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A cost-effective catalyst is essential to reduce the expenses of producing biodiesel. This study is aimed at utilizing the waste of the
black gram (Vigna mungo (L.) Hepper) plant as an efficient catalyst for producing biodiesel from a blend of different edible and
inedible oils. The catalyst was developed by igniting the dried material and then subjecting it to calcination at 550°C for 2 h. The
feedstock was prepared by mixing the oils in an equivalent ratio for the reaction. Various sophisticated techniques such as XRD,
FT-IR, XPS, BET, FESEM-EDX, HRTEM, and SAED were employed to characterize the prepared catalyst. The catalyst’s catalytic
activity was assessed by transesterification of the oil mixture. The optimized transesterification conditions were 10 wt% of catalyst
loading, 9:1 of MTOR, 65°C of reaction temperature, and 1.6 + 0.14 h of reaction time producing 94.79 + 0.27% of biodiesel yield
and 96.86% oil conversion. The calcined catalyst’s alkaline solubility was found to be 2.77 mmol/g, basicity as 0.13 mmol/g, and
14.57 per hour as the turnover frequency (TOF). Catalyst reusability was conducted and found that the catalyst could be
reprocessed up to three successive cycles. The synthesized biodiesel’s physicochemical characteristics were assessed and found
to conform to ASTM D6751 and EN 14214 requirements.

1. Introduction

Continuous high energy demand is an outcome of upsurging
growth in population, change in lifestyle, industrialization,
and urbanization. As a consequence, severe depletion of fos-
sil fuel reserves could be seen with an increase in global
warming, high oil prices, etc. [1]. As per the IPCC (Intergov-
ernmental Panel on Climate Change) 2021 report, a 1.5°C
rise in surface temperature is estimated for 2021-2040 in
comparison to the pre-industrial era [2]. Despite posing seri-
ous environmental risks, fossil fuels are the primary source
of energy and are predicted to run out by 2050 [3]. Thereaf-
ter, the cause emphasizes the need for an alternative that is
renewable, cost-efficient, and sustainable that can eventually
divert the dependence on fossil fuel reserves.

One such is biodiesel, a mixture of fatty acid methyl ester
(FAME), which shows better chemical and physical proper-
ties than conventional diesel. Biodiesel is biodegradable,
renewable, and nontoxic; has a low sulfur content; emits
fewer greenhouse gases; and is easy to handle and transport.
It is either used as an individual fuel, mixed with diesel, or
blended with diesel and solvent, where the resultant fuels
are reported to improve mechanical efficiencies [4]. Veza
et al. [5] investigated the effect of palm oil-biodiesel blend
and observed an increase in density and kinematic viscosity
with increasing the biodiesel percentage.

Biodiesel is synthesized by the most common method
called transesterification, which involves the reaction of oil
feedstock with alcohols in the presence of an appropriate
catalyst. As feedstock, edible oils (for instance, sunflower
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oil, soybean oil, palm oil, and rapeseed oil) are the major
attraction for biodiesel synthesis [6]. Edible oils are exten-
sively produced by countries like Brazil, China, India,
France, the United States, and Canada. During 2020-2021,
the production of edible oils touched up to 210 million met-
ric tons worldwide [7]. Since edible oils are necessary to
meet the food requirement, the reliance on them for the
manufacture of biodiesel is limited. Their extensive use
results in a hike in food demand and in its price, which for-
bids their usage as a source for biodiesel synthesis. Another
emerging feedstock is inedible oils, which are unsuitable
for human uptake and cheap; hence, they are regarded as a
suitable source to produce biodiesel. Inedible oils (karanja,
neem, jatropha, mahua, etc.) are low in price and require
nonfertile land for cultivation, but the increased demand
for nonedible oils may rise in the clearing of forest areas
for the cultivation of such crops. Other drawbacks of noned-
ible oils are their high acid value, and their requirement in
the cosmetic, biolubricant, and soap industries, which may
shorten the availability of nonedible oils [8].

In addition, tons of frying oils are discarded after use
(called WCO, waste cooking oil), which has drawn the atten-
tion of researchers for biodiesel synthesis. However, utiliza-
tion of WCO requires additional processing costs for
purification from impurities and esterification before carry-
ing out transesterification reactions [9]. Furthermore, algal
feedstocks are also utilized by various researchers as feed-
stock for biodiesel production but are subject to many disad-
vantages, such as their production and extraction challenges
that require huge investment [10]. Additionally, waste ani-
mal fats, the by-products derived from animal meat process-
ing and rendering plants, also serve as promising feedstock
for biodiesel production. Although their use can lessen the
waste produced by slaughterhouses, it will cost more money
and energy because of the high concentration of FFAs and
water they contain. This can lead to low yields and make
separation and purification more difficult. It has been men-
tioned by Toldra-Reig et al. [11] that the refining of crude
biodiesel derived from animal fats and vegetable oil is more
expensive than the latter.

Single oil feedstock (either edible or nonedible) is widely
employed, but the usage of single raw materials accounts for
many issues, such as the availability of raw materials and the
extensive requirement for cultivable land. Production of bio-
diesel from single feedstocks faces issues during esterifica-
tion and transesterification [10]. In this view, the blending
of different types of oils has drawn the attention of the scien-
tific community. Blending different oils with different (either
high or low) FFA can result in a feedstock with reduced FFA,
making it suitable for biodiesel production. The mixing of
multiple feedstocks also reduces the dependency on the
availability of a particular feedstock. Thus, mixing can elim-
inate the time and cost required for esterification of the feed-
stock before transesterification [10]. Also, Kusumo et al. [12]
mentioned that the physiochemical properties of biodiesel
might be improved by using a multifeedstock. In this regard,
various studies have been carried out utilizing different
blends of feedstock, such as mixture of Sterculia foetida
and rice bran oil [12]; mixed castor and soybean oils [13];
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blend of hazelnut and sunflower oil [14]; combination of
waste fish, bitter almond, and waste cooking oil [15]; and
mixed Jatropha curcas and Ceiba pentandra [16].

The catalytic transesterification method proceeds with
the aid of homogeneous, heterogeneous, and enzyme-based
catalysts. The homogeneous-based transesterification reac-
tion results in high biodiesel conversion in a short reaction
time but corresponds to saponification, difficulties in separa-
tion, high energy consumption, and large wastewater gener-
ation [1]. Whereas, the enzyme catalysts that are insensitive
to FFAs produce high biodiesel conversion, but their pro-
duction requires high capital investment as well as a longer
reaction time for biodiesel conversion [17]. NaOH, KOH,
H,SO,, CH,OK and CH;ONa [18], Clostridium sp. [19], C.
antarctica lipase B [20], Thermomyces lanuginosus [21],
etc. are some of the reported homogeneous and enzyme cat-
alysts employed by various researchers to produce biodiesel.
Lastly, heterogeneous catalyst-mediated transesterification
proceeds in milder reaction conditions with easy separation
and reusability and, thus, is regarded as the most efficient
catalyst in biodiesel synthesis. Selemani and Kombe [22] also
mentioned that heterogeneous catalysts could reduce high
FFA in a short period of time. Some heterogeneous catalysts
reported are lithium-based chicken bone [23], KNO;-
impregnated oil shale ash [24], ZIF-8 MOF-derived CaO/
ZnO catalyst [25], CaO [26], etc.

