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INTRODUCTION

The reduction of oil reserves, growing demand for energy
due to technological advancement and population rise, and the
increasing environmental concerns about the use of fossil fuels
have encouraged the scientific community to develop the novel,
non-polluting, and renewable fuel sources [1]. Worldwide new
policies are framed to motivate eco-friendly and renewable
energy sources [2,3]. The use of solar, wind, tidal and bio-
resources are some of the energy sources, which are gaining a
lots of attention today [4-6]. Out of which, biodiesel is one of
the potential and economical substitutions of fossil fuels [7].
Biodiesel is produced from various feedstock including veget-
able oils, animal fats, waste oil and microalgae by transesteri-
fication with alcohol in the presence of acid or base catalysts
[8]. The physico-chemical properties of biodiesel such as density,
viscosity, pour point, flash point, and cetane number are similar
or better than the petrodiesel. It enables the use of direct use
or blending of biodiesel with petrodiesel without modification
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in the engine [9]. The edible oils are available readily due to
industrial-scale plantation, but their usage for biodiesel is not
advisable due to the food crisis and ecological imbalance [10].
It was estimated that biodiesel production cost largely depends
upon the cost of feedstock which is around 70-80% [11-13].
The problem associated with the economy of biodiesel can be
addressed by the use of abundantly available, low cost non-
edible oil plants. In this context, various nonedible oil seeds
such as palm [14,15], neem [16,17], jatropha [18-20], mahua
[21,22], papaya [11,23], rubber [10,24,25], karanja [26-28],
and algae [29-31] have been explored for biodiesel synthesis.

Schleichera oleosa is a non-edible oil tree found in the
forest region in central and north-east of India and also in South-
eastern Asia [32,33]. It is also known as Kusum tree, which
contain more than 50% oil in seed and used for cooking fuel
and lighting purpose [34]. The tree grows to 35 to 45 feet and
yields fruit in June and July. In India, the estimated oil obtained
from Kusum as a feedstock is 25 kiloton per year and it is a
potential feedstock for biodiesel [35].
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Bhatia et al. [36] reviewed Kusum oil potential for biodiesel
and other antioxidant properties. Kumar and Tomar [33] investi-
gated Kusum oil methyl ester (KOME) synthesis by esterifi-
cation via p-toluene sulfonic acid followed by transesterifi-
cation with KOH to produce biodiesel. They used a conventional
heating system for biodiesel synthesis, which requires more
than 100 min of reaction time for conversion. Asri et al. [37]
synthesized high surface area nano ZnO-CuO/γ-alumina solid
catalyst for transesterification of Kusum oil with methanol and
obtained 89.71% yield at 80 ºC, 15:1 M methanol to oil ratio
in 12 h reaction. The study revealed that the physico-chemical
properties of KOME were close to diesel and found to be suitable
for the diesel engine. Sharma et al. [38] prepared strontium
lanthanum mixed metal oxide for the transesterification of
Kusum oil and obtained high quality of biodiesel at optimized
conditions. Ong et al. [32] optimized the KOME production
using two-step synthesis and revealed that the physico-chemical
properties of obtained KOME were superior to petro diesel.
Sharma and Yadav [35] synthesized KOME via two-steps
chemical processes and optimized the yield of maximum
97.08% conversion of biodiesel.

Most of the reported studies were carried out using conven-
tional heating source for the transesterification of oil. The micro-
wave as a heat source gaining attention in chemical synthesis
due to its ability to speed up the chemical synthesis due to the
changes in the electron cloud distribution, length and angle of
the bond of molecules under the influence of microwave
stimulates the reaction to occur [39]. Lin et al. [40] and Patil
[41] indicates the microwave as a heat source significantly saves
time and energy requirements. The reduction of time is largely
due to the dipolar polarization, ionic conduction, hot spot gene-
ration [42]. Heat absorption by catalyst overcome the barrier
for transesterification of oil and reduces time considerably [43].
The non-thermal effect of microwave caused a reduction in
energy of activation, improve pre-exponential factor and reduced
Gibbs′ free energy change compared to conventional heating
[44,45]. The current study deals with the effect of process para-
meters for microwave-assisted transesterification of Kusum
oil. Besides, kinetic and thermodynamic properties of base
catal-yzed transesterification were also evaluated.

EXPERIMENTAL

Kusum seeds were collected from the local market of Dahod
city, India. It was crushed using a mechanical expeller to obtain
brownish-yellow oil. All chemicals such as Ba(OH)2, NaOH,
KOH, methanol and ethanol were of AR grade. The acid value
and saponification value of Kusum oil were 17.7 and 197 mg g-1,
respectively. It was esterified to reduce the acid value less than 2.
The major fatty acids composition determined by GC-MS was
oleic acid 26.83%, palmitic acid 24.44%, eicosenoic acid
19.03%, arachidic acid 19.37% and stearic acid 8.27% (Fig. 1).
The degree of unsaturation of Kusum oil is 45.85 %, while the
molecular weight based on fatty acid composition is 901.08 g
mol-1. Density, viscosity, and cloud point was found to be 890
kg m-3, 42.05 c St, and 7 ºC, respectively.

