in Table 2. This shows that the SO3H-KSC has better catalytic
properties with regards to its acidity as a result of the catalyst synthetic route. Similar desorption peaks
and total acidity have been reported elsewhere by Dawodu et al. (2014) [25].

NH3z-TPD
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Bemasm AC-KSC
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3

§

Intensity/ a.u.
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273 473 673 873 1073 1273
Temperature (K)

Figure 3. NH;3-TPD of KSC, AC-KSC and SO3H-KSC catalysts.

2.2.4. FI-IR Analysis

Figure 4 shows the IR spectra of the unsulfonated KSC, AC-KSC and SO3H-KSC catalysts. A typical
absorption signal recorded at 1092 cm™ for the SO3H-KSC confirms the attachment of a sulfonic group
(-SO3H), whereas this band is not observed in the AC-KSC and KSC. The SO3H-KSC exhibited another
band of sulfur species recorded at 1210-1250 cm™!, belonging to the functional group O=5=0, which is
also as a result of the sulfonation process. The appearance of these bands after sulfonation strongly
supports the sulfonating technique of bio-based materials adopted for this study [26]. The stretching
band observed at 1518 cm™! (C=0) indicates the presence of carbonyl functional groups for both
the KSC and SO3H-KSC catalysts, which is characteristically designated for incompletely pyrolyzed
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carbons [27]. The presence of other stretching bands recorded at 3410 cm™! is a depiction of the

~OH group, while the band at 1290 cm™! recorded for both AC-KSC and SO3H-KSC indicates the
presence of P=0, which may suggest that the chemical activation of H3POy4 on the KSC has been duly
incorporated [21].

FT-IR

SOzH-KSC AC-KSC
A —

Transmittance

Wawvenumber em-2

Figure 4. FT-IR spectra of KSC, AC-KSC and SO3H-KSC catalysts.

2.2.5. Thermal Stability

We investigated the thermal strength of the KSC, AC-KSC and synthesized SO3H-KSC catalysts
as shown in Figure 5.

-200609] | 100 AC-KCS 20000 | 1001

DTA SOsH-KsC i
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Figure 5. TGA illustration of KSC, AC-KSC and SO3H-KSC catalysts.

The initial weight for the KSC, AC-KSC and SO3H-KSC was 6.1 mg and the first % weight loss
was similar for all three materials. The SO3H-KSC had about a 7.6% weight loss with a right limit
at 296.21 K and a left limit at 399.95 K. This means the catalyst lost about 7% (0.8 mg) of its weight,
which is attributable to moisture content loss and other less volatile components, either as contaminants
or components of biomass (cellulose). The next weight loss has a left limit value of 435 K and a right
limit value of 594 K and a weight loss of 30% (3 mg). This loss is due to the hemicellulose component
of the bio-based SO3H-KSC and the -SO3;H functional group. The last recorded weight loss has a
left limit value of 594.15 K and a right limit value of 894.15 K while losing about 31% of its weight.
This loss can be attributable to lignin, which is known to decompose at higher temperatures, 773.15 K
and above, for KSC and AC-KSC. Therefore, the DTA and TGA have shown that our synthesized
bio-based SO3H-KSC catalyst has the thermal temperament to withstand the rigors of esterification,
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since our optimized temperature was 338.15 K. The thermal strength and breakdown of bio-based
catalysts reported elsewhere [22] is similar to what we have reported in this work.

2.2.6. Surface Properties

The pretreatment of the SO3H-KSC with phosphoric acid was investigated with the Brunauer—
Emmett-Teller (BET) specific surface area analysis. The nitrogen desorption/adsorption isotherms are
shown in Figure 6 below. As expected, the KSC had a low specific surface area and pore diameter,
which is typical of a type I microporous material, whereas the AC-KSC and the SO;H-KSC had features
that are characteristic of type IV mesoporous materials. However, the SO3H-KSC showed an enhanced
pore diameter, improved specific surface area and larger pore sizes. Table 1 presents the pore volume
(0.02 cm?/ g), pore diameter (0.93 nm) and specific surface area (32.01 mz/g), of KSC, which are quite
low when compared to those of AC-KSC and SO3H-KSC. The AC-KSC has a specific surface area
of 375.18 m?/g, pore volume of 0.39 cm®/g and a pore diameter of 3.07 nm, while the SO3H-KSC
recorded a specific surface area of 365.63 m?/g, pore volume of 0.31 m3/g and pore diameter of 2.89 nm.
These features are consistent with a type IV mesoporous bio-based material [28]. These findings will
further highlight the vital role of phosphoric acid in the pretreatment of bio-based material for catalysts,
as reported in previous works [21,29].

