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ABSTRACT

The use of green heterogeneous catalysts that are obtained from waste agricultural biomass can make
the production of biodiesel more economical. In this research, three solid base heterogeneous catalysts
(Catalyst A, B, and C) were synthesized from kola nut pod husks, and the synergistic effects of the
elemental composition on catalytic activities for biodiesel production were studied. The results revealed
a high surface area of Catalysts A, B, and C at 419.90 m?/g, 430.54 m?/g, and 432.57 m?/g, respectively.
Their corresponding pore diameters are 3.53 nm, 3.48 nm, and 3.32 nm, showing that the catalysts are
mesoporous in nature. The X-ray Fluorescence (XRF) results revealed the presence of a variety of alkaline
earth metals and their corresponding metal oxides in substantial amounts. Catalyst A was produced with
the highest concentration of calcium at 40.84 wt.% and calcium oxide at 68.02 mole%. The substantial
concentration of other elements, such as potassium, magnesium, and aluminum, and their correspond-
ing metal oxides are the proof of high catalytic activity of the produced green catalysts. The high CaO
contents of all three produced catalysts and their high surface areas indicate their strong potential for
good catalytic activities applied to the synthesis of biodiesel.
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1. Introduction The utilization of homogenous catalysts in biodiesel synthesis
have posed a lot of issues such as inability to recover used
catalysts, the requirement of expensive catalyst purification
and removal steps, corrosion of equipment, production of
soap and glycerol as by-products, and enormous production of
wastewater, thereby making the entire process environmentally
harmful and the purification steps very expensive (Asogwa,
Anikwe, and Mokwunye 2006; Betiku, Akintunde, and Ojumu
2016). To overcome the above setbacks from the use of homo-
genous catalysts, the utilization of the renewable heterogeneous
catalysts for fatty Acid Methyl Esters (FAME) production have
been considered more advantageous compared to traditional
homogenous catalysts. The green catalysts are neither consumed
nor dissolved in the transesterification reaction for biodiesel
production, thereby making the reaction more effective and
cheaper (Asogwa, Anikwe, and Mokwunye 2006; Betiku,
Akintunde, and Ojumu 2016). Notwithstanding, it has been
reported that some heterogeneous catalyst has the tendency of
leaching into the reaction mixture during biodiesel production;
hence, the need for solid support to ensure that the catalyst is
immobilized at the surface (Xie et al, 2018; Xie et al. 2020)
Kola nut pod husk is a waste biomass derived from kola

The continuous and extensive use of fossil fuels have led to
growing worries about the adverse effects on the environ-
ment, which bothers mainly on greenhouse gas emissions
(Kamble et al. 2022). According to the Stanford Earth
Magazine, the total CO, emissions in 2020 was approxi-
mately 39 GtCO, (Stanford University 2020). In order to
reduce this emissions level, EU countries and others have
agreed under the Paris Agreement a road map to achieving
net-zero carbon emissions by 2050 (European Climate
Foundation 2023). One of the viable options of achieving
this is by using an alternative source of fuel such as biodiesel
(Dias et al., 2016). Biodiesel can be obtained from plant and
animal sources such as Jatropha, Soybean, palm oil, rape-
seed oil, and Carica papaya seed oils, among others (Tan
et al. 2023). These alternative sources of fuel have been
reported to significantly reduce hydrocarbon, CO, and
soot emissions (Tan et al. 2023). Therefore, the use of bio-
diesel to replace conventional transport fuels that derived
from fossils could contribute to achieving this feat. Biodiesel
has numerous advantages; it is renewable and so with lower

carbon emissions, environmentally friendly, and miscible
with petro-diesel. However, the high cost of the feedstock
restricts a wider utilization of biodiesel, around 80-85% cost
of producing biodiesel is related to the feedstock cost
(Betiku et al. 2019). A promising way to reduce this cost is
by using low economic feedstock from biomass waste.

