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Highlights:

• Brassica juncea (L.) Czern. seeds contain 30% oil content and 0.43 mg KOH/g FFA content.
• Ni-TG nano-catalyst was synthesized through a wet impregnation route.
• The Ni-TG nano-catalyst has a crystalline size of 39.29 nm with a semispherical and ovoid shape.
• 0.3 wt% catalyst concentration, 6:1 methanol to oil ratio at 90 ◦C for 120 min yielded 93% of Brassica

juncea (L.) Czern. biodiesel.

Abstract: In the current study, a novel green nano-catalyst from Tragacanth gum (TG) was synthe-
sized and used for sustainable biodiesel production from Brassica juncea (L.) Czern. seed oil. Brassica
juncea (L.) Czern contains 30% oil on dry basis and free fatty acid content of 0.43 mg KOH/g. Physio-
chemical characterization of a newly synthesized nano-catalyst was performed by X-ray Diffraction
(XRD), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray (EDX), Transmission Electron
Microscopy (TEM), and Fourier Transform Infrared Spectroscopy (FT-IR) analysis. The XRD results
showed an average crystalline size of 39.29 nm. TEM analysis showed the cluster form of NiSO4

nanoparticles with a size range from 30–50.5 nm. SEM analysis of the catalyst showed semispherical
and ovoid shapes with surface agglomeration. The synthesized catalyst was recovered and re-used
in four repeated transesterification cycles. Maximum biodiesel yield (93%) was accomplished at
6:1 methanol to oil molar ratio, catalyst concentration of 0.3 wt%, at 90 ◦C for 120 min at 600 rpm
using Response Surface Methodology (RSM) coupled with central composite design (CCD). Brassica
juncea (L.) Czern. biodiesel was characterized by Thin Layer Chromatography (TLC), FT-IR, Nuclear
Magnetic Resonance (NMR) (1H, 13C), and Gas Chromatography-Mass Spectroscopy (GCMS) analyt-
ical techniques. The major fatty acid methyl esters were 16-Octadecenoic acid and 9-Octadecenoic
acid methyl ester. The fuel properties, i.e., flash point (97 ◦C), density (825 kg/m3 at 40 ◦C), kinematic
viscosity (4.66 mm2/s), pour point (–10 ◦C), cloud point (–14 ◦C), sulfur content (66 wt.%), and total
acid number (182 mg KOH/g) were according to the International biodiesel standards. The reaction
kinetic parameters were determined, and all the reactions followed Pseudo first-order kinetics. It was
concluded that non-edible Brassica juncea (L.) Czern. seed oil is one of the sustainable candidates for
the future biofuel industry using a cleaner, reusable, and highly active Ni-modified TG nano-catalyst.

Keywords: non-edible seed oil; biodiesel; green nano-catalyst; response surface methodology; kinetic
studies; catalyst reusability
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1. Introduction

Fossil fuels, i.e., coal, oil, and natural gas, are dominant energy resources that are
limited, expensive, and cannot be replaced rapidly at a human time scale [1]. They require
thousands of years to get restocked. Fossil fuels depletion and several other environmental
concerns, i.e., climate change, global warming, ozone depletion, and volatility, have been
associated with the use of fossil fuels. Global warming (increase in temperature) also causes
land use changes and high accumulation of GHGs in the atmosphere, disturbing the nature
balance [2]. The identification of energy needs and environmental problems shifts the
researcher’s attention toward renewable, clean, and sustainable energy sources [3]. The
best renewable energy carriers are biofuels which exhibit some intriguing characteristics [4].
Biodiesel is widely accepted nowadays as a transportation alternative fuel [5]. Biodiesel
consists of mono alkyl esters commonly derived from animal fats or vegetable oils [6]. It is
non-toxic, renewable, biodegradable, has high flash points, too low emission of particulate
matter (PM), CO2, SO2, and unburnt hydrocarbons [7]. Additionally, biodiesel mixed
with diesel fuel in the vehicle can unusually decrease air pollution [8]. Due to these
characteristics, biodiesel has been widely accepted nowadays as a transportation alternative
to fuels.

Fuel quality can be increased by the addition of certain micron-sized particles as
an additive. Other modifications include changes in engine design, such as changes of
combustion chamber and injector nozzle geometry. It is a significant way to neutralize
fuels with high viscosity [9]. Nanoparticles exhibit distinguishing features, i.e., magnetic,
thermal, electrical, and optical properties. The addition of a small amount (a few grams)
of nanoparticles in the base fuel increases the combustion and reduces exhaust emissions
such as CO2, SOx, NOX, CO and smoke emissions [10]. The authors of [11] studied Lemon
Peel Oil (LPO) blended with diesel with three proportions of LPO10, LPO20, and LPO30.
The best results were obtained from LPO20 in terms of engine characteristics. Oxygenated
fuel additive, i.e., Diethyl ether (DEE), was added in LPO20 in different amounts of 5%
and 10%. It was found that LPO 20 DEE 10 showed improvement in engine performance
and reduced harmful exhaust emissions. Recently, research has mainly focused on the
exploration and utilization of various non-edible feedstocks for bioenergy [12]. Feedstock
selection mainly depends upon its availability in a specific area and it also contributes to
biodiesel production cost. The main reason for the high cost of biodiesel production is the
use of virgin oil as feedstock which accounts for 70–90% of total production costs [4,13],
causing a major hindrance to its commercialization.

A non-edible feedstock is preferred in order to overcome the expenses of biodiesel
production and compete with the strong food versus fuel debate. Different non-edible
feedstocks have been used for biodiesel production, including Silybum marianum, Hevea
btobaccos, Eruca sativa, Nicotiana tabaccum, Azadharacta indica, Pongamia pinnata [14], Ster-
culia foetida [15], Capparis spinosa [16], spent frying oil [17], chicken fat [18], sulfonated tea
waste [19], Prunus armeniaca (L.) [20], and so forth. Brassica juncea (L.) Czern., commonly
known as “Chinese mustard” or “brown mustard” and “oriental mustard”, belongs to the
family Brassicaceae. It is an annual herb, native to Eastern and Southern Asia that grows
erectly up to 30–90 cm and is sometimes 200 cm tall, glabrous above, and sparsely hairy
below with simple hairs. The lower leaves are predominantly stalked, and the upper leaves
are acute, oblong to linear. The flowers are golden yellow, the pedicel is 5–8 mm, and
racemes are lax. The petals are yellow in color and adjacent to a shorter and longer stamen,
whereas the four free sepals are 1–1.5 mm broad, 4–6 mm in length, oblong, glabrous,
and yellowish, with an apex that is obtuse or rounded. The stamens are 4–6:5–8 mm,
often curved, and obtuse with an apex. The siliquae are 25–50 mm in length, linear, broad
subterraneous, with a 5–10 mm long narrowed seedless beak, the valve having a prominent
yellowish midrib, glabrous, and 1 mm in diameter. The style has a short stigma and is
1.5–2.5 mm in length. The seeds are 10–20 in each locule, globose, 1 mm in diameter, and
reddish brown in color. It is wild in central Asia and extensively cultivated across the
world. It can produce 1000–2000 kg seeds per hectare [21] and has an oil content of 30–38%.
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It grows well in irrigated and rain-fed areas of Pakistan. Due to the wild and non-
edible nature, the price of Brassica juncea (L.) Czern. seeds are low; it is therefore prefer-
ably used as a sustainable bioenergy source for cost-effective methyl ester production at
an industrial scale.