The cost of feedstock and catalyst severely affects biodie-
sel production on a commercial scale [27]. To reduce the
expenses of biodiesel production, catalysts derived from
agricultural leftover materials as heterogeneous catalysts
are seen to rise rapidly. Agricultural waste-derived catalysts
are abundant in nature, low-cost, and show high catalytic
efficiency because of the abundance of alkali and alkaline
earth metals existing as carbonates and oxides [9]. Various
agrowaste-based catalysts have been noticed from the works
done by using elephant ear pod husk [28], Citrullus lanatus
and Musa acuminate peels [29], L. perpusilla Torrey ash
[30], waste banana peels [31], moringa leaves [32], Musa
acuminata peduncle [33], Musa acuminata peel [3], Kola
nut pod husk [34], Citrus sinensis peel [35], Brassica nigra
[36], banana peel-supported sulfonic acid [37], M. champa
peduncle [38], blend of coca, kola nut, and fluted pumpkin
husks [39], blend of plantain peels [40], H,SO,/KOH-doped
Delonix regia char [41], Li-incorporated arecanut husk ash
[42], sugarcane bagasse [43], potato peel [44], Xanthium
strumarium seed shells [45], and many more.

Black gram (Vigna mungo (L.) Hepper) is a leguminous
plant that belongs to the Fabaceae family, originated from
South Asia, and is distributed among the subtropical and
tropical parts of India [46, 47]. It is an erect and fast-
growing crop whose height reaches 30-100 cm [48]. Black
gram is a good source of proteins (mainly globulins), fibres,
carbohydrates, and fats. India leads the world black gram
production, accounting for over 70% of global output, with
Myanmar and Pakistan following closely behind [49]. Black
gram is cultivated during the kharif season. After the matu-
ration of the pods, the crop is stacked and allowed to dry. On
drying, the seeds are separated from the pods. In most parts
of the world, the leftover plants are discarded as waste,
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which can account for intense environmental pollution.
Developing this unhandled agricultural waste as a catalyst
is one of the potential ways to tackle this environmental
issue. It is widely reported that agricultural wastes are advan-
tageous as catalysts because they contain plenty of alkali and
alkaline earth metals which make them suitable catalysts for
biodiesel synthesis [50]. Furthermore, utilizing such waste as
a catalyst for biodiesel production can cut down on the cost
associated with the preparation of catalyst.

Nowadays, the use of various process intensification
techniques is being reported by various researchers. These
technologies improve biodiesel production efficiency and
decrease reaction time, which overcomes the drawbacks of
conventional methods [51]. These techniques include
microwave-irradiation and ultrasonication [51, 52]. In a
study of microwave-assisted transesterification of the combi-
nation of honne, rubber seed, and neem oils, 98.45wt% of
biodiesel yield was reported within 6 min under microwave
heating of 150 W, as reported by Falowo et al. [53]. An inno-
vative approach utilizing the combination of microwave and
ultrasonication methods to analyze biodiesel production
from a blend of Ricinus communis oil and used cottonseed
cooking oil was carried out by Kodgire et al. [51]. The study
resulted in 92.11 £ 0.06% of biodiesel yield with improved
physicochemical properties in 12.3min. In addition,
machine learning algorithms like artificial neural network,
response surface methodology, linear regression, extreme
learning machine (ELM), cuckoo search (CS), and genetic
algorithms are trending among academics. These algorithms
have a tendency to enhance biodiesel productivity and eco-
nomic feasibility [10, 54]. Mujtaba et al. [52] used ultrasonic
assistance to transesterify a combination of palm and sesame
oil. They used CS optimization algorithm in conjunction
with ELM in their investigation, yielding 95.89% biodiesel.

Further, the physicochemical characteristics of biodiesel
are claimed to be improved by the use of additives. However,
at low dosages, their impact on low-temperature perfor-
mance is minimal. For instance, fractionation technologies
such as distillation and winterization are stated to provide
better improvements in low-temperature performance. An
extraordinary approach of urea inclusion in order to remove
saturated fatty acid methyl esters was undertaken by Liu and
Tao [55] which resulted in a biodiesel with reduced cloud
point. In another study, Yeong et al. [56] utilized the vacuum
distillation technique to improve the cold flow characteris-
tics of biodiesel synthesized from palm fatty acid distillate.

A literature survey depicting the biodiesel production
from various single or blended feedstocks utilizing various
kinds of heterogeneous catalysts is listed in Table 1. This lit-
erature survey suggests that the adaptation of blended or
mixtures of oils as biodiesel feedstock catalysed by heteroge-
neous ash-based catalyst is limited in this area. Also, it has
been noticed that the leftover parts of black gram have not
been explored as a heterogeneous catalyst as well as its cata-
lytic activity for biodiesel production till date. The waste of
black gram has the capability to be employed for catalyst
production, as it is cultivated in several countries, and the
leftovers are discarded as waste. As a result, it is inexpensive,
widely available, easily separated, and reusable without

requiring any additional modification. Hence, in this study,
the waste part of the black gram plant is applied as a hetero-
geneous catalyst to facilitate the transesterification of a feed-
stock prepared from the mixing of five different types of oils
for the first time.

2. Material and Method

2.1. Materials. The postharvested plant residue of black
gram, Vigna mungo (L.) Hepper, was collected from Runi-
khata of Chirang district (located at 26.6342° N, 90.3819°
E), Assam, India, during the month of February for catalyst
preparation. Five different types of oils were used as feed-
stock for biodiesel production. Edible oils, viz., soybean, sun-
flower, and canola oil, utilized in this experiment were
bought from the local store in Kokrajhar town, while the
other two inedible oils, viz., pongamia and jatropha oil, were
purchased from Harvi Trading Company (Rajasthan).

The chemicals and solvents like methanol (>99.0%),
anhydrous sodium sulfate (>99.0%), petroleum benzine
(60-80°C), acetone (99%), ethyl acetate (>99.5%), aniline,
phenolphthalein, and bromothymol blue were purchased
from Merck Company. Benzoic acid and 4-nitroaniline were
purchased from Avantor Performance Materials India Lim-
ited and Loba Chemie (Mumbai, India), respectively. Nile
blue and silica gel G for TLC were purchased from SISCO
Research Laboratories (Mumbai, India).

2.2. Catalyst Preparation. The plant of Vigna mungo was
dried for 15 days under sunlight. After which, the waste part
was burned into ash in the open air, which was later calcined
at 550°C for 2h in a programmable muffle furnace and
stored in the desiccator. Then, using a mortar and pestle,
the burnt ash was ground into fine particles (Figure 1) and
kept in an air-sealed container for later use as a catalyst
and characteristic analysis.

2.3. Characterization of the Catalysts. The presence of differ-
ent functional groups in the uncalcined catalyst as well as the
calcined catalyst was examined using an FT-IR spectrometer
(Shimadzu IRAffinity-1S) in the wavenumber range of 4000-
500 per cm. The chemical components present in the cata-
lysts were investigated using a powder XRD pattern (Xpert'3
pro). The catalyst’s surface area, pore diameter, and pore
volume were assessed from the BET (Brunauer-Emmett-
Teller) method, BJH (Barrett-Joyner-Halenda) model, and
adsorption-desorption isotherm under N, adsorption at
77K using the surface area analyzer Quantachrome (3.0
ASiQwin™). The surface morphology of the catalyst was
studied by FESEM (Carl Zeiss NTS GmbH, Oberkochen,
Germany) analysis, and the quantitative analysis of the ele-
ments was investigated from EDX data. The HRTEM analy-
sis as well as the SAED pattern was carried out utilizing
JEOL (JEM-2100, 200kV) to inspect the structural informa-
tion of the catalyst. X-ray photoelectron spectrometer (XPS)
(ESCALAB Xi+, USA) was used to evaluate the catalyst’s
composition. The soluble alkalinity, basicity, and pH values
of the calcined catalyst were calculated by following the
methods reported in the literature [57].
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Burnt

A

Dried black gram

Black gram ash

XRD, FT-IR,
FESEM-EDX,
XPS, HRTEM

Calcined at
550 °C

Calcined black gram ash

XRD, BET, FT-
IR, FESEM-EDX,

XPS, HRTEM,
pH, Alkalinity

FIGURE 1: Schematic diagram of preparation of Vigna mungo catalyst.