 Experimental setup: Fig. 2 represents a schematic diagram
of the transesterification of Kusum oil. The domestic microwave
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Fig. 1. Graphical presentation of microwave assisted esterification of Kusum oil
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Fig. 2. Microwave reactor setup for the synthesis of KOME

was modified to carry out the transesterification reaction. The
reactor was drilled from the top through which air condenser
was passed to connect reaction assembly and a water condenser.
The chilled water was supplied in a condenser to prevent the
methanol vapour loss. A Pt-100 thermistor with a digital temp-
erature controller was used to monitor the reaction temperature.
Constant magnetic stirring was used to provides effective mixing
of the oil, methanol and catalyst phase.

 General procedure: The transesterification reaction was
carried out using 5 mL (4.45 g) of esterified Kusum oil. The
four process parameters and their impact on biodiesel yield were
studied by varying one parameter keeping others at constant
values. The range used for methanol to oil molar ratio (1:1 to
21:1), Ba(OH)2 catalyst (0.6 to 4.0 wt %), temperature (50 to
80 ºC) and time (1 to 4 min). After completion of every experi-
ment, the product formed was cooled down to stop the further
reaction. The product obtained was separated by gravity separ-
ation. Biodiesel due to low density separated at the top, while
the glycerol and alcohol phase settled at the bottom. The top
layer was isolated and heated for several minutes to remove
the excess methanol. Unreacted oil, glycerol, and water phase
due to their higher density were settled at the bottom. The bio-
diesel yield was calculated as per eqn. 1 [46].

Weight of biodiesel
KOME yield

Theoritical maximum weight of biodiesel
= (1)
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From the parametric study, at an optimized molar ratio
and catalyst amount the kinetic and thermodynamic parameter
evaluations were determined. The kinetic evaluation of micro-
wave assisted transesterification from Kusum oil was carried
out at 50 , 55, 60 and 65 ºC at a different time interval. The KOME
yield versus time study was carried out to find the reaction order
and the rate constant. From the linearized form of the Arrhenius
equation, the value of activation energy and frequency factor
was calculated. Eyring equation was used to calculate the change
in enthalpy, entropy and Gibb′s free energy.

RESULTS AND DISCUSSION

Effect of various process parameters such as the molar ratio
of methanol to oil, catalyst amount, temperature and reaction
time was studied.

Effect of methanol to oil molar ratio on KOME yield:
The pre-esterified Kusum oil has an acid value lower than 2,
hence transesterification using alkali catalyst doesn’t form adverse
soap formation. The effect of solvent methanol on Kusum oil
methyl ester was studied by varying the concentration of it
from 1:1 to 21:1 molar ratio. The constant parameters used
were catalyst Ba(OH)2 1 wt%, 65 ºC and 3 min of reaction time.
Fig. 3 shows the effect of the molar ratio on FFA conversion.
The transesterification reaction theoretically needs three moles
of methanol for a mole of oil [11]. The KOME yield determined
by the separating the glycerol phase followed by the removal
of methanol was lower at a lower molar ratio.
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Fig. 3. Effect of molar ratio on KOME yield

At lower molar ratio, the product separation is difficult
and also contains unreacted oil. The viscous phase and failure
in 3:27 suggest the poor conversion of oil into its biodiesel.
Uemura et al. [47] postulate the compaction effect in oil mole-
cule at a lower molar ratio, which illicit active ester sites for
methanol to react. The transesterification process is reversible by
nature and reduction in methanol with the progress of reaction
reduces the rate. Hence, to overcome this, it is desired to use the
excess molar ratio of methanol. With increasing the molar ratio
of methanol to oil, there was an improvement in KOME yield
observed. The yield increased from 20% to 70%, with the addi-
tion of methanol from 1:1 to 9:1. At excess molar ratio, the
increase in the fluidity of reaction mixture and improvement

of solubility triggers the KOME formation. Also, the ease in
hindrance effect due to a more extended alkyl chain allows the
methanol to move toward the reaction site. The results show
9:1 molar ratio is optimum for KOME yield and further increase
in methanol lowers the yield. The experimental observation
shows that the excess methanol causes the difficulty in final
product separation. The excess methanol increases the solubility
of KOME in the glycerol phase and reduces the apparent yield
[48]. Also, relative dilution of the catalyst and oil is the reason
for the reduction in KOME yield at an excess molar ratio. The
parametric effect of methanol amount on KOME yield reveals
a 9:1 molar ratio is optimal.