Several biodiesel production methods show that biodiesel has massive potential for
energy applications [22]. These technologies include direct blending, micro-emulsions,
pyrolysis, and transesterification [23]. Crude vegetable oil has a high viscosity and cannot
be used directly in a diesel engine. Therefore, it can be diluted or directly mixed with
a diesel engine to improve its viscosity. The specific amount of crude oil that is mixed
with diesel fuel is usually 1:10–2:10 oil to petroleum diesel fuel; however, direct use of
crude vegetable oil or a blended ratio of more than the given value, high FFA content, and
acid value makes it unsuccessful for both direct and indirect diesel engines [24]. Micro
emulsification or co-solvency is a process in which crude vegetable oil is mixed with alcohol
(emulsifying agent). Although, this process decreases the viscosity of crude vegetable oil
and causes incomplete combustion and accumulation of carbon in the engine, and irregular
injection needle sticking [23]. Thermal cracking or pyrolysis is the breakdown of complex
molecules of crude oil (triglycerides) into a less complicated structures by adding thermal
energy. The fuel obtained from this process possess similar characteristics to petroleum
diesel and is also suitable for diesel engine. The disadvantages associated with pyrolysis are
the poor oxygenated value of biodiesel, sophisticated technology requirements, and higher
production costs. It also contains a higher amount of sulfur and moisture content [25].

Transesterification, also known as “alcoholysis”, is the easiest, cost-effective, and most
widely used method for biodiesel production by producing good quality fuel with the same
physicochemical properties as conventional diesel fuel [26]. In this process, three moles of
triglycerides, which are an active constituent of fats and oils, react with one mole of alcohol,
particularly methanol, to produce biodiesel [27]. Transesterification reaction proceeds in the
presence of a catalyst or without a catalyst by using alcohols. Methanol and triglycerides are
immiscible due to poor surface contact and slow down the transesterification process. The
catalyst is a substance that speeds up the chemical reaction without itself being consumed
during the reaction. It makes the production process easier, faster, and more efficient. The
use of catalysts in the reaction improves the surface contact between methanol and crude
oil (triglycerides) and increases the rate of reaction.

Generally, homogeneous or heterogeneous (organic or inorganic) catalysts are used
in the biodiesel production process [28]. Homogeneous catalysts (NaOH and KOH) have
certain disadvantages, i.e., reactor corrosion, soap formation, and emulsification, which can
cause difficulty in the separation of the catalyst from the product (biodiesel) and reduce
the yield of methyl esters [29]. However, heterogeneous catalysts are non-corrosive, can
easily separate from the reaction mixture, and also have the ability to recycle and reuse.
The problems related to the use of heterogeneous catalysts are the leaching of catalytic
active sites, long reaction time, and high reaction temperature that raises the value of
the nano-catalyst for biodiesel synthesis. The nano-catalyst can perform functions on the
atomic scale by exhibiting high catalytic activity, non-corrosiveness, high selectivity, nano
dimension, and porous morphology [30]. The transesterification process mediated by the
nano-catalyst has several advantages, i.e., fast and easy separation of the catalyst from the
product mixture and an increase in the rate of mixing with the reactants in a short reaction
time [31].

Commonly, two methods are used for nano-catalyst synthesis; the first is the chem-
ical method and the second is through the green method. In the chemical synthesis
method, different chemicals are used with strong reagents and solvents which increases
eco-toxicological concerns, while the green synthesis method is safe and environmentally
friendly as it involves the use of enzymes, microbes, and plant exudates [32]. Plant exudates
are basic substrates, selected for nanoparticle synthesis because they contain stabilizers,
natural reducing agents, surfactants, and environment-friendly properties. Surfactants
increase the interaction among triglycerides and methanol and significantly increase the
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biodiesel production rate [33]. A large number of plant metabolites act as a catalyst and
enhance the reaction rate [34]. Nano-catalysts synthesized through green methods can be
used further in organic transformation reactions. Tree gums have fascinating properties
such as being biocompatible, eco-friendly, safe, and a cheap plant-based polysaccharide.
TG is the exudate from Astragalus gummifer and is a naturally occurring polysaccharide. It
contains Bassorin (water insoluble) but swells when added to water and Tragacanth, which
is water soluble [35]. Moreover, this natural polysaccharide consists of (1→ 2), (1→ 3),
and (1→ 5)-linked L-arabinose with (1→ 3) and (1→ 6)-linked galactose. In addition, the
major constituent of TG is α-D-galacturonan substituted in O-3 with β-D-xylose [36].

In the present research study, novel, non-edible Brassica juncea (L.) Czern. seeds were
utilized as the cheapest feedstock for biodiesel synthesis. A recoverable and reusable green
phyto-nano-catalyst (TG modified Ni) was synthesized by the wet impregnation route.
Single-step transesterification was used for biodiesel synthesis from Brassica juncea oil
in the presence of the green phyto-nano-catalyst. The physiochemical properties of the
synthesized nano-catalyst and biodiesel were evaluated by different analytical techniques.
The developed method may provide a new step in the production of clean fuels and green
chemistry technologies. The response surface methodology was explored to identify the
parameter’s influence on biodiesel production. Finally, biodiesel fuel properties were
determined and compared with international standards.

2. Materials and Methods
2.1. Materials

The seeds of the Brassica juncea (L.) Czern. plant were collected through various field
trips across Pakistan and compared with conserved samplings from Herbarium of Pakistan,
followed by a comparison with the Flora of Pakistan. The collected seeds were cleaned
properly to eradicate dust, then oven dried at 55 ◦C. These dried seeds were crushed with
the help of a grinder into a fine powder. TG was purchased from the local market in
Rawalpindi, Pakistan. Nickel sulfate (NiSO4), methanol (99% purity), and n-hexane were
used. All the used chemicals were of analytical grade, purchased from Sigma Aldrich
(Islamabad, Pakistan), and used without purification.

2.2. Oil Extraction

A known amount (15 g) of ground seeds was fed into a thimble equipped with a reflux
condenser and a round bottom flask was poured with solvent (n-hexane 200 mL). The flask
was placed at the end of the Soxhlet apparatus which was also equipped with a tightly
fixed condenser at the end. The entire setup was heated at a temperature range from 60 ◦C
for 5–6 h and B. juncea oil was collected in a round bottom flask. After the completion of
the process, the wet sample was oven dried for 24 h to evaporate the solvent and measure
the difference between the initial and final sample weights to calculate the oil content of
Brassica juncea seeds. The following Equation (1) was used to calculate the yield of Brassica
juncea seeds oil (BJSO) [30].

BJSO Yield (%) =
Mass o f oil produce
Mass o f sample used

× 100 (1)

2.3. Analysis of Free Fatty Acids Content of Extracted Oil

FFA content of BJSO was determined through the aqueous acid-base titration (sample
and blank) method [29]. In the blank titration process, 0.025 molar KOH solution was
poured into a conical flask comprising three drops of phenolphthalein as indicator solution
and 10 mL isopropanol [37]. The solution was titrated until its color turned pink and
then the value was recorded. Whereas in the sample titration, 1 mL of BJSO and 9 mL of
isopropanol were mixed and titrated against KOH solution. The titration was stopped
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when its color changed to pink. The following Equation (2) was used to determine the FFA
content of BJSO [16].

Acid no (mg KOH/g) =
(A− B)× M

W
(2)

Here, A and B are volumes of titrant used for sample and blank titration, M is the
volume of titrant solution, and W is the sample weight (in g).

2.4. Catalyst Synthesis and Characterization

The NiSO4 nano-catalyst using TG was synthesized by the in situ wet impregnation
method with some modifications [37]. First, TG support was prepared by mixing a known
amount (2 g) of TG into 500 mL distilled water at a 70 ◦C temperature. The mixture was
continuously heated and refluxed until a clear solution was obtained. A metal precursor
solution was prepared, i.e., 10 g NiSO4 was added to prepared Tragacanth gum solution
(TGS) and refluxed for 7 h at 600 rpm. The resulting sample was filtered, oven dried at
110 ◦C, calcined at 500 ◦C for 3 h, and ground into fine powder for further characterization.