2.4. Feedstock Preparation. For this study, the feedstock uti-
lized for biodiesel production was prepared by mixing the
five different oils in an equivalent ratio (1:1:1:1:1) in a sim-
ilar manner as the previous study [17]. The equivalent mix-
ture was taken in a 250 mL beaker and stirred in a magnetic
stirrer set at 650 rpm for 30 min at room temperature (32°C)
to form a homogeneous oil mixture. The homogeneous oil
mixture was then utilized as a feedstock for this study.

2.5. Transesterification of the Homogeneous Oil Mixture with
Methanol. In this study, the transesterification of the oil mix-
ture was performed by taking a homogeneous oil mixture of
2 g in a two-neck round-bottomed flask of 100 mL fitted with
a water condenser on a hot plate magnetic stirrer. The differ-
ent reaction conditions like catalyst loading, methanol-to-oil
molar ratio (MTOR), and reaction temperature were varied
from 5-15wt%, 3:1-12:1, and 35-75°C, respectively, and
were inspected to find the optimum reaction parameters.
The reflux condenser was used for reaction temperatures
beyond 60°C; in addition, the stirring speed of the magnetic
stirrer was set to 650 rpm for all the experiments. The comple-
tion of the reaction was confirmed by TLC, and the time was
recorded. After the reaction was finished, the mixture was
allowed to settle in a separating funnel. Two separate layers
of biodiesel were then generated by shaking the mixture and
extracting the biodiesel with petroleum ether. The lower layer
was removed, while the top layer (biodiesel) was collected. The
extraction process was continued four to five times and stored
overnight by adding anhydrous Na,SO,. After filtering the
extracted solution, the solvent was removed using a vacuum
rotary evaporator (QuickVap, Almicro) set at 50°C to obtain
biodiesel. The biodiesel yield (%) obtained was determined
as per equation (1) mentioned by Aleman-Ramirez et al. [32].

Amount of biodiesel obtained
Biodiesel yield (%) = moxu‘)’uft‘z ff;eta‘l’(:me x 100.
(1)

The optimization of reaction parameters was performed in
triplicate, and the results are represented as mean + standard
deviation.

2.6. Characteristic Study of Produced Biodiesel. The variation
of absorption bands in the oil feedstock and the synthesized
biodiesel was investigated using FT-IR spectrometer (Shi-
madzu, MIRacle 10), where the IR spectra were recorded in
4000 to 500 per cm of the wavenumber range. The 'H
NMR of the oil and biodiesel was characterized by NMR
spectrometer (BRUKER AVANCE II, 400MHz) using deu-
terated chloroform (CDCL,) as the solvent. Various composi-
tions of the biodiesel were studied using GCMS spectrometer
(PerkinElmer Clarus680 GC/600C MS). At first, the temper-
ature was regulated to 60°C for 6 min. Later, the temperature
was raised to 180°C at 5°C/min, and then, at a rate of 10°C/
min, the temperature was elevated to 280°C. The sample
was subjected to the spectrometer when the temperature
was set to 250°C and examined using TurboMass Ver5.4.2
software. The carrier gas (helium) was split in a ratio of
20:1 at 1 mL/min of the flow rate. The biodiesel’s fuel char-
acteristics like density, kinematic viscosity, cetane index,
American petroleum index (API), diesel index, iodine value
(IV), saponification number, aniline point, and higher heat-
ing value (HHV) were evaluated from the standard equation,
and the standard criteria are established in Table 2 [58, 59].
Thereafter, "H NMR data was used to estimate the percent-
age of oil conversion using equation (2).

2xX
Oil conversion (%) = % % 100. (2)
X AcH,

Here, Xy, and Xy are integral areas of the methoxy
protons and methylene protons, respectively [4].

3. Results and Discussion

3.1. Characterization of Black Gram (Vigna mungo (L.)
Hepper) Catalyst

3.1.1. Powder X-Ray Diffraction Analysis. An XRD study was
conducted to investigate the crystalline chemical compo-
nents present in the uncalcined, calcined, and 3™ recycled
catalysts, which are illustrated in Figure 2. The results were
analyzed with the help of JCPDS along with reported
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TaBLE 2: Standard criteria of physicochemical parameter.

Physicochemical Standard equations Standard criteria Reference

property

Cetane index

API
HHV (MJ/Kg)

Diesel index

Aniline point (°F)
Todine value (IV)

Saponification number
(mg KOH/g of oil)

5458
463+ Saponification value

—0.225 x iodine value
141.5
Specific gravity@15°C
49.43 - [0.041(saponification value) + 0.015 (Iodine value)]

-131.5

Cetane index — 10
0.72

Diesel index x 100
API

2(254 x number of double bonds x composition percentage of each

fatty acid)/molecular weight of each fatty acid

2(560 x composition percentage of each fatty acid)/molecular
weight of each fatty acid

ASTM D2015

ASTM D2015
ASTM D2015

ASTM D2015

ASTM D2015

Empirical method

Empirical method

Adepoju et al. [58]

Adepoju et al. [58]
Adepoju et al. [58]

Adepoju et al. [58]

Adepoju et al. [58]

Basumatary et al. [59]

Basumatary et al. [59]

Intensity (a.u.)

a=K,CO;

b =KCl

c=K,0

d=CaO

e =CaCO;
f=SiO,

g=7n0

h = MgCO;
i=MgO

j = Ca (Mg)(CO3),

10 20 30 40 50 60 70
260(°
—— Uncalcined
—— Calcined
31d Recycled

FIGURE 2: XRD patterns of uncalcined, calcined, and 3™ recycled catalysts.

literature where the presence of K,CO;, K,0, CaO, CaCO,,
KCl, SiO,, etc. is revealed in the present catalysts. The pres-
ence of K as carbonates in the catalysts was indicated by the
high-intensity peaks observed at 20 values of 26.83, 29.57,
and 41.58 for uncalcined catalyst; 29.75, 26.86, 40.45, and
41.90 for calcined, and 26.83, 29.58, 34.08, 40.26, and 41.90
for the 3" recycled catalyst [45]. Whereas, peaks at 26 values
of 46.71 (uncalcined), 46.60 (calcined), and 46.60 (3™
recycled) illustrated the presence of K in the form of K,O.
These results are in line with the Brassica nigra catalyst

described by Nath et al. [36] as well as the coconut husk
ash catalyst studied by Vadery et al. [60]. The 20 values
observed at 28.47 (for uncalcined catalyst), 28.25 (for cal-
cined catalyst), and 28.25 (for 3™ recycled catalyst) can be
ascribed to KCl, and these values agree with the KCI values
observed for the mixture of agrowaste catalysts reported by
Falowo and Betiku [39]. The occurrence of peaks at 20
values of 23.20 and 48.73 in the uncalcined catalyst, 48.67
in the calcined catalyst, and 23.28 and 48.73 in the 3
recycled catalyst are due to the occurrence of CaCOj. This
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(®)

FIGURE 3: (a) N, adsorption-desorption isotherm and (b) adsorption pore-size distribution of calcined catalyst.