Dosage of Ba(OH)2 as catalyst: Due to the presence of
basic -OH group, barium hydroxide is soluble in the methanolic
phase and absorbs the microwave heat. This ruptures the two-
tier structure of methanol and oil and enhanced solubility [49].
Fig. 4 shows the reaction mechanism of microwave-assisted
base-catalyzed transesterification.
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Fig. 4. Reaction mechanism of alkali catalyzed microwave-assisted
transesterification reaction

The presence of Ba(OH)2 forms alkoxide CH3O− ion from
methanol. The methoxy ion combines with carbonyl carbon
of Kusum oil and forms a tetrahedral intermediary (step 1). It
further reacts to alcohol and forms its alkoxide and intermediate
product (step 2). Finally, the rearrangement of the intermediate
product gives ester and diglyceride (step 3). Process step 1-3
is repeated for diglyceride to form monoglyceride and ester.
Finally, monoglyceride is converted into fatty acid methyl ester
and glycerol [50]. The presence of a catalyst triggers the reaction
rate. The parametric effect of Ba(OH)2 amount on KOME yield
was studied at 9:1 M methanol to oil. The other process para-
meters were 65 ºC and 3 min of reaction time. Fig. 5 presents
the impact of catalyst on KOME yield. The catalyst amount was
varied from 0.5 to 4 wt% of Kusum oil.

An improvement in the KOME yield from 60% to 95%
was observed when Ba(OH)2 catalyst was increased from 0.6 to
2.5 wt %. The increase in catalyst amount favours the formation
of methoxy ions, which triggers the transesterification of oil.
At lower catalyst concentration the obtained phases were not
separated properly, which suggests the presence of diglycerides
and monoglycerides instead of complete conversion into KOME.
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Fig. 5. Effect of catalyst amount on KOME yield

At 2.5 wt% catalyst amount, the phases obtained were easily
separable and cleared in the 3:27 test. It indicates a majority
of oil is converted into its biodiesel. Nevertheless, a further
increase in the catalyst amount is not desirable for KOME yield.
The observation suggests the formation of gel at the excess
catalyst. It indicates the conversion of oil into its soap, which
competes with the desirable transesterification reaction. Also,
gel trapped the product in it and caused difficulty in the separ-
ation. The effect of catalyst amount revealed that 2.5 wt% of
Ba(OH)2 catalyst gives the maximum KOME yield.

Effect of temperature: The transesterification reaction
requires the supply of heat to carry out the reaction between
the oil and methanol phase. The rate of reaction is enhanced
by increasing the reaction temperature. The effect of  temper-
ature on KOME yield was carried out at fixed 9:1 M methanol,
2.5 wt % Ba(OH)2 and 3 min of reaction time. The temperature
of the reaction was varied from 50 ºC to 80 ºC with an increment
of 5 ºC.

The biodiesel yield at a lower temperature was low comp-
ared to 65 ºC of the reaction mixture (Fig. 6). At lower tempera-
ture, the kinetic energy posses by methanol and oil molecule
are also low. Besides, viscous nature oil limits the reaction rate.
The rate is governed on contact between oil and methanol phase.
The increase in the temperature from 45 ºC to 65°C improves
the rate of transesterification (Fig. 6). The increase in the fluidity
of reaction mass and rapid movement between immiscible oil
and methanol phases, provide the necessary energy for the trans-
esterification of oil. It is evident that at 65 ºC, methanol bubbles
within the reaction mass, cause rigorous mixing and turbulence.
The KOME yield increased from 79% to 95%, with a rise in the
temperature from 45 ºC to 65 ºC. The reaction temperature is
an important aspect affecting the transesterification considering
both kinetic and thermodynamic aspects. However, the tempe-
rature above 65 ºC is not desirable for KOME yield, even though
the reaction is endothermic by nature. The KOME yield reduced
from 95 to 58%. At temperature above 65 ºC, methanol starts
vapourizing from the reaction mass and become limiting com-
pared to the conditions carried out at lower temperature. The
formation of bubbles in large amount reduces the methanol
and oil contact time. The excess temperature requires the rapid

100

80

60

40

20

0

K
O

M
E

 y
ie

ld
 (

%
)

45 50 55 60 65 70 75 80

Temperature (°C)

Fig. 6. Effect of Temperature on KOME yield

cooling of the generated methanol vapor. It was supported by
the finding of Amin et al. [51]. The darkening of the product
at elevated temperature as well as the formation of other side
reactions reduces the KOME yield.