The structural properties of the TG-Ni green nano-catalyst were analyzed through
XRD analysis with a D8 Advance BRUKER diffractometer using monochromatic Cu Kα

with 1.54 Å at 45 kV and 40 mA. Sample scanning was performed in the range of 2θ

from 10–70◦ with a scan rate of 2◦/min. The average particle size was calculated by the
Debye–Scherer method as shown in Equation (3) [18].

D =
Kλ

β cos θ
(3)

where K represents the Scherer constant, λ denotes the X-ray wavelength, β stands for
the height of the diffraction peak, and θ denotes the angle of diffraction. The SEM Model
KYKY Em-6900 was used to determine the surface morphology of the prepared catalyst
at accelerating voltage 2 kv using an electron microscope. Whereas the EDX (BRUKER)
was performed to confirm the chemical composition of the prepared TG-Ni nano-catalyst.
The catalyst was layered with gold for 80 s in 30 s breaks before the measurement to evade
the charging problem. The morphological aspect of the Ni-modified TG nano-catalyst was
studied by using Transmission Electron Microscopy (TEM) (Jeol TEM) Model (JEM-200CX).
The FT-IR (Derkin Elmer, Spectrum 65) technique was also used to examine the chemical
structure of the prepared catalyst within the wavelength range of 500–4000 cm−1using the
KBr technique.

2.5. Reflux Transesterification Process for Biodiesel Synthesis

A schematic and pictorial representation of the biodiesel synthesis is shown in
Figure S1. The non-edible BJSO was converted into biodiesel through the reflux transes-
terification route. The TG-Ni green nano-catalyst and alcohol were mixed to perform the
reaction in a glass reactor of 250 mL equipped with a reflux condenser to prevent methanol
escape during the reaction and fixed on a hot plate with a magnetic stirrer. A cooling
water recirculation system was also fitted with the system. A fixed volume of filtered BJSO
was preheated at 55 ◦C and the desired amount of prepared TG-Ni catalyst was added in
different oil to methanol ratios under constant temperature, catalyst loading, and stirring
at 600 rpm for the appropriate time. The resulting reaction mixture contained methanol,
glycerol, and biodiesel. The mixture was heated at 60 ◦C to evaporate the methanol and the
remaining glycerol and the Brassica juncea biodiesel (BJBD) were separated with the help
of a separating funnel. The upper layer contained methyl esters, and the lower layer had
glycerin. The resultant biodiesel yield was calculated using Equation (4) [29].

Yield of BJBD (%) =
Mass o f biodiesel produced (g)

Mass o f oil used (g)
× 100 (4)
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2.6. Biodiesel Characterization

BJBD analysis was performed by thin layer chromatography (TLC). A silica-coated
aluminum plate, “chromatographic plate”, was used. A small drop of crude oil and its
corresponding methyl ester was applied to one side of the plate and placed vertically in
a glass vial comprising a thin layer of developing solvent (acetic acid, n-hexane, and diethyl
ether) with a ratio (8:1:30). The drops components dragged along the plate and reached the
required point. After that, the chromatographic plate was removed, dried, and placed in
an iodine chamber for staining. Fatty acid methyl esters and triglycerides molecules have
differences in polarity and molecular mass, so they interact differently with the stationary
phase [38]. The resultant spots of triglycerides and biodiesel were recognized through
iodine vapor stains. The results obtained from TLC were calculated using the following
equation [39].

Rf =
Distance traveled by sample

Distance traveled by solvent f ront
(5)

Rf (retention factor) was used to identify and confirmed the conversion of triglycerides
into fatty acid methyl ester (FAME) in this study. The Rf value of seed oil lies within the
given range of (0.20–0.35), and greater than (>0.60) confirms the synthesis of biodiesel.

The synthesized BJBD was also characterized by various analytical techniques. The
chemical composition and functional groups present in the synthesized biodiesel were
examined through FT-IR spectroscopy using DERKIN ELMER, Spectrum 65 in the range
from 4000–500 cm−1. Fifteen scans for biodiesel analysis were performed under 1 cm−1

resolution. The configuration of synthesized FAME was determined through GCMS with
(GC-QP 2010) ultra by SHIMADZU with a column temperature of 130–300 ◦C at the rate of
80 ◦C/mi. Helium gas was induced with a flow rate of 1.44 mL per minute. The injector
temperature was set at 130 ◦C while the detector temperature was 350 ◦C with a capillary
column of 30–0.32 mm and 0.25 µm film thickness. The mass spectrometer scan range
was 50–1000 m/z ratio with the Electron Impact (EI) ionization mode. The total program
was protracted for 30 min. NMR analysis was performed to analyze the distribution of
total methyl esters. Both 1H NMR and 13C NMR analyses of biodiesel were performed
to monitor the transesterification reaction. Avan CE 300 MHz spectrometer fortified with
5-mm Brad Band Observe (BBO) probes at 7.05 T. Tetra methyl silane and deuterated
chloroform were used as an internal standard and solvent, respectively. 1H NMR and 13C
NMR spectra were verified with a 30◦ pulse duration and the recycle delay for 1H NMR
was recorded at 1.0 scans and 8 scans, while for 13C NMR, the recycle delay of 1.89 scans
and 160 scans. The biodiesel yield was quantified using Equation (6) [40].

C = 100 × 2A(Me)
3A(CH2)

(6)

where C is the % conversion of oil into biodiesel, Proton integration values (Methoxy and
α-Methylene) are A(Me) and A(CH2).

2.7. Experiment Design and Statistical Analysis by Response Surface Methodology

The effect of different parameters on the BJBD yield was analyzed by RSM coupled
with CCD. The effect of various independent parameters at different levels on the result
(dependent variable) was examined by analysis of variance (ANOVA) [41]. In a current
research study, the effect of four independent variables on biodiesel yield from BJSO is
was examined by the response surface methodology (Design Expert 13, Stat-Ease Inc.,
Minneapolis, MN, USA) based on CCD. Thirty experimental runs were completed to study
four independent variables, i.e., (A) catalyst concentration (0.1–0.5 wt %), (B) reaction
temperature (30–150 ◦C), (C) methanol to oil molar ratio (2:1–10:1), and (D) reaction time
(60–360 min). The interaction between each numeric factor and its response was positioned
at the quadratic response surface, and the mathematical relationship among independent
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variables (A, B, C, D) and the predicted response value (Y) was described by the second-
order polynomial model Equation (7) [42].

Y = β0 + ∑k
i−1 βiXi+∑k

i−1 βiiXi2+∑k
i−1, i<j βijXiXj + e (7)

Here, the response is represented by (Y) which is (conversion %), βi(linear), βii(quadratic),
and βij(interactive) coefficients. Xi and Xj are coded process variables (A, B, C, D). Statistical
analysis of the RSM model was performed to examine the ANOVA, whereas the graphical
analysis of data was carried out by Design Expert 13 software (Stat- Ease Inc., Minneapolis,
MN, USA) [43].

2.8. Catalyst Reusability

Nano-catalyst reusability is also an important aspect to make it cheaper and preferable
over homogeneous and heterogeneous catalysts. The reusability test was carried out under
optimized conditions, i.e., methanol to oil ratio 6:1, catalyst concentration 0.3 wt% at
75 ◦C temperature, and 2 h reaction time. After the phase separation process of biodiesel,
the left-over catalyst was recovered by centrifugation of the reaction mixture at 3000 rpm for
10 min. Afterwards, the recovered catalyst was washed with hot distilled water, n-hexane
solvent, and oven dried at 60 ◦C overnight followed by calcination at 500 ◦C for 3 h before
use for the next cycle. The reaction cycle stopped when a significant decrease in biodiesel
yield was observed. It is necessary to wash the catalyst to remove the attached molecules
of reaction media at the catalyst surface [44].