data is supported by the XRD data of sesamum indicium
described by Nath et al. [61]. Further, the peaks for CaO in
the catalysts are observed from the 20 values of 32.16,
39.72, and 43.18 in the uncalcined catalyst; 32.52, 37.42,
and 54.19 in the calcined catalyst; and 37.34 and 39.70 in
the 3™ recycled catalyst. The results, thus, obtained are like
those stated by Gohain et al. [62] and Niju et al. [63]. Fur-
thermore, the peaks observed at the 20 values at 21.56,
25.58 (uncalcined catalyst), 21.61, 25.61 (calcined catalyst),
and 25.73 (3™ recycled catalyst) can be ascribed to SiO,,
and these values are similar to those of the sugarcane bagasse
reported by Basumatary et al. [43]. The MgO in these cata-
lysts is described by the 20 values at 43.64 (uncalcined cata-
lyst), 43.92 (calcined catalyst), and 43.82 (3 recycled
catalyst). Similar 20 values for Mg as MgO are reported by
Nath et al. [38] which were 43.19 and 43.82 for the calcined
M. champa peduncle and 3™ reused catalysts, respectively.
The presence of Mg as MgCO; is revealed by the 26 values
at 33.82 in the uncalcined catalyst, 33.58 and 54.47 in the
calcined catalyst, and 33.46 and 54.41 in the 3" recycled cat-
alyst. Also, the occurrence of Ca(Mg)(CO,), (dolomite) is
visible from the 20 values for the uncalcined, calcined, and
3™ recycled catalysts at 45.81, 45.87, and 45.81, respectively.
Analogous 20 values for MgCO; and Ca(Mg)(CO,), are
noticeable from the work of Basumatary et al. [50]. Lastly,
the peaks for ZnO were identified from the 26 value of 36.03
in the uncalcined catalyst and 36.19 both in the calcined and
3rd reused catalysts, which coincided with the 26 values men-
tioned by Malani et al. [64] and Xie and Huang [65].

3.1.2. Surface Area Analysis. The surface area of Vigna
mungo (L.) Hepper calcined at 550°C was analyzed. The
BET and BJH surface areas were discovered as 7.204 m?/g
and 7.617 m*/g, respectively. Comparatively, the surface area
found in this study is larger than those mentioned in the
works of Falowo et al. [28] (1.2960 mz/g), Adepoju [66, 67]
(1.20 m*/g, 1.10m*/g), Betiku et al. [34] (5.2199 m*/g), and
Adepoju et al. [68] (1.30 mzlg). Thus, the surface area of this
current catalyst is significantly higher than that of the cited

Transmittance (a.u.)

T T T
3000 2500 2000 1500
Wavenumber (cm~1)

T T
4000 3500 1000 500

FiGUre 4: FT-IR spectra of (a) uncalcined and (b) calcined
catalysts.

catalysts and, thus, has good catalytic activity. The N, physi-
sorption isotherms are shown in Figure 3, which indicates
that the catalyst is a type IV isotherm with a hysteresis loop
of type H3. This observation reflects that the catalyst is
mesoporous in nature [38]. The BJH pore diameter and pore
volume were 7.838 nm and 0.045cm’/g, respectively. Also,
pore size distribution was between 5.4188nm and
23.5548 nm, which is a characteristic feature of mesoporous
material, and this supports the N, adsorption-desorption
isotherm. This finding is identical to that observed in the
study of Musa acuminata peel catalyst [4].

3.1.3. Fourier Transform Infrared Spectroscopy Analysis. The
FT-IR spectra of the uncalcined and calcined catalysts are
depicted in Figure 4. The absorption bands at 1656 and
1697 per cm of uncalcined and calcined catalysts, as well as
1411 per cm in both catalysts, are due to C-O stretching
vibrations demonstrating the existence of carbonates in the
catalysts [69]. The bands in the region of 1040-1030 per
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TasLE 3: FESEM-EDX analyses of Vigna mungo catalyst.

Composition of catalysts

Elements Uncalcined Calcined 3™ recycled
Weight % Atomic % Weight % Atomic % Weight % Atomic %

C 20.19 29.79 14.20 22.79 6.23 9.96
(@) 49.46 54.81 48.72 58.70 50.86 61.00
Mg 3.44 2.51 1.08 0.86 0.48 0.38

Si 4.21 2.65 0.62 0.43 40.78 27.86
K 13.47 6.11 17.42 8.59 0.94 0.46
Ca 8.99 3.97 17.96 8.64 0.71 0.34
Al 0.23 0.15 — — — —

cm in the two catalysts are because of Si-O-Si bond vibra-
tions of SiO, [57]. The appearance of peaks at 876, 691,
and 616 per cm in the uncalcined catalyst as well as peaks
at 863, 706, and 609 per cm in the calcined catalyst are due
to the stretching vibrations of metal oxides in the catalysts
[17]. These findings are in accordance with the outcomes
of XRD analysis (Figure 2) that verified the presence of var-
ious metals as carbonates and oxides in the catalysts.

3.1.4. Field Emission Scanning Electron Microscopy Analysis.
The FESEM analyses of the uncalcined, calcined, and 3"
recycled Vigna mungo (L.) Hepper catalyst is depicted in
Figure 5. Various distinct morphologies are observed in the
data. In the uncalcined catalyst, clusters of several hexagonal,
rectangular, and several other polygons are visible, some of
which are arranged in sheet-like patterns (Figures 5(a) and
5(b)). In addition, building blocks of some cubic structures
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FIGURE 6: (a) XPS survey and XPS patterns of (b) O 1s, (c) C 1s, (d) K 2p, (e) Ca 2p, and (f) Si 2p of uncalcined, calcined, and 3rd recycled

catalysts.

are also spotted. In the calcined catalyst, the structural mor-
phology is almost similar to that in the uncalcined catalyst.
However, much porosity and agglomeration are seen in this
catalyst, which may be the cause for its better catalytic effi-
ciency in contrast to the uncalcined catalyst (Figures 5(d)
and 5(e)). Further, in the 3™ recycled catalyst, the arrange-

ment of some irregular structures with less porous assembly
is seen, which may have wiped out its activity (Figures 5(g)
and 5(h)).

The average particle size of uncalcined and calcined cat-
alysts was determined from the FESEM images as 91.658 nm
and 121.919 nm, respectively. It is worth mentioning that the
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TaBLE 4: XPS analysis of Vigna mungo catalyst.
T
O1ls 38 44.16 44.46
K 2p 8.16 9.96 3.98
Cl 2p 0.2 0.27 0.09
Si2p 2.64 3.71 3.8
Mg 1s 1.61 3.39 2.46
Nals 0.17 0.15 0.15
Cls 48.07 36.57 44.08
Zn 2p 0.1 0.14 0.15
Fe 2p 0.24 0.28 0.25
Mn 2p 0.3 0.18 0.18
Sr 3d 0.2 0.26 0.2
Ca 2p 0.15 0.35 0.2

particle size increased during calcination which is probably
because of the sintering effect during catalysts’ calcination
[70, 71].

The elemental composition of the uncalcined, calcined,
and 3" recycled catalysts was studied with the help of the
EDX analysis technique (Figures 5(c), 5(f), and 5(i)). The
weight % along with the atomic % of the respective elements
are summarized in Table 3. From the analysis, it has been
found that the three catalysts consist of C, O, Mg, Si, K,
Ca, and Al. Among these, K, Ca, C, and O are present as
major elements, while Mg, Si, and Al are present in minor
traces. It is notable that K and Ca were observed to have
the highest weight % in comparison to other metals. It is
seen from Table 3 that the K and Ca content in the uncal-
cined catalyst was 13.47wt% and 8.99 wt%, respectively,
which was observed to increase during calcination, showing
17.42wt% and 17.96 wt% of the K and Ca amounts, respec-
tively, in the calcined catalyst. However, a decline in the K
and Ca contents was seen in the 3™ recycled catalyst, which
could be due to leaching during repetitive use of the catalyst
for the transesterification reaction [38]. Also, a considerable
amount of O and C is observed in the three catalysts, which
suggests that K and Ca in the catalysts are present as metallic
carbonates as well as oxides such as K,CO; and K,O, and
likewise CaCO, and CaO, which are assisted by the XRD
and FT-IR data. Changmai et al. [72] specified that the exis-
tence of K and Ca in the catalyst shows good catalytic activ-
ity for transesterification. Thus, the calcined catalyst showed
good catalytic efficiency due to the presence of basic sites,
viz., K and Ca.