trees, which are widespread in West African countries. There
are well over 40 different species of kola nuts, and of all of
these, the Cola Acuminata and Cola Nitida are of great social
and economic values in African countries, e.g., Nigeria (Betiku
et al. 2019). In 2020, the world production of kola nut was
304,950 tonnes out of which Nigeria produced 166,895 tonnes,
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which accounted for 54.7% of the production thereby making
Nigeria as one of the world’s largest kola nut producers (UN,
‘World kola nut production’ 2022). With the large availability
of this resource, if it is disposed directly into the surrounding
environment, it could pose an environmental hazard trigger-
ing release of harmful greenhouse gases such as methane
(Betiku et al. 2019). The development of a biocatalyst from
kola nut pod husk is receiving growing interests and suggests
that it could be developed as a base catalyst for biodiesel
production (Betiku et al. 2019). Recent studies have focused
on the development of green heterogeneous catalysts and their
application for FAME synthesis due to the rich inherent
minerals in biomass and agro-waste materials that are suitable
for green heterogeneous catalysts production, as summarized
in Table 1. This is because the solid base catalysts used are not
consumed during the reaction and so can easily be separated
from the biodiesel product. These solid base catalysts are active
at the boiling point of methanol (MeOH) during transester-
ification process (Adepoju et al. 2018; Uddin et al. 2013).

To buttress this claim, researchers have investigated the
catalytic activities of various heterogeneous catalysts.
Olugbenga et al (Olugbenga, Mohammed, and Ajakaye
2013) have reported the use of cocoa pod husk catalyst for
the conversion of waste vegetable oil (WVO) using 5 wt.%
amount of catalyst, MeOH:WVO molar ratio of 50:1 at
a temperature of 60°C for 300 min, resulting in a biodiesel
yield of 94 wt.%. Musa acuminata peduncle ash was used for
the transesterification Ceiba Pentandra oil (CPO) to 98.5 wt.
%, which was achieved under the transesterification condi-
tions of 1.98 wt.% catalyst loading, MeOH: CPO molar ratio
of 9.20:1 at 60 oC for 60 min (Balajii and Niju 2019).
Vadery et al (Vadery et al. 2014) also reported the use of
coconut husk catalyst for the conversion via transesterifica-
tion of Jatropha oil (JO) using 7 wt.% of catalyst amounts,
MeOH: JO molar ratio of 12:1, at a temperature of 45°C for
30 min to synthesize 99.86 wt.% biodiesel. Kola nut pod
husk catalyst was employed by Betiku et al (Betiku et al.
2019). for the conversion of Kariya oil (KO) to biodiesel
yield of 98.67 wt.% under catalyst loading of 3 wt.%, MeOH:
KO molar ratio of 6:1 at 65°C for 75 min. Osakwe et al
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(Osakwe et al. 2018) also transesterified yellow oleander oil
(YOO) using kola nut pod husk catalyst to produce 84.5 wt.
% biodiesel under MeoH:YOO molar ration of 6:1, catalyst
amount of 1.5% at a temperature of 60°C for 90 min. Esther
et al (Olatundun, Borokini, and Betiku 2020) have com-
bined two agro-wastes of cocoa pod husk and plantain peel
heterogeneous catalyst for the transesterification of hone
seed oil (HSO) to obtain a maximum biodiesel yield of
98.98 wt.% with catalyst loading amount of 4.5 wt.%, reac-
tion temperature of 65°C, time of 2.5h and MeOH:HO
blend molar ratio of 15:1. Most recently, Falowo et al
(Falowo et al. 2020) produced a catalyst from three agro-
wastes of equal mixture of cocoa pod husk, plantain peel
and kola nut pod husk ashes for the transesterification of
a blend of hone, rubber and neem oils (HRNO) in
a volumetric ratio of 20:20:60, to obtain a maximum bio-
diesel yield of 98.45wt.% from MeOH:HRNO blend molar
ratio of 12:1, catalyst concentration of 1.158 wt.% and
a reaction time of 60 min.