1007
BET Ads/Des Isotherms
e—w= KSC 1

—gp—e ACKSC
SO3H-KSC

Quantity Adsorbed(cmslg'1)

T T T
0 0.2 04 0.6 0.8 1 1.2 14
Relative pressure, P/Po

Figure 6. BET adsorption and desorption isotherms of KSC, AC-KSC and SO3H-KSC.

2.3. Composition of PEAD and FAME

Table 3 presents the composition of PFAD and FAME. Using the AOCS method Ca 5a-40,
we determined the FFA (90 wt.%) and saponification (210.15 mg KOH/g) values of the crude PFAD
that served as our feedstock. Of the 90 wt.% of FFA, palmitic acid (49.23%) and oleic acid (37.91%)
were predominant, together comprising about 87.14%, with linoleic acid 6.6%, stearic acid 4.0% and
myristic acid 0.9% making up the remainder. The PFAD also contained about 6% triglycerides (TG),
3% diglycerides (DG), 0.5% monoglycerides (MG) and a number of impurities. The FAME on the other
hand contained methyl palmitate (54.02%), methyl oleate (33.40%), methyl stearate (2.84%), methyl
myristate (1.44%) and others (0.2%).
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Table 3. Characteristics of palm fatty acid distillate (PFAD) and fatty acid methyl esters (FAME).

Properties PFAD Methods
Saponification value 210.15 AOCS Cd-3-25
Iodine value 51.07 AOCS Cd 1-25
Free Fatty Acid content (%) 90 AQOCS Ca 5a-40
Acid Value (mg KOH) (g sample)~! 180
Moisture content (%) 0.11 AOCS Aa 3-38
Fatty acid composition (wt.%) PFAD FAME
Palmitic acid, C16:0 49.23 54.02
Oleic acid, C18:1 37.91 33.43
Linoleic acid, C18:2 7.87 8.12
Stearic acid, C18:0 3.75 2.84
Myristic acid, C14:0 1.04 1.44
Triglycerides 6.00 -
Diglycerides 3.00 -
Monoglycerides 0.50 -
Others 0.2 0.15

2.4. Esterification Optimization Variables

2.4.1. Reaction Temperature

Ass an important esterification process variable, temperature was studied in Kelvin units by
varying the temperature from 323 K to 348 K. While these temperatures were varied, the other variables
(reaction time, 120 mins; catalyst amount, 2.5 wt.%; molar ratio of methanol:PFAD, 9:1) were all kept
constant. For protonation to occur, activation energy is required since we are dealing with an exothermic
reaction [30]. As the temperature increases, so does the FFA conversion and FAME yield. At 333 K, a 95%
FFA was converted and a FAME yield of 91% was recorded as seen in Figure 7a, which incidentally
happened to be the highest FFA conversion and FAME yield recorded. When the temperature was
increased to 343 K and 348 K, there was no significant increase in either the FFA conversion or the FAME
yield. Therefore, we adopted 333 K as our optimum reaction temperature for this study. FFA conversion
is directly affected by temperature, when increased from 323.15 K to 333.15 K, as highlighted in previous
works [31,32]. In an attempt to optimize FAME yield, 98.28% of FFA conversion was achieved when
353.15 K of reaction temperature was employed, as reported elsewhere [33].