2.9. Determination of Biodiesel Properties

Physico-chemical properties of BJBD were examined. These include density at 40 ◦C
(ASTM D 6751), kinematic viscosity at 40 ◦C, flash point (◦C) (ASTM D 93), sulfur content
(wt.%) (ASTM D 4294), and acid value (mg KOH/g) (ASTM D 974) and then compared
with the American Standard and Testing Materials (ASTM D 6751), ASTM D-951 which is
the international biodiesel standard of America and European Union [15].

2.10. Reaction Kinetics of Brassica juncea (L.) Czern. Seeds Oil into Biodiesel

The reaction kinetics was used to examine the relationship between time and tem-
perature and its dependence on optimized reaction conditions for the transesterification
process. The reaction follows the first order reaction as the product biodiesel (methyl esters)
formation is studied as a time function. A reversible reaction is assumed to follow various
reaction orders concerning product formation. The product at different time intervals is
used to find the rate constant. The kinetics equation is given as:

d[P]
d[t]

= k[P] (8)

Here, k: rate constant (min−1) and it depends on time and temperature, P (synthesized
methyl esters in terms of yield %), and t: reaction time (min). The plot ln [P] versus ln
[dP]/[dt] at different intervals of time and temperature was found to be linear where
the rate constant was determined from the intercept and slope. The activation energy
is computed through the Arrhenius equation and is essential for the transesterification
process. The relationship between reaction rate (constant) and temperature is defined by
the Arrhenius Equation (9) as given below.

lnk = −Ea
Rt

+ C (9)

Whereas, k represents the rate constant of reaction, Ea is activation energy (kJ), t is for
absolute temperature, and R is for gas constant [45].
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3. Results and Discussion
3.1. Oil and Free Fatty Acids Content of B. juncea (L.) Czern. Seeds

Seed collection at the appropriate time, pretreatment process, and the solvent used are
important factors that help in determining the oil content [46]. The determined oil content
based on the dry biomass of B. juncea seeds is 30%, which proves the viability of this novel
feedstock for biodiesel production at an industrial scale. Before dispensation of BJSO into
biodiesel, the FFA content of the seeds was also determined. The recorded FFA content of
BJSO was 0.43 mg KOH/g.

3.2. Catalyst Characterization

The morphology and size of the prepared Ni-TG nano-catalyst were analyzed by using
different characterization techniques. The XRD technique was used for investigating the
size, elemental composition, and crystal structure of the nano-catalyst. The XRD pattern
was calculated by basal reflection peaks d (001) as shown in Figure 1. The detected diffrac-
tion peaks were compared with the Joint Committee on Powder Diffraction Standards
(JCPDS), The sharp diffraction peaks confirm the good crystallinity of the synthesized nano-
catalyst. The database diffraction points observed at angular positions of 2 θ value at 20.71
(110), 22.78 (020), 25.08 (111), 26.82 (021), 35.23 (200), 38.71 (130), 45.40 (202), 51.31 (222),
55.20 (042), and 66.80 (331) were in accordance with the standard database (JCPDS file No.
01-072-1195). The diffractogram of the catalyst sample showed the d value (basal spacing)
appearing at 4.30, 3.92, 3.56, 3.34, 2.55,2.33,1.99, 1.78, 1.66, and 1.39Å, respectively. The
average crystalline size was calculated using the Debye–Scherrer formula (Equation (3))
and was 39.29 nm. In the present study, the calculated average particle size confirmed
that the NiSO4 particles synthesized from the green method are in nano size. In [47], the
synthesized and characterized NiO green nano-catalyst was used. The intense diffraction
peaks were observed at 2 θ (37.42, 43.4, and 62.89) which are assigned to (111), (200), and
(220) planes. The crystallite size of NiO nanoparticles is 8.15 nm and it was predicted from
the (200) plane. In the present study, the dominant peak is also observed at the (200) plane
due to the occurrence of several phytochemicals in Tragacanth gum exudate which plays
a significant role in the reducing and capping agent to the synthesize green nano-catalyst [48].
X-ray diffraction results of the NiSO4 modified TG nano-catalyst were found in accordance
with SEM.

The surface morphology of the Ni-TG nano-catalyst was studied by SEM. The SEM
micrographs of the Ni-TG nano-catalyst at different magnifications are shown in Figure 2
with different morphology after calcination at 500 ◦C. The physical properties of NiSO4 were
influenced by the addition of the surfactant (TG). The synthesized nano-catalyst exhibited
a semispherical and ovoid shape. Nano-catalysts with varying sizes were observed in the
present analysis. An agglomeration observed at some places on the surface was due to
TG support. The micrographs recorded at different magnifications confirm the presence
of micro pores among those micro grains [40,49]. SEM micrographs confirms the uniform
distribution of Ni at the micrometer scale. The surface morphology of the NiO nano-catalyst
mentioned in the literature is spherical and cubic in shape. However, in comparison, the
present study has shown a slightly different shape of the synthesized Ni-TG nano-catalyst
(spherical and ovoid) with microporous morphology that further enhances the catalytic
activity of the nano-catalyst for biodiesel production.

The elemental composition of the synthesized novel green Ni-TG nano-catalyst was
studied via EDX analysis as shown in Figure 3. The EDX spectra exhibited the high peaks
of Ni, S, and O which confirms the synthesis of the NiSO4 nano-catalyst. The overall
percentage of these high peaks are Ni (34.07 wt%), S (10.36 wt%), and O (17.96 wt%) in
the synthesized catalyst. The semi-quantitative elemental composition of the synthesized
nano-catalyst shows a C peak, which is probably from the active compounds of Tragacanth
gum exudates involved in the synthesis and capping of the nanoparticles. Results of the
EDX spectrum confirm the purity of the synthesized green nano-catalyst and are suggested
for biodiesel production.
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The morphological and structural characteristics of the NiSO4 modified TG nano-
catalyst are shown in Figure 4 which reveals the presence of monodisperse particles. TEM
analysis is based on the transition of electrons from a substance. There are some light and
dark parts in the image, usually, the light part shows much denser parts of material and less
transition of electrons, and contrariwise, the dark part represents less dense material and
better electron passage. These micrographs clearly show that the NiSO4 nanoparticles are
present in cluster forms on the surface of the support (TG) and the size of the nanoparticle is
in the 30–50.5 nm range. The particle size determined from the TEM micrograph is similar
to the size reported by applying the Debye–Scherrer equation to the XRD patterns. In [50],
the authors used Anogeissus latifolia gum for the synthesis of Palladium nanoparticles
and TEM characterization was performed. The results indicated the spherical shape of
particles with sizes ranging from 2.3 to 7.5 nm and from the corresponding diameter, the
average obtained particle size was 1.6–4.8. The capping of organic material (gum exudates)
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makes the catalyst more stable. The spaces among the monocrystalline are observed in the
mesoporous form.
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Different functional groups present in Ni-TG nano-catalyst were analyzed from the
FT-IR spectra (Figure 5). The spectrum shows different peaks with a broad band in the
region of 4000 cm−1–450 cm−1. The presence of the absorption band at 2937.79 cm−1

is owed to weak -OH stretching vibrations of adsorbed phenolic compounds with nickel
metal ion. The peak that appeared at 2840.59 cm−1 represents weak -CHO stretching. At
peak 1674.74 cm−1, the absorption band was detected with -OH bending vibrations and aro-
matic rings, comparable to previously described work in the literature [51].
Two strong intensive peaks were observed at 1111.19 cm−1 and 1013.21 cm−1 which
exhibited the sulfate group symmetric and asymmetric vibrations of S-O and S=O. The
peak that appeared at 559.87 cm−1 was related to Ni-O. In [52], the authors also found
absorption peaks similar to the present study. Both the phenolic and aromatic compounds
as a capping were also observed in the previous literature [53]. So, overall FTIR results
conclude that the nano-catalyst synthesized using plant gum exudates is capable of acting
as a reducing and stabilizing agent.
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3.3. Response Surface Methodology for Optimization of Synthesized Biodiesel

Reflux transesterification of BJSO was carried out in the presence of the Ni-modified TG
nano-catalyst. The four-factor independent variables (Table 1), i.e., catalyst concentration
(0.1–0.4 wt. %), (B) reaction temperature (30–150 ◦C), (C) molar ratio of methanol to oil
(2:1–10:1), and (D) reaction time (60–360 min) was used in the transesterification process
for optimization of BJBD. The relationship among input variables and output response (Y)
is evaluated by the coded model Equation (7) as shown.