Despite the array of reports available in the literature on
the synthesis of green catalysts for biodiesel production,
there are still challenges in terms of conversion efficiency,
catalyst recovery and reusability, availability and affordabil-
ity among others. These issues have necessitated the search
for novel catalysts to meet the growing demand for green
fuel. To the best of our knowledge, reports on fermentation
of kolanut pod husk for application as a heterogeneous
catalyst for synthesis of biodiesel is rather rare. In 2020,
Adepoju et al (Adepoju et al. 2020). reported a boost of
calcium and potassium mineral content after fermentation
of kola nut pod husk for the transesterification of
Butyrospermum parkii (Shea butter) oil (BPO) to biodiesel.
However, the surface area of the catalyst was rather low as
1.2 m*/g (Bharti, Singh, and Dey 2019), a high surface area
of catalyst would likely have more active sites required for
good conversion efficiency during biodiesel production. It
is thus important to assess the conditions required to
improve the surface area and other catalytic properties
required for biodiesel production. This research focuses
on preparation of catalyst from kola nut pod husk with

Table 1. Summary of waste agro-based catalysts and vegetable oil feedstock used in biodiesel synthesis via transesterification.

Calcination

Transesterification

. . FAME
_ conditions _ conditions Yield
Heat Time Qil MeOH:0il  Catalyst Temp Time (Wt.
Catalyst (°C) (h) feedstock ratio (Wt. %) (°C) (min) %) Refs.
Musa acuminata (Red banana) peduncle 700 4 Ceiba pentandra oil 11.46 2.68 65 106 98.73 (Balajii and Niju 2019)
Carica papaya peels 700 4 Used vegetable oil 12:1 35 65 60 97.5 (Etim, Eloka-Eboka, and
Musonge 2021)
Kola nut pod husk 500 4 Kariya oil 6:1 3 65 75 98.67 (Betiku et al. 2019)
Kola nut husk 600 3 Yellow oleander 6:1 1.5 60 90 84.5 (Osakwe et al. 2018)
Cocoa pod husk, plantain peel, kola nut 500 4 Honne-rubber-neem oil 12:1 1.16 150 6 98.45 (Falowo et al. 2020)
pod husk blend w
Palm kennel shell bio- char 800 2 Sunflower oil 9:1 3 65 240 99.8° (Kosti¢ et al. 2016)
Ostrich-egg shell 1000 4 Used cooking oil 12:1 1.5 65 120 96° (Tan et al. 2015)
Coconut husk 350 1 Jatropha oil 12:1 7 45 45 997 [21]

*Methyl ester content (wt. %); b Production yield (wt. %).
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emphasis on the treatment conditions to optimize the sur-
face area, porosity, functionality, and crystallinity of the
catalysts. This will help to assess the suitability of the
catalyst for biodiesel production.

2. Materials and methods
2.1. Materials

Kola nut pod husks were collected from Mkpat Enin village
in Southern Nigeria. The fresh kola pods were washed with
distilled water to remove impurities. 5kg of the clean pods
were placed in a bucket, soaked, and completely submerged
in distilled water. Fermentation of the pods was carried out
for 10 days as previously reported by Adepoju et al (Adepoju
et al. 2020). The fermented product was rinsed thoroughly in
distilled water and oven dried at 85°C to a constant weight.
The dried pods were ground using a blender and sieved to
particle size of 0.5 mm. The sieved powder was divided into
three equal portions of 10 g each before pre-treatment with
methanol and calcination (Adepoju et al. 2018; Betiku et al.
2019).

Kola nut pod husk

O

| Washing, fermentation, and oven dried ‘

2

| Grinding and sieving ‘

O

Pre-treatments

Catalysts Treatment with Drying Ash removal
MeOH

2.2. Kola nut pod husk preparation for catalysts
production

Figure 1 shows the process for the preparation of three cata-
lysts studied in this work. Catalyst A was not pre-treated with
Methanol (MeOH) and so no drying was required; the ash
content after calcination was not removed. Catalyst B was pre-
treated with MeOH, and it was therefore dried before calcina-
tion and after calcination, and the ash content was shaken off.
Catalyst C was not pre-treated with MeOH and therefore
drying was not required and the ash content was shaken off.
Catalyst calcination was done to see the improvement on the
surface areas as well as the elemental compositions of the three
produced catalysts. The catalysts were calcined differently
using Thermoconcept KLS 10/12/WS furnace at the tempera-
ture of 700°C for 4 hours. This temperature was chosen
because an initial evaluation of the effect of calcination tem-
perature on the surface properties of the catalyst derived from
kolanut pods has revealed an optimum temperature of 700°C
which gave a high surface area and other physicochemical
properties required for the target application (16). The bioca-
talysts after calcination were placed in airtight glass vials and
stored in a desiccator for further processing. The three calcined
catalysts can be directly used as renewable heterogeneous
catalysts without additional treatment (Betiku et al. 2019).