2.4.2. Reaction Time

In a single-pot batch reflux system, the effect of reaction time on the FAME yield and FFA
conversion was investigated and the results are presented in Figure 7b. A certain contact time is
needed for the SO3H-KSC, methanol and the PFAD to have optimum FFA conversion and FAME yield.
In the optimization process, we varied the reaction time from 30 to 180 min while keeping all other
process variables constant, i.e., reaction temperature of 333.15 K, 2.5 wt.% of catalyst dosage and 10:1
molar ratio of methanol:PFAD. There was an obvious increment in the FFA conversion and FAME
yield as the time increased; however, the highest FFA conversion was recorded at 90 min, when 96%
of FFA was converted and the FAME yield was 95%. Although we continued the reaction runs until
180 min, there was no further increment in either the FAME yield or the FFA conversion; thus, we chose
90 min as our optimum reaction time for this study. From the literature review, we have seen that our
synthesized catalyst achieved a better reaction time than most of the work on bio-based materials. In a
similar report where a biochar sulfonated catalyst was synthesized, it took 180 min to achieve 92%
conversion with a similar catalyst concentration of 5 wt.% [34].
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2.4.3. Molar Ratio of Methanol: PFAD

The quantity of methanol used is one of the most important variables in esterification reaction.
To optimize the best quantity of methanol required to have the best possible FFA conversion and FAME
yield, we took our reading from 2:1 to 14:1, as presented in Figure 7c. We took guidance from the
literature review, in keeping some parameters constant while we ran all the samples. We maintained a
temperature of 333.15 K, a catalyst dosage of 2.5 wt.% and 120 mins of reaction time. We deduced that
as we increased the molar ratio concentration down the reaction line, the conversion and yield also
increased. We recorded the highest FFA conversion (95%) at a 10:1 methanol-to-PFAD molar ratio.
However, we continued for another two runs at 12:1 and 14:1 to confirm whether the conversion could
be improved on, but it reduced to and maintained 93% for both the 12:1 and 14:1 methanol-PFAD molar
ratios, respectively. During the esterification reaction it is expected that excess water may be produced,
which will then react with our feedstock while there is a higher possibility of the reaction being pushed
backwards. Furthermore, since esterification is a reversible reaction, there is a chance that when an
excess dose of alcohol is applied during the reaction, it serves to push the reaction to the product
side. However, we did not observe this principle in this case [26,29,30,35-38]. Therefore, we adopted
10:1 as our optimized reaction condition for the methanol-PFAD molar ratio. In previous studies,
where the molar ratio of 15:1 methanol: oil was used, a 98.28% fatty acid conversion was achieved [33],
while another report recorded a molar ratio of 24:1 [39]. Thus, the results we have reported in this
work have outperformed other scholarly works based on the concentration of methanol: PFAD used.

2.4.4. Catalyst Concentration

As presented in Figure 7d, we studied the effect of SO3H-KSC catalyst usage. The catalyst dose
ranged from 0.5 to 3 wt.%. As expected, there was an evident increase in FFA conversion and FAME
yield as the catalyst dosage increased. This trend continued until 2.5 wt.% where 92% conversion and
90% FAME yield were recorded. This development showed a slight drop in the conversion and yield
as compared to the 93% FFA conversion and 92% FAME yield recorded when 2 wt.% SO3H-KSC was
administered. The last run for the stream records 91% FFA conversion and 89% FAME yield. While
running for all these variables, we kept the time (120 min), catalyst loading (2.5 wt.%) and reaction
temperature (333 K) constant.

Although, we need a good amount of catalyst to achieve maximum yield and conversion of
methyl esters, in this case, there was no need to increase the catalyst dosage since it will not lead to
an increase in yield and conversion of FFA, provided the equilibrium point has been reached [39].
Hence, our optimized weight for catalyst dose of 2 wt.%. 120 mins, 10:1 methanol: PFAD molar ratio,
and 333.15 K reaction temperature were all kept constant during weight optimization of the catalyst.
In a previous study [40], researchers utilized 7 wt.% of their bio-based solid acid catalyst to achieve
96% conversion of FFA.