3.1.5. X-Ray Photoelectron Spectroscopy Analysis. The XPS
analysis of the catalyst that was conducted to study the sur-
face chemical composition is shown in Figure 6, and the
atomic % of the respective element is listed in Table 4. The
results of this study displayed the existence of O, K, Cl, Si,
Mg, Na, C, Zn, Fe, Mn, Sr, and Ca, which support the data
obtained from the EDX study. The surface of the calcined
catalyst contained major elements such as oxygen
(44.16%), carbon (36.57%), and potassium (9.96%), which
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are in the form of K,CO,; and K,O, as exposed from the
XRD data. In addition, other elements are also observed in
small amounts, which are silicone (3.71%), magnesium
(3.39%), calcium (0.35%), iron (0.28%), chlorine (0.27%),
strontium (0.26%), manganese (0.18%), sodium (0.15%),
and zinc (0.14%). From the O 1s spectra, binding energies
of 531.11eV, 531.01eV, and 531.19eV were observed for
uncalcined, calcined, and 3™ recycled catalysts, respectively,
which resembled the presence of oxygen as oxides in the
three catalysts. From the K 2p spectra, two peaks are
observed for each catalyst, with binding energies of
295.46eV and 292.69eV for the uncalcined -catalyst,
295.47eV and 292.73eV for the calcined catalyst, and
295.53eV and 292.69eV for the 3™ recycled catalyst. In
these spectra, the higher and lower peaks of K 2p were des-
ignated for K 2p, , and K 2p;,,, respectively, representing +1
oxidation state of K for K,COj, [38]. Further, the C 1s spec-
tra exhibited two peaks at 284.80eV and 289.14eV for
uncalcined, 285.06 eV and 289.20 eV for calcined, along with
284.65eV and 289.26eV for 3™ recycled catalysts, respec-
tively, which were attributed to the sp* hybridized carbonyl
group of metal carbonate [45]. Similarly, the XPS spectra
of Si 2p, the catalysts showed one peak each for uncalcined,
calcined, and 3™ recycled catalysts at binding energies of
102.34eV, 101.71eV, and 102.24eV, respectively, that
belonged to the SiO, component in the catalysts. Basuma-
tary et al. [73] also illustrated the existence of Si 2p in their
catalyst, which has the same binding energies. Also, similar
binding energies of Si 2p for two banana peel ashes were
reported by Tamuli et al. [74], which were attributed to the
existence of SiO, in the catalysts. The results of this study
suggest that the catalyst contains K, C, and O in their major
concentration stating that the catalysts have basic site that
enhanced its catalytic property.

3.1.6. High-Resolution Transmission Electron Microscopy
Analysis. The HRTEM and SAED patterns of the uncalcined
(Figure 7) and calcined (Figure 8) catalysts showed a cluster
of spherical and oval-shaped layouts in addition to some
nonuniform structures. Fringe structures are visible in the
uncalcined catalyst, which is characteristic of mesoporous
nature, and this feature is in accordance with the BET anal-
ysis. DigitalMicrograph (Gatan Microscopy Suite) software
was utilized to deduce the d values (interplanar distance)
observed in the uncalcined catalyst (Figure 7(c)) which por-
trayed different d values indicating the catalyst to be poly-
crystalline in nature [75]. Further, the SAED pattern of the
two catalysts represented in Figures 7(d) and 8(d) exhibited
the catalyst’s polycrystalline nature, which coincides with the
Musa acuminata peel catalyst mentioned by Daimary et al.
[4] and the Xanthium strumarium seed shells studied by
Chutia et al. [45].

3.1.7. Study of Soluble Alkalinity, pH Value, and Basicity of
the Catalyst. The soluble alkalinity of the calcined catalyst
was determined from the reported procedure and was evalu-
ated to be 2.77 mmol/g. This value of the soluble alkalinity of
the catalyst can be attributed to the presence of K and Ca as
elements in the form of oxides and carbonates, as specified
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FIGURE 8: (a—c) HRTEM images and (d) SAED pattern of calcined catalyst.

by the XRD analysis. Mendonga et al. [75] found 3.71 mmol/  mentioned that the specified alkalinity value was attributed
g as the soluble alkalinity of waste tucuma (Astrocaryum  to the occurrence of alkali and alkaline earth metals in abun-
aculeatum Meyer) peels catalyst calcined at 800°C. They  dance in their catalyst. Similarly, Barros et al. [76] found the
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soluble alkalinity of pineapple (Anands comosus) leaf catalyst
as 0.39mmol/g. Thus, the soluble alkalinity of the present
catalyst is high due to the presence of K and Ca, and this
outcome is in line with the XRD (Figure 2) and FTIR
(Figure 4) data, which revealed the occurrence of metal car-
bonates and metal oxides.

The pH was determined by dissolving the calcined cata-
lyst of 1g in varying amounts of deionized water, as shown
in Figure 9. At 1:5 (w/v), a pH value of 12.39 was obtained,
which gradually reduced to 11.66 at 1:40 (w/v) stating that
the catalyst’s basic character declined with dilution. Similar
biowaste-based catalysts are reported to have lower pH
values than those of the present catalyst, for instance,
Xanthium strumarium seed shells (pH = 12.29) [45], sugar-
cane bagasse (pH =12.10) [43] and karanja seed shells
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(pH =11.46) [77]. From this investigation, it can be men-
tioned that the catalyst has exceptional basicity.

The basicity of the calcined catalyst was determined by
the Hammett technique, where the results are established
based on color variation [73]. The basic strength of the cat-
alyst in this study was observed within 10.1 < H_<18.4,and a
basicity of 0.13mmol/g was determined. Catalysts with
lower basicity were investigated, such as sugarcane bagasse
(0.0891 mmol/g) [43], which was applicable for biodiesel
production. The efficiency of the catalyst can be represented
by turnover frequency (TOF) [38]. In this view, estimated
basicity was utilized to calculate the turnover frequency
(TOF), which was evaluated using the equation mentioned
by Nath et al. [38]. The TOF of the current catalyst is



International Journal of Energy Research

13

100 —
€ 80~ ] B
9 N
L
2 i
=
< 60 —
=
L 4
£
'S 40
9
s i
I~
20
ol | o | B | |
Fresh 18t reuse 2nd reuse 3rd reuse
- Reaction time (h)
[ Yield (%)

FIGURE 13: Reusability test of calcined catalyst (catalyst load = 10 wt%, MTOR =9 : 1, temperature = 65°C).

{ @

09 © Xen
_WWWW
g T

\T
El
&
g
=}
s
=)
£ (c) 2
1 =
D~
. <
Nl
LR
' 23
f=3
N
N =
T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm~1)

FIGURE 14: FT-IR spectra of (a) 1%, (b) 274 and (c) 3¢ recycled catalysts.

estimated to be 14.57 per hour, which is significantly higher
than that of Xanthium strumarium seed shells [45].