2.3. Catalysts characterization

To study the surface morphologies of the Fermented
Uncalcined Kola Nut Pod Husk (FKPH) raw material and
the three Fermented and Calcined Kola Nut Pod Husk cata-
lysts (namely Catalysts A, B and C), a high-resolution scanning
electron microscope (SEM)-PhenomProX fitted with energy
dispersive X-ray (EDX) detector were used. To ascertain the

A NA NA NA . -
elemental as well as the metal oxide compositions of the FKPH
YES YES YES . . .
raw material and the produced catalysts, a Xenemetrix Genius
€ NA NA YES IF X-Ray Fluorescence analyzer was used. To determine the
iys crystallinity of the catalysts, X-Ray Diffractometer analysis was
Calcination done by using Rikagu MiniFlex 600 analyzer. To ascertain the
effectiveness of the calcination process on the surface areas of
the synthesized catalysts, a BET Micrometrics ASAP 2420
Catalysts A, B and C .
Surface Area and Porosity Analyser was used. The BET surface
Figure 1a. Catalysts preparation process. area and the BJH desorption (pore size and pore volume)
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>
= 400
2 300
E 200
100
0 | n n_ Hm . o = A = 0 - B _
K CaMg K CaMg K CaMg K CaMg K CaMg K CaMg K CaMg K CaMg
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Figure 1b. A comparison of the elemental composition of the synthesized catalyst with some reports in the literature.



methods  were  employed. ABB  Spectra  FTIR
Spectrophotometer MB 3000 was used to obtain the infrared
(IR) spectra of the bio-samples to assess the functional groups
inherent in the samples.

3. Results and discussion

The results obtained from the characterization of fermented
and calcined Kola Nut Pod Husk catalysts using X-Ray
Fluorescence (XRF), Scanning Electron Microscopy- Energy
Dispersive X-Ray (SEM-EDX), X-Ray Diffraction (XRD), BET
analysis, and Fourier Transform Infra-Red Spectroscopy (FT-
IR) are discussed, with aims of determining the yield and
properties of the synthesized catalysts to ascertain their suit-
ability for production of biodiesel.

3.1. Catalyst yield

After being treated under various conditions, Fermented Kola
Nut Pod Husk samples were calcined to produce catalysts A, B,
and C. The mass of each sample was weighted before and after
the calcination. The yield of each catalyst was obtained using
Equation 1, and the result is presented in Table 2.

Catalyst yield(%) — Mass of catalyst after calcination(m,)
I )™ Mass of catlyst before calcination(m; )

x 100

3.2. Metals and metallic oxide composition

Figure 2 shows that the catalysts are rich in elements such as
potassium, calcium, magnesium, and oxygen, while the ele-
ments that were present in minor amounts include silicon,

Table 2. The yields of catalysts.

Mass of the sample Mass of catalysts after  Yield
Catalyst before calcination (my, g) calcination (my, g) (ﬂ%, %)
A 10 0.9558 9.56
B 10 0.5825 5.83
C 10 0.6847 6.85
45 1 1 1 L 1 1 L L L
40 -nr
25 [ |FKPH [
- [ |CKNPHA
<2 [ ICKNPHB fl L
=~ als [ |CKNPHC
[
S 25+ -
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Q20 n M -
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8 15 L
10 4 =
| HME "
0 L &.E” ~gpe [
0] Mg Al Si P S Cl K Ca
Elements
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aluminum, and sulfur. Comparing the elemental composi-
tions of the FKPH raw sample and catalyst A, B and C, it can
be observed that there has been a considerable boost in the
elemental compositions of the produced catalysts A, B and
C compared to the feedstock. At 700°C, Catalyst A sample
was observed to give the highest mole fraction of calcium
(40.84 mole %), followed by Catalyst C (39.39 mole %)
and Catalyst B sample (35.18 mole %), respectively. The
same trend was also observed for potassium, the mole
fraction of K was highest in Catalyst A sample with
20.95 mole%, followed by Catalyst C sample of 20.60
mole% and Catalyst B sample of 18.70 mole%.