2.5. FAME Yield at Optimum Conditions

In the present study, our derived optimum conditions (90 mins, 338.15 K, 10:1 and 2 wt.%)
achieved 97.9% and 98.7% yield and conversion of FFA, respectively. Methyl palmitate (54.02%) had
the highest methyl ester concentration followed by methyl oleate (33.40%). Methyl stearate (2.84%),
methyl myristate (1.44%) and methyl linoleate (8.12%) were all recorded as part of the methyl esters.
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Figure 7. Reaction variables: (a) the reaction temperature; (b) reaction time; (c) methanol-PFAD molar
ratio; and (d) catalyst concentration (wt.%).

2.6. SO3H-KSC Reusability

Bio-based heterogeneous solid acid catalysts have always had an advantage over homogeneous
solid catalysts because of their reusability. This characteristic has distinguished them from liquid-based
catalysts, and thus it is important to highlight this unique feature. The synthesized bio-based SO;H-KSC
catalyst underwent five reaction runs without reactivation, as presented in Figure 8.

Throughout these runs, it was stable and yielded >90% FAME. After each run, the catalyst
was washed and dried in an oven for 24 h and then prepared for the next run. Table 2 highlights
the elemental and acid site density analysis of KSC, AC-KSC and SO3H-KSC, where we recorded
readings for sulfur, oxygen, phosphorus and carbon for the first runs. As reported elsewhere, five (5)
reaction cycles were run using heterogeneous catalysts for the production of biodiesel [41], while other
researchers have reported four reaction cycles [33]. It is also important to highlight the FT-IR spectra
of the recovered-kenaf seed cake (R-KSC), as shown in Figure 9. The complete decomposition of the
-SOsH functional group was observed as compared to the SO3H-KSC. This suggests that after the sixth
reaction run, the SO3H-KSC is deactivated and needs a further reactivation as the properties of the
KSC are still intact and can support further reactivation.
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Figure 9. FT-IR spectra of SO3H-KSC and recovered-kenaf seed cake (R-KSC) catalysts.

3. Materials and Methods

3.1. Materials

Kenaf (Hibiscus cannabinus, L), was collected from National Kenaf and Tobacco, Kelantan, Malaysia,
while PFAD was sourced from Sime Darby Group Sdn. Bhd., Malaysia. The feedstock, PFAD, comprised
90 wt.% of FFA (linoleic acid 6.6%, oleic acid 33.2%, stearic acid 4.0%, myristic acid 0.9% and palmitic
acid 45.3%). It also contained about 6% triglycerides (TG), 3% diglycerides (DG), 0.5% monoglycerides
(MG) and some traces of impurities. Methyl palmitate, methyl linoleate, methyl oleate, methyl
heptadecanoate, methyl myristate and methyl stearate were almost 100% analytical grade standard
obtained from J. T. Baker and used for the FAME yield determination using gas chromatography
(GC-FID). n-hexane (90%), methanol (99%), propanol (99%) and ethyl alcohol (99%) were all obtained
from Sigma-Aldrich. Concentrated H,SO4 (98%) and KOH (86%) were obtained from Fisher Scientific
International Inc. Phenolphthalein and H3 PO, (50%) were purchased from Merck & Co, pharmaceutical
company, USA. The iodine, FFA and saponification values of the crude PFAD were measured with
standard methods.

3.2. Catalyst Synthesis

The first step in the synthesis of the catalyst was to subject it to chemical activation. This process is
crucial because it helps improve the pore volume and the specific surface area of bio-based catalysts [34].
Two streams of kenaf seed cake bio-based materials were prepared and subjected to pretreatment.
The first sample (KSC) was subjected to heating via pyrolysis under a flow of N,, without pretreatment
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with phosphoric acid, while the second sample of powdered kenaf seed cake was soaked in H3POy4 to
achieve chemical activation. A 2:1 (w/w) impregnation ratio was used for 24 h at room temperature
to facilitate high porosity and specific surface area development [42]. Thereafter, H3PO4-KSC was
calcined by measuring the desired quantity into a glass boat and placing in a crucible tube furnace for
2 h under a flow of N, at 673.15 K.