3.2. Catalytic Activity of Vigna mungo Catalyst. The rate and
yield of biodiesel are affected by the amount of catalyst
load [78]. The influence of catalyst loading in this study
is represented in Figure 10, where MTOR was set to
9:1, temperature to 65°C, and the catalyst load was varied
from 5 to 20 wt%. It was observed that on raising the cat-
alyst loading from 5 to 10wt%, the yield of biodiesel

increased from 61.69+3.85% to 94.79+0.27% with a
reduction in reaction time. These findings could be due
to the presence of optimum numbers of the catalyst’s
active sites on its surface. However, on increasing the cat-
alyst loading from 15 to 20wt%, the biodiesel yield
reduced with no considerable change in reaction time.
This may be due to resistance in mass transfer in the reac-
tion system. From an economic point of view, it is favor-
able to consider 10wt% as the optimum catalyst loading.
Thus, in the present study, 10wt% was regarded as the



International Journal of Energy Research

14

"UOISISAUOD D) .—uﬂwbﬂ ‘A mwhdumhw&aou “&Euu F—BOQ q

(VI4/°01Z) yse yed

[201] Te 30 yewneyq (X) 66'S6 S0 MW T:6I 4 AR 0. 00 U ¥ ooqureq porroddns-c0u7 [10 ueag4og
: . . : . (V14/°017) yse yea|
[c01] Te 32 yewne] (R) S£96 ST Xy T1:61 A Tr9s D,00% ‘U¥ ooqureq poroddns-201 [lo ueaghog
. . . . . o o yse
[98] ‘Te 30 ynsnx (&) L1°¢8 € oFL 1Tl S0 9L°8S 0,007 ‘YS¥ Ap 0> povioddas guz [0 Sunjood pasn
. . . . . Spads (wn.oyipuvis
(€8] Te 32 eSUOPUSN (D) 9€'86 8 08  1:01 01 0,008 ¥ e e [lo ueaghog
[¢8] Te 10 sarey (X) 586 I 00T T:8I (4 — 0,008 U ¥ pass 1edy [0 ueaghog
[c€] Te 30 zommueyg-ueud)y  (X) £'98 4 59 19 9 — D.00S YT saA®a] BSULIOIN [0 ueaqhog
[1€] 'Te 10 ueSure, (D) L6 S0 Id 1:61 L — D.009 Yz spad eueueq 23sep [0 wyeq
[S8] Te 32 ysayey (X) 9¢8 81 9 1:21 3 — 0,006 ‘U¥ OrD paeudarduwr 1gy Tro Sunjood aisep
. . . . ; yse
(78] 'Te 10 9p3jeg (X) ¥0'2L 1 S 1:21 € €LL°0 0,009 ‘Y ¢ SO 5303 PIPEO[-COND Tro Sutdyy a1sB M
[¥2] 'Te 10 arwewey-[v (D) oot 4 S9 1:6¥ 01 6SL°1 D.00Z Y¥ yse 3[eys [10/S 0N 110 3[qe3a89a 23sB M
(2] peuz pue yLreysyy (X) 996 € 09 1:81 id ST0F00F D.0S8 Y¥ 3u0q UNPIYD/EONIT [0 epoue)
(18] Te 3 wnyg (X) €0's6 I S9 1:61 g€ — D.008 YT spad eueueq/sqEysSsy [1O P338 B[IIBW-PIASUI']
[0€] ewreg pue ueynoyd (D) €7°68 S G¥FG9 16 S 796 0. (sF0sS) Yz  yse Lo, vypsndiad T [to T sva4na vydo(
. . . . . _ [to wred
[z6] Te 10 sedrep (X) 8'€L 4 ss L9 LS€l 820°6 yse A1 pouyoI-10 00> 235eM
. . . . . . sysny upjdumd pajng [10 paas
[6€] mnog pue omore] (X) 20's6 L9°0 s 16 ST 99T°L1 0,005 ‘Y% PU 90U [0y €0900) 1qqRI-10 19PUTA[O MO[PX
spead agpununoy vsnpy 1to paas ededed-ro
[62] 'Te 10 nlodopy (&) 00°86 L9 08 L6'9 S 00T 0,00Z Y% mgm snpuny smna wnpiqy wnjjdydosdiyn—o
: odad vj1ginony
[8¢] Te 10 omoreq (X) £L86 8600  MOST T:¥¥1I1 96'C 09671 D.00Z Y¥ sy pod xes yueyds[g [I0 WaaU-[I0 Jaqqny
. . . . R . . a)sem eanymoride SISUDUING SIOV]T-UNIDQV]
[92] '[e 32 nlodapy (X) 61°66 €T 896L 1:SI¥ S I'l 0,006 ‘Y€ wWoxy paALEp OF) puBIONN—snudoLDS ST
Fuod-Tr0
ddowr (- [to erwe I
Apmys sy, (&) PIOFOT 9 1:6 01 Y0TL D.0SS YT 1200oH (') eydoye(- [roejoued-[10

%LTOF6L76 ofuntu vust pIURIED JOMOJUNS—TIO UedqA0S

©.) (% ) peol
() sy, dwoy, JOLN ofrerer

SIajowrered

A#w NEV BaIR (D,) smyeradway

JoLING {(y) swm uoneun[e) 15fereD) POISpod

SDUIIJY (%) 1osa1porg

*SISOUIUAS [9SaIpoIq UT S3sA[eed paseq-yse partodar yym uostredurod pue jsA[eres oSunus vusiA Jo Aaroe onhfee) G a14v ],



International Journal of Energy Research

15

”””” le) ﬁ : |
CH, -0 —C R, | R C——OMe | ' CH,—OH
o e
|| : Catalyst ‘ H L
CH—O0 ——C R, ' +3MeO—H - 'R, C—OMe .+ . CH—OH
CH, —0 =—C—R, "R, C——OMe ' CH,—OH
I
Triglyceride Biodiesel Glycerol

FIGURE 15: Reactions involved in catalytic transesterification.

best catalyst loading as it produced 94.79 + 0.27% of max-
imum biodiesel yield in 1.6 +0.14h.

The effect of MTOR was carried out by fixing 10 wt% of
catalyst loading at 65°C, which is shown in Figure 11. In this
investigation, it was found that on increasing the MTOR from
3:1t09:1, the product yield enhanced from 84.52 + 0.93% to
94.79 +0.27%. Since transesterification is a reversible reac-
tion, high MTOR is crucial to shift the equilibrium reaction
in a forward direction [38]. On further increasing the MTOR
from 12:1 to 15:1, a reduction in the biodiesel yield was
observed. This can be owed to less interaction of the catalyst
with the reactants due to dilution. Therefore, MTOR of 9:1
was regarded as the optimum MTOR in this study.

The influence of different reaction temperatures is repre-
sented in Figure 12. On elevating the temperature from 35°C
to 65°C, the biodiesel yield increased from 75.17 £ 0.79% to
94.79 + 0.27%. High temperature is favored as the transes-
terification reaction is endothermic in nature, which acceler-
ates the miscibility and mass transfer in the reaction system
[79]. Also, high temperature shifts the equilibrium in a for-
ward direction [80]. In the present study, at temperature
beyond 65°C, the biodiesel yield was reduced. This outcome
can be credited to the vaporization of methanol, which led to
a decline in the methoxide ions in the reaction mixture [43].
Thus, 65°C was regarded as the optimum reaction tempera-
ture in this study.