Magnesium was highest in Catalyst B, and this could be
attributed to the pre-treatment with MeOH; Catalyst
C sample gave a mole fraction of 2.81 mole%; Mg was
not detected in Catalyst A sample. It is worth noting that
there is magnesium and magnesium oxides in both cata-
lysts B and C implies the possibility of magnesium depos-
its during sieving. The calcium composition for Catalysts
A, B and C are higher than that of the feedstock sample.
A slight increase in the amounts of the elements present
in the Catalysts as compared to the FKPH sample is an
indication of the effectiveness of the fermentation, calci-
nation, and MeOH pre-treatment processes, which has
effectively extracted and boosted the minerals present in
the FKPH sample through the breakdown of lignin-
carbohydrate matrix (Balajii and Niju 2019).

The results of the key metallic composition obtained
from this current study was compared with available
reports in the literature, as presented in Table 3. The
findings of this study revealed that single base metal
oxides such as Cao, MgO, and K,O, which are the key
constituents of solid base heterogeneous catalysts gave
equal yield at low temperatures and within a short time
(Lee et al. 2014; Maroa and Inambao 2021; Mierczynski
et al. 2015). According to Baskar et al (Baskar and
Soumiya 2016), CaO catalysts are commonly used in the
production of biodiesel due to their low cost and high
reactivity under low FFA (<1%).

70 L
M [ ]FKPH
&) ] [_ICKNPHA i
[ JCKNPHB
S u [__JCKNPHC
= 50 | i
E
c 40 L
S
.‘i’
Q 30 -
£
[o]
O 20 - -
104 -
L [ P 1 |
K20 Ca0 Si02 Al203 MgO
Oxide

Figure 2. Metal and metallic oxide composition catalyst A, B and C catalysts in comparison to FKPH raw material.
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Table 3. Effect of biomass pre-treatment on elemental composition of various catalysts.

Treatment
Bio-Catalysts methods

Calcination
conditions

Temp. (°C)  Time (h)

Remarks

Musa acuminata (Red banana) peduncle Oven dried at 650°C for 4 days

Carica papaya peels Sun-dried for 2 weeks
Kola nut pod husk Burnt to ash in open air
Kola nut husk Sun drying for 30 days

Cocoa pod husk, plantain peel, kola nut  Open combustion in air
pod husk

Calcined kola nut pod husk A Fermentation

Calcined kola nut pod husk B Fermentation, pre-treatment

with MeOH

Fermentation, ash removal
after calcination

Calcined kola nut pod husk C

700

700

500

600

500

700

700

700

4

4

Resulting
metallic
Contents (%)
K 42.23
Ca 1.70
K 30.74
(@] 10.30
P 3.64
S 431
K 47.14
Ca 7.59
Mg 532
K 33.91
Ca 25.38
Mg 1240
K 47.60
Ca 5.56
Mg 421
K 20.95
Ca 40.84
Al 244
Mg 0.00
K 18.70
Ca 35.18
Al 248
Mg 8.40
K 20.60
Ca 39.39
Al 2.55
Mg 2.81

(Balajii and Niju 2019)
(Etim, Eloka-Eboka, and
Musonge 2020)
(Betiku et al. 2019)
(Osakwe et al. 2018)

(Falowo and Betiku 2022)

This study

This study

This study

Catalyst B

Figure 3. Micrographic images of Catalysts A, B and C in comparison to the raw sample FKPH.

Catalyst C



3.3. Morphological studies

The micro-changes in the surface morphological features of
the fermented and calcined kola nut pod husk catalysts were
assessed using SEM-EDX analysis. The physical impact of the
calcination heat process on the produced bio-samples are
shown in Figure 3. As observed, raw FKPH sample shows an
irregular cracks and porous morphology caused by the manual
size reduction process in the fermented sample. The highly
disorganized FKPH morphology shows absence of pores and
cracks on its heterogeneous surface (Balajii and Niju 2019).
The rough surface of the FKPH sample can be attributed to the
carbohydrate-lignin matrix during calcination at 700°C for 4
hours. The figure also shows the smooth textured ash catalyst
samples produced. The SEM images show the spongy and
porous nature of the particles, which are characterized by
increased particles agglomeration, which has led to smaller
aggregates of particles with high fibrous and mesoporous
nature.