Y = +86.55 + 0.1667 A + 0.8333 B + 3.44 C + 0.6396 D − 2.56 AB − 0.1875 AC − 3.56 AD
− 1.56 BC + 1.06 BD − 1.56 CD − 2.48 A2 − 26.48 B2 − 7.98 C2 + 7.58 D2

Table 1. Experimental and predicted data for biodiesel yield of Brassica juncea L. Czern seed oil using
central composite design.

Runs
Catalyst

Concentration
(wt. %)

Reaction
Temperature (◦C)

Methanol to Oil
Molar Ratio

Reaction
Time (min)

Experimental
Yield
(%)

Predicted Yield
(%)

1 0.2 120 4.1 135 51.55 50.45
2 0.3 150 6.1 210 75.88 75.21
3 0.4 120 8.1 135 80.65 81.74
4 0.2 120 8.1 135 59.32 60.22
5 0.3 90 6.1 60 46.21 45.49
6 0.2 120 8.1 285 60.68 61.23
7 0.1 90 6.1 210 58.37 58.30
8 0.2 60 8.1 135 45.25 45.21
9 0.4 60 4.1 285 54.37 53.58

10 0.3 90 6.1 120 93.00 93.31
11 0.2 60 8.1 285 49.88 48.67
12 0.2 120 4.1 285 49.66 49.00
13 0.4 120 4.1 135 61.29 60.98
14 0.3 90 6.1 120 92.48 92.31
15 0.2 60 4.1 360 45.11 46.65
16 0.3 90 6.1 135 92.94 93.00
17 0.3 90 2.1 120 41.97 42.79
18 0.3 90 6.1 210 91.74 91.76
19 0.4 120 8.1 120 88.31 88.71
20 0.4 60 8.1 285 68.77 67.70
21 0.2 60 4.1 285 50.48 51.00
22 0.3 90 6.1 120 93.01 93.28
23 0.1 120 4.1 360 65.31 66.18
24 0.1 90 6.1 60 86.18 85.84
25 0.3 90 6.1 120 59.63 58.67
26 0.4 60 8.1 120 57.46 57.44
27 0.3 90 6.1 210 93.00 92.81
28 0.3 30 6.1 60 51.82 51.19
29 0.3 90 10.1 60 66.11 65.17
30 0.4 60 4.1 120 47.62 48.16

ANOVA results (Table 2) measure the fitness of the model, the parameters show the
model F-value (223.95) is significant with a p-value (8.5), whereas the F-value correspond-
ing to lack of fit (4.71) with a p-value (0.05) is insignificant with pure error, indicating
that the model is fit with experimental (trial) data. The determination of coefficient value
R2 = 0.995% confirms the model variability 99.5 %. The difference between the predicted
R2 value (0.990) and the Adjusted R2 value (0.974) is less than 2, confirming the good
correlation with regression polynomial. Furthermore, the adequate precision value (42.34)
is greater than 4, indicating the suitability of this model to navigate the design in space,
thus predicting the biodiesel yield [54]. Additionally, in Figure 6, the straight line shows
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a close agreement between the experimental and predicted biodiesel yield. The 3D graph
in Figure 7A–F depicts the interactive effect of four independent variables on the transester-
ification process for biodiesel production.

Table 2. ANOVA for response surface quadratic model.

Source Sum of
Squares Df Mean Square F-Value p-Value

Model 9355.739078 14 668.267077 223.9565557 8.52948 × 10−15 Significant

A-Catalyst
Concentration 1168.591704 1 1168.59170 391.6305053 3.67734× 10−12

B-Reaction Temperature 887.5584375 1 887.5584375 297.4477383 2.66636× 10−11

C-Oil to Methanol Ratio 739.3710042 1 739.3710042 247.7856372 9.80758× 10−11

D-Reaction Time 181.7751042 1 181.7751042 60.91834783 1.16531 × 10−6

AB 84.87015625 1 84.87015625 28.44256216 8.36177× 10−5

AC 145.6245563 1 145.6245563 48.80320333 4.3819 × 10−6

AD 25.67955625 1 25.67955625 8.605997762 0.010270002
BC 87.28230625 1 87.28230625 29.25094674 7.25258 × 10−5

BD 17.87175625 1 17.87175625 5.989367293 0.027184179
CD 7.16900625 1 7.16900625 2.40255131 0.141976017
A2 2582.357295 1 2582.357295 865.4262123 1.1103 × 10−14

B2 3505.566673 1 3505.566673 1174.821661 1.15787 × 10−15

C2 4757.985331 1 4757.985331 1594.54512 1.19913 × 10−16

D2 3153.558452 1 3153.558452 1056.85303 2.5353 × 10−15

Residual 44.75870833 15 2.983913889
Lack of Fit 40.469175 10 4.0469175 4.7172002 0.050379608 Not significant
Pure Error 4.289533333 5 0.857906667
Cor Total 9400.497787 29 R2 0.995238687
Std. Dev. 1.727401 Adjusted R2 0.990794796
C.V.% 2.616376 Predicted R2 0.974546095

Adeq Precision 42.34321891
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Figure 6. Predicted yield vs. actual yield of Brassica juncea (L.) Czern. biodiesel.
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3.3.1. Collaborative Effect of Catalyst Concentration and Reaction Temperature

The three-dimensional (3D) graph in Figure 7A depicts the collaborative effect of
the catalyst concentration and reaction temperature on the final biodiesel yield where
the reaction time and oil to methanol ratio were kept constant. The highest yield (93%)
was attained at a 90 ◦C reaction temperature and 0.3 wt% catalyst concentration (Run 10)
(Table 1). It is clearly depicted in Figure 7A that as the catalyst concentration increases
from 0.1–0.3 wt.% and the reaction temperature from 30 ◦C–90 ◦C, the yield of biodiesel
also increased up to 93%. However, a further increase in the catalyst concentration >0.3 wt.%
and the reaction temperature >90 ◦C leads to a decrease in the biodiesel yield up to 61.29%
(Run 13) (Table 1). As the catalyst concentration increased above the threshold limit, the
reaction mixture becomes more viscous, resulting in a drop in the yield of biodiesel at
54.37% (Run 9). Meanwhile, the increase in temperature above the threshold limit reduces
its interaction with the catalyst due to higher volatility and decreases the biodiesel yield by
75.88% [55]. These results are in line with the findings of [54]. The ANOVA results show
that the collaborative effect of the catalyst concentration and the reaction temperature is
insignificant due to the p-value (8.36) > 0.05.