The catalyst’s reusability was studied by preparing
100mL of biodiesel at the optimum reaction conditions
(10 wt% of catalyst loading, 9: 1 MTOR, and 65°C of reaction
temperature). Following completion of the reaction, the cat-
alyst was extracted from the reaction mixture via filtration
with the aid of a suction pump, followed by washing several
times with petroleum ether and then with acetone. Subse-
quently, the catalyst was dried for 4h at 110°C in an air oven
and then stored in a desiccator and employed in the follow-
ing cycle. Then, the reaction was performed by using the cat-
alyst under optimum conditions to study its reusability. This
method is used for each cycle. The outcomes are represented
in Figure 13, where it is noticeable that the catalyst retained
its catalytic activity for two cycles. However, on the third
run, the yield of biodiesel was slightly reduced with a consid-

erable increase in reaction time. This result could be due to
the deposition of unreacted oil or glycerol on the catalyst’s
surface. From the FESEM images of the 3™ recycled catalyst
(Figures 5(g) and 5(h)), the morphology of the catalyst
completely changed in contrast to the calcined catalyst.
Sheet-like layered structures of varying shapes are visible in
the images, which demonstrate the coating of glycerol on
the catalyst’s surface. Another reason could be the leaching
of active elements from the catalyst’s surface, such as K
and Ca, which are evident from the FESEM-EDX
(Figures 5(c), 5(f), and 5(i)), where a reduction in the weight
% (Table 3) of K and Ca was observed. The weight % of K
was reduced from 17.42% (calcined catalyst) to 0.94% (31
recycled catalyst), as was the weight % of Ca reduced from
17.96% (calcined catalyst) to 0.71% (3 recycled catalyst).
A similar pattern was observed in the XPS (Figure 6) analy-
sis, where the atomic % of K, which was 9.96% for the cal-
cined catalyst, was reduced to 3.98% for the 3™ recycled
catalyst. Similarly, from the XRD (Figure 2) data for calcined
and 3™ recycled catalysts, the disappearance of peak and
decrease in peak intensities resembling the leaching of active
components are evident. Further, FT-IR analysis done for
the catalysts recycled in three stages (for three respective
recycles, viz., 1%, 274 and 3 recycle) is depicted in
Figure 14. From the FT-IR spectra, changes in peak along
with reduced peak intensities are noticed for the peak in
the region 1690-1400 per cm indicating C=O stretching of
the carbonyl group, which is probably due to metal carbon-
ate leaching. Also, peaks in the range of 2900-3000 per cm
are observed, which are due to the hydrocarbon chain of
glycerol deposition on the catalyst’s surface, which is respon-
sible for blocking the catalyst’s active site and thereby declin-
ing the catalytic efficacy. It can be concluded that the
leaching of active elements and blockage of the catalyst’s
active sites by oil or glycerol have limited the reusability of
the catalyst up to three cycles.

3.2.1. Comparison of the Present Study with Published
Results. The catalytic ability of our current catalyst is evalu-
ated in relation to other heterogeneous (ash based) catalysts,
which are mentioned in Table 5, in terms of catalytic
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TaBLE 6: FT-IR analysis of biodiesel.
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1300-1000 C-O stretching vibration

722 —-CH,- rocking vibration

efficiency. The optimal reaction parameters of a variety of
biomass-based catalysts are displayed in Table 5, which have
demonstrated high efficiency in producing more than 90% of
biodiesel from single and mixed feedstocks. For catalyst
preparation, high calcination temperatures and long calcina-
tion times are not economically feasible for industrial-scale
production [72]. The calcination conditions of this study
(550°C, 2h) are lower than the calcination conditions cited
by Adepoju et al. [29], Adepoju et al. [26], Etim et al. [81],
Mares et al. [82], and Mendonga et al. [83], which were
>600°C, 2-4h. A good biodiesel production has also been
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TasLE 7: "H NMR spectrum analyses of oil mixture and biodiesel.

Triglyceride (oil Biodiesel
Types of protons/carbons l%_ly( . pprr(l) ) 'H (8, ppm)
Olefinic protons (-CH=CH-) 5.34-5.43 5.33-5.34
Methine proton at C2 of glycerides (-CH-CO,R) 5.25-5.29 —
Methylene protons at C1 and C3 of glycerides (-CH,-CO,R) 4.12-4.32 —
Methoxy protons (-COOCH,) of ester — 3.65
Bis-allylic protons (-C=C-CH,-C=C-) 2.75-2.78 2.77
a-methylene to ester (-CH,-CO,R) 2.31 2.27-2.31
a-methylene to double bond (-CH,-C=C-) 2.02-2.06 2.00-2.02
B-methylene to ester (CH,-C-CO,R) 1.61 1.60-1.62
Backbone methylene’s -(CH,),,- 1.26-1.30 1.26-1.30
Terminal methyl protons (C-CH,) 0.86-0.89 0.86-0.89

observed for catalysts such as L. perpusilla Torrey ash [30],
waste banana peels [31], moringa leaves [32], mixture of
Citrullus lanatus with Musa acuminate peels [29], and blend
of cocoa-kola nut-fluted pumpkin husks [39], which are
summarized in Table 5. The authors stated alkali and alka-
line earth metals as the major ingredients in their catalysts
for showcasing such high catalytic ability. Similarly, in our
present catalyst, K and Ca were the main components of
the catalyst’s efficiency, and this is evident from EDX analy-
sis (Table 3). From Table 5, it can be seen that the BET sur-
face area reported in the studies of Chouhan and Sarma [30],
Bekele et al. [84], Mahesh et al. [85], Aleman-Ramirez et al.
[32], and Yusuff et al. [86] is lower in contrast to the current
study (7.204m?/g). This could be the cause of the current
study’s improved catalytic activity. Additionally, the other
heterogeneous catalysts, such as CaO derived from agricul-
tural waste [26], LINO,/chicken bone [21], KNO,/oil shale
ash [22], KNO;-loaded coffee-husk ash [84], and KBr-
impregnated CaO [85], are highly selective towards the
transesterification reaction. However, their principal disad-
vantages are that they require high expenses and drastic
reaction conditions for their preparation. Due to the cata-
lyst’s availability as natural waste and did not involve use
the of any hazardous chemicals or rigorous reaction condi-
tions, the catalyst preparation in this work was inexpensive.
Among the various heterogeneous catalysts indicated in the
table, the calcined Vigna mungo catalyst also demonstrated
good catalytic activity in terms of reaction temperature, bio-
diesel yield, and reaction time. This might be due to the high
amount of K and Ca content in it, along with its high basicity
(0.13mmol/g) and TOF of 14.57 per h. In this study, the
solid catalyst developed for utilization in the transesterifica-
tion reaction (Figure 15) is composed of metal oxides and
metal carbonates. It can be expected that the transesterifica-
tion of homogeneous oil mixture with methanol using the
developed base catalyst follows the Eley-Rideal reaction
steps as depicted in Figure 16 [17, 43].

3.3. Limitations and Practical Implication of the Study. Het-
erogeneous catalysts provide active sites with the reactants
under reaction temperature. These catalysts neither get con-
sumed nor dissolved during the course of the reaction, mak-

ing them reusable for the next cycle. The calcined Vigna
mungo (L.) Hepper catalyst actively transesterified the
homogeneous oil mixture. The efficiency of its activity could
be credited to the presence of K and Ca, which yielded
94.79 £0.27% of biodiesel in 1.6 +0.14h. But during the
reusability test, it was determined that the catalyst may be
used for up to three consecutive cycles. This is because the
catalyst’s catalytic efficiency is reduced due to the active
components eroding from its surface.

The most commercially viable kinds of heterogeneous
catalysts are those derived from agricultural waste. The cat-
alyst developed in this study is an environmentally friendly
material because it is derived from natural resources and will
not harm the environment when it is widely deposited after
use [38]. The costs associated with creating catalysts can be
decreased since the leftover parts of Vigna mungo are widely
available as agricultural waste. Its strong catalytic activity
further suggests using it as a heterogeneous catalyst for the
large-scale production of biodiesel. However, the magnetiza-
tion of the catalyst would have increased its reusability by
making it simpler to separate and regenerate for additional
usage. It is possible to increase the catalyst’s reusability
by modifying the catalyst at a low cost to stop it from
leaching [38]. Additionally, the catalyst’s water extract
can be utilized as a green solvent for organic synthesis
or as a precursor for the metal oxide nanoparticle synthe-
sis [87]. The catalyst can also be used as an adsorbent for
the removal of heavy metals and dyes or for the treatment
of wastewater. Furthermore, it can serve as a basis for the
preparation of numerous materials, including zeolite, gra-
phene oxide, and activated carbon.