The sulfonation process was next, after the calcination, and 10 g of H3PO4-KSC was sulfonated with
250 mL of concentrated H,SOy at 423.15 K under a N flow for 12 h in a reflux reactor. The synthesized
H3PO4-KSC was allowed to reach room temperature before washing with ionized distilled H,O, and
thereafter the synthesized catalyst was kept in an oven for 12 h at 353.15 K to remove excess moisture.

3.3. Catalyst Characterization

The sulfonated kenaf seed cake catalyst (SO3H-KSC) characterization was thorough, with six
different material characterization analyses. A FESEM (FEI, NOVA NANOSEM 230, Thermo Fisher
Scientific Inc., Oregon, USA) machine was used for the surface morphology of the SO3H-KSC, via a
high magnifying FESEM. A Mettler Toledo 990 machine (Mettler-Toledo (M) Sdn Bhd, Shah Alam
Selangor, Malaysia) was used to investigate the thermal stability of our synthesized catalyst via
thermogravimetric analysis (TGA) and differential thermogravimetry (DTG). Confirmation of the
successful attachment of the -SO3H functional group on the KSC catalyst, was achieved with the
Nicolet 6700 equipment (Thermo Nicolet, Thermo Fisher Scientific Inc., Oregon, USA) for the Fourier
transform infrared (FTIR) analysis. A Shimadzu, X-ray diffraction (XRD)-6000 machine (Shimadzu
Corporation, Tokyo, Japan) was used to check the KSC crystallite size and structure via powdered
XRD, with a scanning range and rate of theta (6) from 20 to 80 and 4 min~! respectively. We used
Scherrer’s formula (D = KA/ cos0) to estimate the crystallinity of the SO3H-KSC. The Thermo Finnigan,
TPDRO 1100 series was used for the analysis of the active acid site distribution and acid density, via
the ammonia-temperature programmed desorption (NH3-TPD) and the carrier gas used was helium.
Samples were degassed at 423 K with nitrogen and heated for 12 h, in order to prepare the samples for
the surface area analyses. The Thermo Finnigan instrument (Sorptomatic 1990 series) (Thermo Fisher
Scientific Inc., Oregon, USA). was used for the specific surface area analysis and the calculation was
achieved using the Brunauer-Emmett-Teller (BET) method. The pore size distribution calculation was
achieved by employing the Barrette—Joyner-Halenda (BJH) approach and mesopore mean diameter by
using data obtained from the desorption of the isotherms.

3.4. Experimental Setup for Esterification

The effects of different esterification reaction variables of the synthesized SO;H-KSC were analyzed.
Molar ratios of MeOH/PFAD ranged from 2:1 to 14:1, the SO3H-KSC amount from 0.5 to 3.0 (wt.%),
the reaction temperature from 323 K to 348 K, and the reaction time from 30 to 180 mins. In a typical
esterification reaction, the weight of PFAD, the volume of methanol, the molecular weight of the PFAD
and catalysts weight percentage were all measured in calculated proportions and mixed in a 500 mL
2-necked round bottom flask in a conventional reflux system. A condenser was plugged into the top
of the 2-necked flask which helped to maintain a good balance of the total amount of methanol in
the reflux reactor. The esterification reaction was set in a reflux reactor which was placed in a silicon
oil water bath. The molar ratio of the methanol-PFAD, catalyst concentration, reaction temperature
and time were all varied during the esterification reaction. In a typical esterification reaction setup,
for a 2.5 wt.% of catalyst amount, catalyst (0.5 g), PFAD (20 g) and methanol (21.35 g) were all placed
alongside a stirrer in a flask reactor, with 550 rpm stirring speed. Depending on the volume, the
content of the reflux reactor was emptied into a centrifuge plastic bottle and set to spin at 7000 rpm for
about 30 mins. This was done so that the separation process would be easier and quicker. Based on the
volume of the mixture, measured methanol was further used to wash the synthesized catalyst which
was then dried for a few hours in an oven set at 273.15 K, after which it was removed and kept for
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further reuse tests. After separation, the FAME was placed on a hot plate set at 338.15 K for 60 min to
purge any remnant methanol.