3.3.2. Collaborative Effect of Catalyst Concentration and Methanol to Oil Molar Ratio

The collaborative effect of the catalyst concentration and methanol to oil molar ra-
tio on biodiesel yield is shown in Figure 7B. The 3D graphs show the highest biodiesel
yield (93 %) was attained with a 6:1 methanol to oil molar ratio and catalyst concentration
0.3 wt% (Run 16). Both parameters play an important role in maximizing the biodiesel
yield. The molar ratio is one of the significant parameters that determines the yield of
biodiesel. Stoichiometrically, in the transesterification reaction, 3 mol of biodiesel and
1 mole of glycerol are produced from 3 mol of methanol and 1 mole of oil. The transes-
terification process is double-sided, so a supplementary amount of methanol is required
for the forwarding reaction. The maximum catalyst concentration of 0.4 wt% resulted in
a decreased biodiesel yield of 61.29 %. However, the increase in the methanol to oil molar
ratio 8:1 and catalyst concentration 0.4 wt.% of the biodiesel yield decreased to 57.46% (Run
26). This is due to the reversible reaction which combines fatty acid methyl esters with
glycerol and forms monoglycerides and a decreased the biodiesel yield [56]. These results
are similar to the reported literature [37] where the supplementary amount of methanol
favors the backward reaction and reduces the yield of biodiesel. In the present study, the
1:4 oil to methanol molar ratio and 0.1 wt% catalyst concentration were found deficient in
biodiesel synthesis and a decrease in biodiesel yield up to 65.31% was observed at Run
23. However, higher amounts of methanol cause difficulties in the separation of glycerol
from biodiesel and decreased the biodiesel yield. Thus, ANOVA results concluded that the
interactive impact of these parameters is insignificant p = 4.38, which is >0.05. A similar
insignificant correlation between the catalyst concentration and oil to methanol ratio was
observed in ANOVA results presented in the literature [57]

3.3.3. Collaborative Effect of Catalyst Concentration and Reaction Time

Figure 7C presents the interactive impact of the catalyst concentration and reaction
temperature on Brassica juncea (L.) Czern. biodiesel yield, whereas the other two parameters
remain constant. The 3D surface plot shows that an increase in the catalyst concentration
of 0.3 wt.% and reaction time up to 120 min produced a 93% biodiesel yield (Run 10) due
to equilibrium. However, beyond these optimized reaction conditions, such as 0.4 wt%
catalyst concentration and 285 min reaction time, there is an abrupt drop in the yield of
biodiesel (68.77 %) (Run 20) due to the shifting of the reaction in a backward direction
and altering the product back into the reactants. Furthermore, if the catalyst concentration
remains the same, i.e., 0.3 wt%, and decreased the reaction time to 60 min, it results in
a decreased biodiesel yield (46.21 %) (Run 05). The shorter reaction time inhibits the
completion of the reaction [58]. The comparable results observed in the literature at lower
reaction time and catalyst concentration decreased the biodiesel yield [59]. These study
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parameters are significant with p-value = 0.01 < 0.05 for the transesterification process. The
significant correlation in the present study is found similar to the correlation observed in
a previous study [60].

3.3.4. Collaborative Effect of Reaction Temperature and Methanol to Oil Molar Ratio

The combined effect of the reaction temperature and methanol to oil molar ratio on
biodiesel yield is shown in Figure 7D. The highest biodiesel yield of 93% was attained at
a 90 ◦C reaction temperature and 6 mL methanol (Run 10) (Table 1). However, above the
threshold limit at 150 ◦C, a significant decline in a biodiesel yield of 49.66% was observed
(Run 12). Although, a higher reaction temperature provides more kinetic energy to the
reactant molecules to increase the yield of biodiesel in a shorter reaction time. The increase
in temperature above the threshold limits increases the glycerin saponification and reduced
the amount of biodiesel yield. However, a decrease in the reaction temperature of 60 ◦C
resulted in a decrease in the biodiesel yields of 45.11 %. This is due to the immiscibility
of oil, catalyst, and methanol at low temperatures. Whereas, the highest methanol to oil
molar ratio 10:1 resulted in a decline in the biodiesel yield up to 66.11 %. This is due
to that, after the threshold limit, the evaporation of methanol results in decreasing the
biodiesel yield [61]. This was also observed in the work of of [62]. Thus, the ANOVA results
concluded that the collaborative effect of the reaction temperature and oil to methanol
molar ratio is insignificant due to its p-value (p = 7.25) > 0.05.

3.3.5. Collaborative Effect of Reaction Temperature and Reaction Time

The collaborative effect of the reaction time and reaction temperature on biodiesel
yield is presented in Figure 7E. A substantial increase in the yield of biodiesel (93% Run 22)
was observed at a 90 ◦C temperature and 120 min reaction time. Further increase in the
reaction temperature (150 ◦C) and reaction time (210 min) decreased the biodiesel yield
(75.88 %) due to the saponification. According to the Arrhenius equation, an increase in
reaction temperature increases the reaction rate gradually and also the yield of biodiesel.
After that, the considerable decrease in the biodiesel yield resulted, due to the endother-
mic nature of the transesterification process. Moreover, the long reaction process causes
evaporation of methanol and drops the biodiesel yield, meanwhile the short reaction time
inhibited the interaction of oil and the catalyst resulting in the insignificant conversion
of oil into FAME. A minimum biodiesel yield (47.62%) was observed at 60 ◦C. These re-
sults match the findings present in the following literature [37]. Whereas, high reaction
temperature and time eased the hydrolysis process to produce acid along the polarity
of methanol and decreased the yield of biodiesel. Therefore, ANOVA results depict the
significant collaborative effect of the reaction temperature and time on biodiesel yield with
a p-value = 0.02 (<0.05).

3.3.6. Collaborative Effect of Methanol to Oil Molar Ratio and Reaction Time

The combined effect of the methanol to oil molar ratio and reaction time on the final
yield of biodiesel is shown in Figure 7F while other parameters, i.e., reaction temperature
90 ◦C and catalyst concentration 0.3 wt%, remain constant. The highest biodiesel yield
(93% Run 10) was obtained at a 6:1 molar ratio of methanol to oil and 120 min reaction
time, attributed to increased interaction between oil and methanol. However, in (Run
14) the obtained biodiesel yield was 86.18% with a 6:1 methanol to oil molar ratio and
60 min reaction time. The reason behind this is the short reaction time; the reactants did
not reach the equilibrium stage and resulted in the incomplete conversion of triglycerides
into biodiesel. The reported literature work also confirmed the decline in Jatropha Curcas
biodiesel yield at a short reaction time and oil to methanol molar ratio. A minimum
methyl ester yield of 41.97% was observed at a 2:1 methanol to oil molar ratio whereas at
a minimum reaction time of 60 min, the obtained biodiesel yield is 51.82 %. Moreover, in
the present study, the biodiesel yield also decreased at a 10:1 methanol to oil molar ratio
and 360 min reaction time, where the dilution effect of oil reduced the biodiesel yield and
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higher reaction time lead to a reverse transesterification reaction and decreased biodiesel
yield. The authors in [37] also observed a similar pattern in their research study. ANOVA
results show that the interactive impact of these two parameters is insignificant with
(p = 0.14) > 0.05.

3.4. Biodiesel Characterization
3.4.1. Fourier Transform Infrared Spectroscopy Analysis of Brassica juncea (L.) Czern. Biodiesel

Figure 8A represents the FTIR spectra of Brassica juncea (L.) Czern. oil and Figure 8B
represents the spectra of BJBD. FTIR graphs showed not much difference in the IR spec-
tra of B. juncea oil and BJBD; however, in some regions, differences in band intensity
and absorbance frequency of both spectrums were observed. The fingerprint region
ranging from 1500–900 cm−1 is the main region that allows chemical differentiation be-
tween oil and biodiesel [38]. In oil, spectra functional groups appeared at 3308.15 cm−1,
2946.56 cm−1, 2834.63 cm−1, and 1652.01 cm−1, representing (sp2 C-H), (sp3 C-H), (C=O
stretch), respectively. A strong peak detected at 1744.52 cm-1 confirms the ester formation
in Figure 8B. The peak observed at 1436.58 cm−1 shows asymmetric stretching vibra-
tions of -CH3. Some other changes were also observed within the ester control peak area
during the transesterification of B. juncea oil into biodiesel. The stretching of O-CH3 rep-
resented the transmittance at 1114.26 cm−1 of biodiesel. Alkanes group stretching was
observed at 594.66 cm−1. In [63], the authors synthesized biodiesel from algae (E. compressa)
in the presence of a chicken waste derived catalyst. The peaks observed at 1745 cm−1,
1445 cm−1, and 722 cm-1 correspond to C=O stretching, an asymmetric stretch of -CH3-
and CH2 bending. The peaks noted in the present study are similar to the reported work in
the literature. The changes observed in biodiesel spectra are due to methyl ester moiety
which is absent in the crude Brassica juncea oil spectra. Therefore, the resultant biodiesel
attained after the transesterification reaction of Brassica juncea (L.) Czern. oil through the
Ni-modified TG nano-catalyst was confirmed as biodiesel.
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3.4.2. Gas Chromatography Mass Spectroscopic Analysis