3.4. Characterization of Biodiesel

3.4.1. Fourier Transform Infrared Spectroscopy, Proton
Nuclear Magnetic Resonance, and Gas Chromatography-
Mass Spectrometry Analyses. Figure 17 depicts the FT-IR
spectra of the oil mixture and biodiesel. The stretching vibra-
tion of the C=0 group in the oil mixture is seen from the
absorption peak at 1746 per cm, which shifted to 1739 per
cm in the biodiesel due to C=0O stretching of methyl ester,
indicating oil mixture to biodiesel conversion (Table 6).
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FIGURE 19: Gas chromatogram of produced biodiesel.

The band at 3009 per cm seen in the oil mixture and biodiesel
indicates the =C-H stretching of alkene (-CH=CH-) in their
fatty acid chains. The symmetric and asymmetric C-H
stretching of alkane in the oil mixture and biodiesel are
described by the bands of region 2929-2850 per cm. The
peaks at 1651 and 1650 per cm of triglyceride and product
are due to the C=C stretching vibration of the alkene group.
The antisymmetric and symmetric deformation vibrations of
CH, are seen at 1462 and 1376 per cm for the oil mixture and
at 1465, 1436, and 1360 per cm for biodiesel (Table 6). The
transformation of the CH,O group of triglycerides to the
CH,0 group of products, as well as the stretching vibration
of C-O in the oil mixture and that of biodiesel, is seen in
the region from 1300-1000 per cm [14]. The IR peak at 722
per cm in the oil mixture and biodiesel is due to the rocking
vibration of the ~CH,- group of the fatty acid chain.

After the transesterification reaction was complete, the
resultant biodiesel was confirmed by 'H NMR analysis,
which is shown in Figure 18, and the different signals are
listed in Table 7. The appearance of peaks at 5.34-5.43 ppm
and 5.33-5.34 ppm confirmed the presence of olefinic pro-

TaBLe 8: Composition of the biodiesel obtained from the oil
mixture.

Retention time

(min) FAME Composition (%)
29.09 Methyl palmitoleate (C16:1) 0.184
29.54 Methyl palmitate (C16:0) 17.931
31.93 Methyl linoleate (C18:2) 26.255
32.38 Methyl oleate (C18:1) 44.839
32.63 Methyl stearate (C18:0) 0.634
34.51 Methyl gondoate (C20:1) 0.439
34.74 Methyl arachidate (C20:0) 1.492
37.15 Methyl behenate (C22:0) 2.329
39.68 Methyl lignocerate (C24:0) 0.497

tons in the oil mixture and biodiesel, respectively. The peaks
at 5.25-5.29 ppm and 4.12-4.32 ppm due to glyceride protons
in the oil mixture are seen to disappear, while a new peak
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appeared at 3.65 ppm in the biodiesel clearly confirmed the
conversion of the oil mixture to product. The singlet peak
at 3.65 ppm is because of the methoxy protons of the biodie-
sel. Also from Figure 18, a triplet peak at 2.31 ppm is seen,
which belongs to a-CH, protons. The oil conversion (%)
is calculated for the transesterification reaction carried out
under optimum reaction conditions using equation (2) and
is found to be 96.86%.

The fatty acid profile of biodiesel synthesized from the
oil mixture is represented in Figure 19. A total of nine unsat-
urated and saturated fatty acids are detected by the GCMS
technique (Table 8). The most dominant methyl ester was
methyl oleate (43.77%), which is an unsaturated fatty acid
ester, followed by methyl linoleate (25.65%) and methyl pal-
mitate (17.50%). The other fatty acids are methyl palmitole-
ate (0.18%), methyl stearate (0.62%), methyl gondoate
(0.43%), methyl arachidate (1.46%), methyl behenate
(2.27%), and methyl lignocerate (0.49%).

3.4.2. Biodiesel Properties. The physicochemical characteris-
tics of the biodiesel obtained in this study are listed in
Table 9 along with the biodiesel specifications, viz., ASTM
D6751 and EN 14214. For comparison, Table 9 also shows
the physicochemical characteristics of reported biodiesels
made from different combinations of feedstock. The density
of the biodiesel obtained in this study is found to be
0.8792 g/cm3 which is in the limits of biodiesel standards,
and it is also comparable to the density of the biodiesel
reported by Kusumo et al. [12], Karmakar et al. [41], Ade-
poju et al. [88], and Ong et al. [89]. This study’s kinematic
viscosity is determined to be 4.231 mm?/s, satisfying the
ASTM and EN standards. However, higher kinematic vis-
cosity was revealed in the biodiesel prepared from the com-
bination of neem with rubber seed oil [28] and the mixture
of pongamia-neem oil [90]. In the current study, the cetane
index is calculated using the equation mentioned in Table 2
and is found to be 57.416. Further, the saponification num-
ber in the current study is obtained as 181.34 mg/KOH,
which is almost parallel to that of the biodiesel-synthesized
mixture of castor seed-waste fish oil [91] and a mixture of
Citrus sinensis-Hibiscus sabdariffa-Carica papaya-waste
used oils [88]. The measure of the degree of unsaturation
is indicated by the iodine value (IV), and an IV of 84.37 is
observed in this current study. The higher heating value
(HHV) was also derived for the biodiesel obtained in this
study, which was found to be 40.73 MJ/kg. Further, other
physicochemical properties like diesel index, API, and ani-
line point were also determined, which were recorded as
65.86, 29.12, and 226.15, respectively. Lastly, as seen in
Table 9, the biodiesel obtained in this current study, which
is derived from the blend of five different edible and inedible
oils, satisfies the aforesaid biodiesel standards.

4. Conclusions and Recommendations

This study used a combination of different edible and inedible
oils as the feedstock to produce biodiesel utilizing a low-cost,
renewable, and recyclable solid catalyst made from the left-
overs of black grams (Vigna mungo (L.) Hepper). The charac-
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terization studies (such as XRD, FT-IR, XPS, and FESEM-
EDX) revealed the presence of K and Ca as carbonates and
oxides in the catalysts. Also, the mesoporous nature of the cal-
cined catalyst was also obvious from the BET and HRTEM
analyses. The basic strength determined via the Hammett
method showed basicity within 10.1 <H_<18.4 with
0.13 mmol/g and a TOF of 14.57 per hour. The maximum bio-
diesel yield and oil conversion of 94.79 + 0.27% and 96.86%,
respectively, were attained under the optimum reaction
parameters of 10 wt% of catalyst concentration, 9: 1 of MTOR,
65°C of reaction temperature, and 1.6 +0.14h of reaction
time. Due to the leaching of active components, the catalyst
was reusable for up to three consecutive rounds yielding
77.54 +3.62% of biodiesel, which supports its ability to be
used for large-scale production. Further, the GC MS study
revealed the occurrence of different saturated as well as unsat-
urated fatty acids in the methyl ester. Thus, from all these
observations, it is evident that the agricultural waste developed
in this study is an environmentally benign as well as cost-
efficient heterogenous catalyst for large-scale biodiesel syn-
thesis from mixture of different oils. It can be recommended
for applications in waste-water treatment and chemical
transformations. It is also possible to suggest that the catalyst
be modified via various techniques or blended with other
ash-based catalysts in order to increase the catalyst’s efficiency.
It may eventually take the place of homogeneous catalysts due
to its simplicity and reduced posttreatment processes.
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