The calcined biomass ash used for biodiesel production
have been shown to possess spongy and little mineral
aggregates agglomeration caused by sintering of metal oxi-
des (Betiku et al. 2019). The calcined ashes can be
employed directly as a solid heterogeneous base catalyst
for Fatty Acid Methyl Esters (FAME) production (Balajii
and Niju 2019). Figure 3 also shows that the produced
biocatalysts A, B, and C display relatively ordered, flat,
and smooth surface having a lot of pores and perforations.
This increased porosity greatly boosts the biodiesel conver-
sion due to their increased surface area as shown in the
BET surface area results.

The micro-change in the morphology of the calcined cata-
lysts is known as an indication that the MeOH pre-treatment
and calcination temperature have greatly altered the morphol-
ogy of the raw FKPH feedstock. The Catalysts A, B and C SEM
micrographs in Figure 3 indicates the evolution of pores as
a function of thermal cracking of the organic compounds and
effective treatment (Kamble et al. 2022). When compared with
XREF result, it was seen that K, Ca are the major elements. Mg,
Mn, Zn, Cu, N, Cr, Fe, and Ni were also found in minute
quantities in sample Catalyst B. It was also observed that S and
Cl are non-existent in catalyst samples. The most clear and
bright particles are majorly comprised of inorganic matter,
particularly alkali and alkaline earth metals, as well as Fe.
The SEM micrographs also shows the giving off larger number
of pores in small areas or points during thermal cracking
influenced by mineral oxides such as CaO, K,O, etc.
Minerals and their oxides play catalytic role at the micro-
level (Kamble et al. 2022).

Table 4. BET surface area and pore properties of the synthesized catalysts.

Pore Volume
Catalyst Surface Area (mz/g) (cm3/g) Pore diameter (nm)
A 420 0.25 353
B 430.5 0.26 3.48
C 432.6 0.25 332
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3.4. BET surface area

Table 4 shows a summary of the BET results obtained. The
surface areas of Catalysts A, B and C were found to be 419.9
m?/g, 430.5 m*/g, and 432.6 m’/g, respectively. It is observed
that both the BET surface areas and BJH desorption summary
(pore volume and pore size) show an increase in the values,
and this indicates the efficiency of the calcination process and
pre-treatment with methanol on the calcined kola nut pod
husk catalysts. From Table 4, it is observed that Catalyst
A gave the lowest BET surface area, and this could be attrib-
uted to the blocking of the pores due to esters, glycerol, and
biomass ash content (Balajii and Niju 2019). Catalyst B gave an
improved surface area, and this is due to the pre-treatment
with methanol and removal of ash content by sieving. Catalyst
C sample gave the highest surface area, and this could be
caused by the removal of ash content from the catalyst surface
formed during calcination process. The effects of calcination
temperature, performed size reduction, and sieving process
have been reported to aid the high surface area of produced
biomass solid catalysts (Adepoju et al. 2018, 2018, 2018, 2020;
Balajii and Niju 2019). Table 5 shows a summary of the BET
results reported on different biomass catalysts; it shows that
the produced Catalysts A, B, and C have significantly higher
surface area in comparison to biomass-derived ash-contained
solid catalysts.

The BET adsorption-desorption isotherm plot of the catalysts as
well as the pore size distribution are shown in Figure 4. All three
catalyst samples show a type IV isotherm with type H3 hysteresis
loop according to TUPAC classification. This indicates that the
material has a higher mesoporosity with more of physical adsorp-
tion, suggesting the initial adsorption interactions are followed by
pore condensation where there is a phase change from gaseous to
liquid state within the pores at a pressure that is less than the
saturation pressure of the bulk liquid (Thommes et al. 2015). This
is confirmed by the pore size distribution plot in Figure 4, which
indicates a broad spectrum covering both microporosity (<2 nm) to
macroposority (>50 nm) with more pores around the mesoporous
range (2nm-50 nm). This attribute is characteristic of hierarchical
architectures which is highly desirable as a heterogeneous catalyst.