The quantitative analysis of methyl esters in biodiesel was conducted through GC-MS.
It is a widely used and vastly suitable analytical technique to analyze the structure and
composition of methyl esters present in biodiesel. The gas chromatogram spectrum of the
Ni-TG catalyzed biodiesel showed seven major peaks in Figure S2. The individual peaks
of the chromatogram were analyzed in the NIST mass spectra library 11. The saturated
methyl esters fragmentation is: 16-Octadecenoic acid, methyl ester, Pentadecanoic acid,
14-methyl, methyl ester, Hexadecanoic acid, methyl ester, and 6-Octadecenoic acid, methyl
ester. Whereas two unsaturated methyl esters are 9-Octadecenoic acid, methyl ester, and
8, 11, 14-Docosatrienoic acid, methyl ester. The observed base peaks of saturated and
unsaturated fatty acid methyl esters are at m/z 28 and 68. The library match provides
evidence that the abundantly present methyl esters in Brassica juncea (L.) Czern. biodiesel
is 16-Octadecenoic acid methyl ester and 9-Octadecenoic acid methyl ester, which provides
stability to synthesized biodiesel [64].

The primary determinant of a feedstock’s suitability for biodiesel synthesis is its fatty
acid methyl ester composition. From the library match, it is evident that abundantly present
ester in the understudy Brassica juncea L. oil is octadecanoic acid methyl ester. This sub-
stance has a strong propensity to give biodiesel stability. Peroxidation and polymerization
induced a greater level of unsaturation and reduced the methyl esters suitability [65].
A higher temperature in combustion engines accelerates peroxidation, which leads to
engine clogging. Therefore, the feedstock with a higher concentration of polyunsaturated
acids is not appropriate for biodiesel synthesis. Additionally, monounsaturated acids have
little or no affinity to oxygen which causes peroxidation. The dominant methyl ester is the
same as reported in the literature [16], thus confirming the suitability of the understudy
seed oil as an efficient feedstock for the biodiesel industry.

3.4.3. Nuclear Magnetic Resonance Studies
1H NMR Analysis

The BJSO and biodiesel were analyzed by 1H NMR and 13C NMR spectroscopy and
their spectra are represented in Figure S3 (upper). The 1H NMR spectra of BJSO showed
triglycerides at 4.1–4.3 ppm and signals that appeared at 5.30–5.35 ppm confirm the presence
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of olefinic protons (unsaturated hydrocarbons). Whereas, the 1H NMR spectra of BJBD in
Figure S3 (lower) shows the characteristic single peak at 5.4 ppm exposed methoxy protons
(-OCH3), which confirms the methyl esters formation. Additional peaks were at triplet
of alpha methylene protons (α-CH3) at 2.01–2.78 ppm, terminal methyl protons (-CH3) at
0.84–0.88 ppm, (β-CH2) at 1.24–1.98 ppm, (-CH2-COO-) at 2.01–2.29 ppm, (-CH=CH-) at
5.30–5.33 ppm, respectively. Similar peak positions were observed by [37] and a major
significant peak was observed at 3.76 ppm related to the methoxy group –OCH3-. The
results of 1H NMR in the present study are in line with the reported work.

13C NMR Analysis

Figure S4 presents the 13C NMR spectrum of B. juncea oil and methyl esters. The
characteristic signals appeared at 62.0 and 68.8 ppm in the 13C NMR spectrum of oil,
Figure S4 (upper), corresponded to the -O-CH2- and -O-CH- and represents the presence
of glycerides functional groups. However, in biodiesel spectra, Figure S4 (lower), the new
peak appeared at 51.4 ppm is related to -OCH3 methoxy carbon and the signal appears at
173.28 ppm is the characteristic of the ester carbonyl group (-COOR). The signals shown
at 27.20 ppm (-CH2-) in ethylene carbons of long carbon chains, 76.67 ppm (-C-O), and
127.87 ppm, specify (-CH=CH-) the degree of unsaturation in methyl esters of Brassica juncea
(L.) Czern. [16]. By using Equation (5), the total conversion of BJSO into BJBD is 93% which
is very close to the (90.3%) yield obtained practically. The lower practical yield as compared
to the calculated biodiesel yield through NMR can be improved by giving more settling
time to the product or using a more effective separation process like centrifugation [66].
The literature study also shows the signal of the ester group carbon is located at 60 ppm and
174 ppm [67]. Therefore, the 13C NMR results of the present study confirm the successful
conversion of triglycerides into their corresponding methyl esters.

3.5. Catalyst Reusability Test

In this study, the reusability of the synthesized Ni-TG nano-catalyst was tested at the
optimal experimental conditions of reflux transesterification, i.e., catalyst concentration
3 wt%, molar ratio of methanol to oil 6:1, for 2 h at 75 ◦C. From the reaction products, the
used catalyst was recovered and reprocessed for the next reaction cycle under the same
conditions. The results in Figure 9 show that the regenerated catalyst activity does not
change for the first three cycles with a maximum 90% yield of biodiesel. Thereafter, the
catalyst poisoning prevents the catalytic sites from chemical reaction and decreases the
biodiesel yield. The results of the present study are also comparable with the literature [39].
It confirms that catalyst structure changed after three cycles. The irregular and smaller
particle size of the fresh catalyst agglomerated and gradually got bigger and reduced
catalytic activity. Another reason behind that is the deposition of unreacted triglycerides
on the catalyst surface [68].
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3.6. Physicochemical Characterization of Synthesized Biodiesel

The physicochemical properties of the synthesized Brassica juncea (L.) Czern. biodiesel
under optimal reaction conditions was compared with international biodiesel standards.
The measured fuel properties are represented in Table 3. The color of BJBD is on visual 2 in
accordance with international standards. The ignition temperature of the fuel is called the
flash point. The high flash point of fuel makes it safer during the handling, transportation,
and storage process [37]. The flash point (97 ◦C) of synthesized biodiesel is to some extent
higher than the given value of ASTM D-93 but in accordance with EN 14214. Pour and
cloud points are the cold flow properties that are important for analyzing biodiesel quality.
Biodiesel color changes to milky when the surrounding temperature decreases due to the
formation of crystal nuclei that stop the fluid pouring. So, the cloud point is that at which
crystal formation takes place and the minimum temperature at which the fuel becomes
solidified and looses its flow characteristic is known as the pour point. The pour point
(−10 ◦C) and cloud point (−14 ◦C) are higher to some extent than the international stan-
dards and can be upgraded by using some commercially available additives and antioxi-
dants. Density directly affects fuel efficiency, biodiesel density gives insight intothe fatty
acids and transparency of biodiesel, which ultimately depends on the number of carbon
atoms. Density strongly linked to viscosity means higher fuel density causes viscosity
problems in the engine [14]. The density of Brassica juncea (L.) Czern. methyl esters were
0.825 (kg/m3 at 40 ◦C), which is within the prescribed limit of international standards
and ensures that the synthesized methyl esters could be the best alternate option to use
in a diesel engine without affecting the diesel locomotives and environment. During the
combustion process, kinematic viscosity plays an important role. The higher viscosity may
create hindrances during combustion [15]. The kinematic viscosity of BJBD is 4.66 mm2/s,
which shows an equivalence to international standards. Fuel with sulfur contents is
more effective for engine operations and the environment [61]. Sulfur content in BJBD of
0.0066 wt.% is within the limit defined by international standards. The acid number is
another important property related to the free fatty acids amount in fuel. A high acid
value causes corrosion in the internal engine combustion and affects its function. In the
present study, the acid value of synthesized biodiesel is 0.182 mg KOH/g, which within
international standards (ASTM-D6751, ASTM-D951, and EN 14214).