3.5. FAME Analysis

The yield and conversion of the FAME were calculated according to established standards (AOCS
Ca 5a-40), as shown in Equation (1) below. These calculations basically show the differences between
the acid values of the feedstock and the product [43]. Where FFA value of feedstock and FFA value of
product stand for the PFAD acid value and the FAME value of the FFA produced, respectively.

FFA value of feedstock — FFA value of product y
FFA value of feedstock

In analyzing the yield of the FAME, the EN 14103 method [44] was employed while using an

Agilent GC capillary column (0.32 mm x 30 m, 0.25 um). The temperature of the detector was set at

523.15 K, the injection volume was 1 uL and the oven was set at 483.15 K. The method employed here

requires several internal standards to be prepared (palmitic, oleic, stearic, linolenic, lauric, linoleic

Conversion (FFA)[%] =

100 1)

and myristic esters) and methyl heptadecanoic acid was prepared as the reference standard [44].
All reference standards—i.e., methyl oleate, methyl palmitate, methyl linoleate, methyl myristate and
methyl stearate—were diluted to 1000 ppm [13]. On average, we injected 1 pL of the sample into the
injector pot of the GC while the inlet temperature was set at 523.15 K and the FID was set at 543.15 K.
The GC oven’s starting temperature was programmed to start at 273.15 K and increase to 523.15 K with
the temperature rate set at 283.15 K min-1. The illustration in Equation (2) shows how we calculated
the FAME yield:

(ZA) - AEI CEIxXVEI
AEI

where: Y = FAME yield (%); XA = total peak area of the FAME (Cy40 to Cp41); AEI = peak
area of methyl-heptadecanoate (%); CEI = concentration of methyl-heptadecanoate solution (mg/L);

Y = 100 @)

VEI = volume of methyl-heptadecanoate solution (mL); and, m = mass of the sample (mg)

3.6. Catalyst Reusability Analysis

The economical nature of sulfonated bio-based catalysts is emphasized by their ability to run
several reaction cycles while remaining stable. After each esterification reaction we collected 0.2 g of
SO3H-KSC for the reusability test where we checked for the leached sulfur with the CHNS analysis
using the LECO CHNS-932 spectrometer. After the FAME separation and water residue following
each run, we washed the SO3H-KSC catalyst with ethanol and hexane in a 2-step washing procedure,
then dried it in the oven (10 h at 353.15 K) for recovery. These washing steps are necessary in order to
remove all contaminants (polar/non-polar compounds) during and after the reaction phase. These
reaction parameters: 2 wt.% of the SO3H-KSC, 338.15 K of reaction temperature and 90 mins for
reaction time, and a molar ratio of 10:1 methanol: PFAD were used for the reusability study of the
SO3H-KSC catalyst. We maintained this process for each reaction run. We ran all samples in this work
in triplicate sets, reported as the mean =+ standard deviation for the statistical analysis.

4. Conclusions

We have successfully demonstrated the sulfonation of bio-based kenaf seed cake to esterify a
highly acidic PFAD in this study. We demonstrated that phosphoric acid greatly enhances the catalytic
activity of bio-based materials as catalysts for FAME production. The sulfonated kenaf seed cake
showed improved porosity, enhanced specific surface area, good acid distribution and thermal stability,
and even better FAME yield and FFA conversion. At optimized reaction conditions of reaction time of
90 min, reaction temperature of 338 K, catalyst concentration of 2 wt.% and methanol-PFAD molar
ratio of 10:1, we obtained extremely positive results of 98.7% FFA conversion and 97.9% FAME yield.
We reused our synthesized catalyst for five reaction runs while maintaining FFA conversion and
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FAME yield above 90%, because the leached sulfur content, as observed with the CHNS analysis,
was insignificant. We have extensively shown, from the bio-based material characterization to the
PFAD and FAME properties, that bio-based materials should be utilized more often either as a precursor
for catalysts or as feedstock for the esterification of fats and oils.
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