3.5. XRD analysis

The identification of minerals and phases present in the fer-
mented and calcined samples was carried out using XRD ana-
lysis. The XRD technique was used to determine the crystallinity
of the biomass ash samples. The XRD diffractograms for the
fermented and calcined catalysts are shown in Figure 5. The
intensity of the peak patterns for Catalysts A, B, and C increased
because of the calcination temperature of 700°C and methanol
pre-treatment. This heating temperature has increased the crys-
tallinity of the calcined catalysts as observed, similar results as
been obtained by other report (Etim, Eloka-Eboka, and
Musonge 2021). The results of EDX, FTIR and XRD all support
the view that K, Mg, and Ca are the major metallic elements
present in Catalysts A, B, and C and have showed to have strong
catalytic characteristics in biodiesel production (Betiku et al.
2019). By comparing the XRD patterns of FKPH raw material
and Catalysts A, B and C, most of the peaks identified were
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Table 5. Summary of BET results reported on different biomass catalysts.

Surface Pore diameter or
area Pore volume radius Biodiesel yield

(m% g) (cc/g) (nm) (%) Refs
Mesua ferrea Linn seed derived char 23.419 7.5206 - - (Bora et al. 2018)
Mesua ferrea Linn seed derived activated carbon ~ 333.833 115.63 - - (Bora et al. 2018)
Mesua ferrea Linn seed derived sulfonated 150.326 55.32 - - (Bora et al. 2018)

carbon
Date pits powder 432 0.22¢ 6.62° - (Abu-Jrai et al. 2017)
Date pits derived carbon catalyst 211 0.14¢ 5.98° 916 (Abu-Jrai et al. 2017)
Flamboyant pods derived carbon catalyst 820 0.3534¢ - 89.81 (Dhawane, Kumar, and Halder 2016)
Char 354 0.34C 3.8° - (Ahmad et al. 2018)
Wood char catalyst 337 0.24¢ 2.7° 96 (Ahmad et al. 2018)
Pomelo peel bio char catalyst 6.7 24 4MM - 98 (Zhao et al. 2018)
Wood ash 9.38 - 25° 402 (Sharma et al. 2012)
Calcined wood ash catalyst 3.72 - 26" 98.7 (Sharma et al. 2012)
Activated wood ash catalyst 0.65 - 537 99 (Sharma et al. 2012)
Lemna perpusilla Torrey ash 9622 2170x1078M 4512x107° "M 89.43 (Chouhan and Sarma 2013)
Musa “Gross Michel” peel ash 4.442 0.020° 17.864° 98.5 (Betiku, Akintunde, and Ojumu
2016)

Tucuma peel ash 1.0 - - 973 (Mendonga et al. 2019)
Musa balbisiana Colla peel 10.176 0.065 1.60% - (Gohain, Devi, and Deka 2017)
Musa balbisiana Colla peel ash 14.036 0.074 2.603% 100 (Gohain, Devi, and Deka 2017)
Uncalcined red banana Peduncle 24.466 0.083 11.754 - (Balajii and Niju 2019)
Calcined red banana Peduncle 45.992 0.145 9.770° 98.73 £0.50 (Balajii and Niju 2019)

?pore radius; “MPore radius expressed in m; PPore Diameter; * Particle Size expressed in um; “Pore Volume expressed in cm?/g; MPore Volume expressed in m%/g,

MMpore Volume expressed in mm>/g.
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Figure 5. XRD spectra of catalyst A, B and C in comparison to FKPH raw material.

absent in the FKPH sample and could be caused by carbohy-
drate-lignin matrix (Balajii and Niju 2019).

It is apparent that distinct peaks were observed in Catalysts
A, B, and C samples between 2 Theta of 2-70° and it can be
ascribed to the efficacy of the chosen calcination temperature
and treatment by methanol, which has aided the removal of the
above-mentioned matrix. In the Catalysts A, B, and
C diffractograms, the peaks at 2.99°, 29.58°, 39.56°, 43.39°,
59.92°, and 68.54° can be attributed to the occurrence of miner-
als tetragonal structured potassium and hexagonal structured
calcium that were found to be the key phases of the three formed
biocatalysts. Additionally, the minor peak matches elements
such as the cubic structured magnesium, which was detected
in the Catalysts B and C. After calcination, the mineral magne-
sium was observed as magnesium oxide (cubic); calcium as
calcium oxide (cubic); and potassium as potassium oxide
(cubic). From the XRD results, it can be observed that the
selected calcination temperature has proven to be effective in
the extraction and boost of the minerals in the biocatalysts that is
desirable for good catalytic activities (Balajii and Niju 2019).