Table 3. Comparison of Brassica juncea (L.) Czern. fuel properties with international biodiesel standards.

Properties Methods BJBD
ALM-B100

HSD
ASTM D-951 ASTM D-6751 EN-14214

Color Visual 2 2.0 2 -
Flash point (◦C) ASTM D-93 97 60–80 ≥93 ≥120

Density (kg/m3 at 40 ◦C) ASTM D-1298 0.825 0.8343 ≤120 ≤120
K. Viscosity (mm2/s at 40 ◦C) ASTM D-445 4.66 4.223 1.9–6.0 3.4–5.0

Pour point (◦C) ASTM D-97 −10 - −15–16 -
Cloud point (◦C) ASTM D-2500 −14 - −3–12 -

Sulfur content (wt.%) ASTM D-4294 0.00066 0.05 ≤0.05 0.020
Total Acid No (mg KOH/gm) ASTM D-974 0.182 0.8 ≤0.5 ≤0.5

3.7. Reaction Kinetics of Brassica juncea (L.) Czern. Biodiesel

The kinetic study of various reaction orders (zero order, first order, and second order)
of transesterification was carried out at optimum reaction conditions, i.e., molar ratio of
alcohol to oil 6:1, catalyst amount 0.3 wt%, reaction time 60–200 min, and in the temperature
range of 60–90 ◦C as shown in Table 4. A study of reaction kinetics at various temperatures
exposed that the reaction is a pseudo first-order reaction and well fitted with an experimen-
tal yield of biodiesel from triglycerides of Brassica juncea (L.) Czern. A good linear relation
was observed between –ln(1 − x) and the reaction time at three different temperatures
(60 ◦C, 70 ◦C, 80 ◦C, and 90 ◦C) as presented in Figure 10. The reaction order was found
using Equation (8) of reaction kinetics.
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Table 4. Calculated values of kinetic parameters for BJBD.

Temperature (◦C) k min−1 R2 Ea kJ

60 0.066 0.929

381.48
70 0.079 0.9428
80 0.183 0.9524
90 0.058 0.9798
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Values of R2 were calculated from plots of concentration vs. time and −ln(1 − x)
vs. time at different reaction temperatures. The activation energy of transesterification
reaction of Brassica juncea (L.) Czern. seed oil catalyzed by Tragacanth gum modified the
Ni nano-catalyst and was calculated from the slope of the graph plotted between lnK and
1/T whose values are summarized in Table 4. The plots of lnK vs. 1/T slopes showed
that the activation energy of the transesterification reaction was found to be 381.48 kJ. This
investigation revealed that only a little of amount energy is required to convert triglycerides
of Brassica juncea (L.) Czern. seed oil into methyl esters with the Ni-TG nano-catalyst. The
activation energy in the current study was found lower as compared to previous findings
of [15] and higher than the findings of [69].

4. Conclusions

This research work is confined to examine the potential of novel and non-edible BJSO
for biodiesel production using a recyclable green Ni-modified TG nano-catalyst. Brassica
juncea (L.) Czern. contains a high seed oil content (30%) and FFA content of 0.43 mg KOH/g,
which confirms its suitability for biodiesel production. The synthesized green nano-catalyst
shows significant catalytic activity during the reflux transesterification process for the
conversion of BJSO into biodiesel. The maximum biodiesel yield (93%) was attained
under optimized transesterification reaction parameters, i.e., methanol to oil ratio 6:1,
catalyst concentration 0.3 wt%, 90 ◦C reaction temperature, reaction time 120 min, and
600 rpm stirring speed. RSM was used to compose the CCD for optimization of different
reaction parameters. A quadratic model was found to be significant with the p-value.
The synthesized nano-catalyst was characterized by XRD, SEM, EDX, TEM, and FT-IR
techniques. Different analytical techniques were also used such as TLC, GC-MS, FT-IR,
and NMR for biodiesel characterization and confirmation. The catalyst was successfully
recovered and reused four times and exhibited good recyclability; after that, a considerable
decrease was observed in biodiesel yield. Physicochemical characterizations of biodiesel
were also studied, i.e., flash point (97 ◦C), density (0.825 48 kg/m3 at 40 ◦C), Kinematic
viscosity (4.66 cSt), pour point (−10 ◦C), cloud point (−14 ◦C), sulfur content (0.00066 %wt),
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and total acid number (0.182 mg KOH/g) agreed with the prescribed limits of ASTM D-951,
ASTM D 6751, and EN-14214. The minimum sulfur content of 0.0006% was observed in the
present study which confirms the environment-friendly nature of synthesized biodiesel.
The experimental data best fitted with Pseudo first-order kinetics.

The overall study concludes that the Brassica juncea (L.) Czern. seed oil is a promising
candidate for the biofuel industry, along with a green, clean, and cheap phyto-nano-
catalyst. It also plays a very important role in the management of bio-waste and encourages
researchers to focus on waste biomass-based energy rather than the use of primary energy
sources. In this way, it provides a momentous opportunity for a circular bio-economy. It is
recommended to check the efficiency of other metals and oxides after modification with
different types of green substances. Advanced statistical techniques such as artificial neural
networking (ANN) have to be used for the optimization of synthesized biodiesel. A detailed
LCA study is the need of the hour to investigate the social, economic, and environmental
impacts of these non-edible oil seeds. A detailed “exergoeconoenvironmental analysis”
needs to be developed to better comprehend the energy conversion system concurrently
from thermodynamic, economic, and environmental perspectives.
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https://www.mdpi.com/article/10.3390/su141610188/s1, Figure S1. Schematic representation
(upper), Pictorial presentation (lower) of biodiesel Synthesis from BJSO using Ni-TG nanocatalyst.
Figure S2. GC Spectra of Brassica juncea (L.) Czern. Biodiesel. Figure S3. 1H NMR Spectra of Brassica
juncea (L.) Czern. Seed Oil (upper), Brassica juncea Biodiesel (lower). Figure S4. 13C NMR Spectra of
Brassica juncea (L.) Czern. seed Oil (upper), Brassica juncea Biodiesel (lower).
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Al2O3 Aluminum Oxide
ANN Artificial Neural Networking
ANOVA Analysis of Variance
ASTM American Standards and Testing Materials
BJBD Brassica juncea Biodiesel
BJSO Brassica juncea seeds oil
C.V Coefficient of Variation
CCD Central Composite Design
DEE Diethyl ether
DTA Differential Thermal Analysis
EDX Energy Dispersive X-ray
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EI Electron Impact
FAME Fatty Acid Methyl Esters
FFA Free Fatty Acid
FT-IR Fourier Transform Infrared Spectroscopy
F-value the Variance of group means
GCMS Gas Chromatography Mass Spectroscopy
GHG Green House Gas
JCPDS Joint Committee on Powder Diffraction Standards
LPO Lemon Peel Oil
NiSO4 Nickle Sulfate
NMR Nuclear Magnetic Resonance
p-value Probability of Obtaining the result
Rf Retention factor
RSM Response Surface Methodology
RSM Response Surface Methodology
SEM Scanning Electron Microscopy
St.dev Standard deviation
TEM Transmission Electron Microscopy
TG Tragacanth gum
TGS Tragacanth gum solution
TLC Thin Layer Chromatography
XRD X-ray Diffraction
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