3.6. FTIR Analysis

The Infra-Red (IR) spectra for the fermented kola nut pod husk
FKPH sample and the three catalyst samples are shown in
Figure 6. For the FKPH sample, two major absorption peaks
were observed at the functional group region. The first peak falls
within the 1680-1750 cm™ in the IR Spectroscopy correlation
tables region, at exactly 1750 cm™" indicative of the C=
O stretching of the carbonyl group present in the fresh sample.
The second peak is seen at 3000 cm™", which lies in the region
2500-3300 cm ™" and is allocated to stretching vibrations of
O-H group of water molecules (Betiku et al. 2019; Hameed,
Lai, and Chin 2009). Comparing the absorption peaks of The
Catalyst A and Catalyst C, it was observed that the region
between 2500-3300 cm ™" disappeared because of the calcination.
This indicates the removal of O-H group of water molecules
(Betiku et al. 2019; Hameed, Lai, and Chin 2009). However,
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Figure 6. FTIR results of catalyst A, B and C in comparison to FKPH raw material.

a major absorption peak was obtained for both calcined samples.
This peak was observed at 1750 cm ™" which falls in the region of
1680-1750 cm ™" indicative of C= O stretching of the carbonyl
group (Betiku et al. 2019; Hameed, Lai, and Chin 2009).

In Figure 6, the fact that FKPH and Catalyst A are similarly
showing that calcination of the feedstock without treatment
with methanol, drying and ash removal has little or no effect
on the functional group. However, when the feedstock (FKPH)
was treated with methanol and subsequently dried and cal-
cined (Catalyst B), there is an absence of the hydroxyl group in
the calcined sample showing the removal of water molecules.
In addition, the close resemblance of the spectra of Catalyst
B and C implies that there is no significant change in func-
tional group if the ash was removed after calcination. The
results obtained in this study was compared with the work of
Betiku et al (Betiku et al. 2019), who investigated the functional
groups of raw, burnt, and calcined kolanut pods. Slight differ-
ences in the functional groups of the feedstock reported in the
report of Betiku et al (Betiku et al. 2019) and this study could
be attributed to the difference in environmental conditions in
which both samples were grown.

4. Conclusions

This present research has explored different treatment meth-
ods for the synthesis of green biocatalysts from fermented
kola nut pod husk. The catalysts were characterized using
SEM-EDS, XRD, XRF, BET, BJH, and FTIR analyses. The
characterization results have indicated that the calcination
temperature (700°C for 4h) has had a major impact in
drastically extracting and boosting the mineral compositions
inherent in the kola nut pod husk by degrading the carbohy-
drate lignin-matrix. The produced calcined catalysts have
shown great catalytic potential due to the high K, Ca, and
Mg contents, increased surface area and the existence of
mixed mineral oxides such as CaO, MgO, and K,O. The
synthesized catalysts showed an excellent surface area (420-
436 m2/g) which is essential property as a catalyst as it
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provides sufficient substrate required for the proposed ester-
ification reaction. In addition, the porosity was observed to
vary from microporous to macro porous range which is
characteristic of hierarchical pore structure which has
a wide range of applications including as a catalyst. The
results of EDX, FTIR, and XRD indicates that K, Mg, and
Ca are the major metals present in Catalysts A, B, and
C. This has been shown to have strong catalytic character-
istics in biodiesel production. The presence of carbohydrate-
lignin matrix was identified in the calcined samples but not
in the feedstock which showed the effect of thermal treat-
ment on the samples. In addition, the calcined samples
showed more of crystalline nature as observed by the char-
acteristic peak around 30 degrees on the 20 axis. These
suggest good catalytic properties required for the intended
application for biodiesel production.
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