Reaction time: The effect of reaction time on KOME yield
was investigated by varying the reaction time from 0.5 min to
4.5 min. The process parameters were 9:1 M methanol, 2.5 wt %
Ba(OH)2 and 65 ºC reaction temperature. The time effect revealed
that KOME yield improves with time. At the initial reaction
time, the 3:27 test of the top layer shows the trailing of oil,
which shows a reaction, is incomplete. With an increase in time
the separability of two layers improves and also sample clears
in the 3:27 test. The reaction rate is fast compared to conventional
heating methods, due to efficient inside out heating associated
with microwaves. The electromagnetic waves cause electron
excitation, and not change the bond between molecules. The
localized superheating and rapid dipole movement overcome
the activation energy required for the transesterification reaction
[52].

The KOME yield was close to 96% at 3.5 min (Fig. 7).
Likozar & Levec [53] and Silva et al. [54] concluded that rapid
heating in the microwave was due to the thermal and non-thermal
effect of a microwave. The time interval above 3.5 min shows
a slight decrease in the KOME yield. Hence, the reaction time
of 3.5 min is optimum.

100

80

60

40

20

K
O

M
E

 y
ie

ld
 (

%
)

0  0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Time (min)

Fig. 7. Effect of time on KOME yield

2896  Nayak et al. Asian J. Chem.



Rate constant and order of reaction: Transesterification
of Kusum oil with methanol in the presence of Ba(OH)2 catalyst
is presented by eqn. 2 [55].

n md[CA]
k [CA] [MeOH]

dt

− = × × (2)

Theoretically, 1 mol of oil requires 3 mol of methanol for
the complete conversion of triglycerides into its ester. The study
revealed that 9:1 molar ratio gives the maximum yield. The
amount of methanol is almost three times higher than the theor-
etical requirement. Hence, during the kinetic study, the rate
expression presented in an equation can be reduced (eqn 3).
This is due to excess molar ratio of methanol to oil, the reaction
rate is not governed by the methanol concentration. It is
expressed as:

nd[CA]
k [CA]

dt

− = × (3)

The above pseudo-order rate expression using variable
separation gives

n

d[CA]
k dt

[CA]

− = × (4)

Upon integration, eqn. 4 gives

n 1 n 1[CA] [CA 0]
k t

1 n

− + − +− = ×
−

Case 1: Zero-order kinetics

CA0 – CA = k × t (5)

Case 2: First-order kinetics

A

A

C
ln k t

C 0

 
= − × 

 
(6)

Case 3: Second-order kinetics

1 1
k t

CA CA0
− = − × (7)

Case 4: Third-order kinetics

2 2
0

1 1
2k t

CA CA
− = × (8)

The initial concentration of oil was 0.00047 mol mL-1. As
the reaction progress, Kusum oil methyl ester (KOME) and
glycerol are generated. Fig. 8 shows the KOME yield as a
function of reaction time for 50, 55, 60, 65 and 70 ºC using a
microwave heat source. For determination of the reaction rate,
the expression for zero, first, second and third-order, eqns 5-8
were used.
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The expression for zero-order, first-order, second-order,
and third-order kinetics (eqns. 5-8) was used to fit the experi-
mental data. The obtained experimental data are best fitted if
the deviation between experimental and theoretical calculations
is minimum. The integral expression for all assumed orders
with R2 value close to 1 is desirable. The expression presented
in eqns. 5-8 is a straight line passing through the origin (Fig.
9a-d).

In all the assumed rate expression, the first-order kinetics
due to higher R2 is best fitted. The linear fit expression for
first-order kinetics (Fig. 9b) is summarized in Table-1. The analysis
of variance with high F-value and lower P-value indicates first-
order kinetics is suitable for microwave-assisted transesteri-
fication of Kusum oil.

Activation energy: Table-1 shows a rise in temperature
favours the rate constants, which comply with the van’t Hoff
law. It suggests the endothermic nature of microwave-assisted
transesterification. The activation energy for microwave-
assisted transesterification of Kusum oil can be determined
by the Arrhenius equation, which has the dependency rate
constant on reaction temperature (eqn. 9) [56].

k = Ae–Ea/RT (9)

where A is a frequency factor or pre-exponential factor (min-1).
It is the measure of collision frequency between reactants. Ea
is the activation energy (J/mol) for product formation. R is the
molar universal gas constant (8.314 Jmol-1K-1), and T is the
absolute temperature (K). The equation suggests that the rate
constant increases with increasing the pre-exponential factor
(A), which is a frequency of the vibrations of molecules at the
reaction interface by lessening the activation energy of reaction
[45].

TABLE-1 
TRANSESTERIFICATION REACTION RATE CONSTANT AT 45, 50, 55, 60 AND 65 °C FOR  

CONSTANT 09:01 MOLAR RATIO, 2.5 wt% Ba(OH)2 AND ANOVA OF A LINEAR FIT 

Temperature ( °C) Order of reaction (n) Slop (k, min–1) R2 Adj, R2 F-value P-value 
45 1 0.4229 0.9826 0.99331 1336 3.4 × 10–10 
50 1 0.5343 0.9899 0.99633 2441 3.1 × 10–11 
55 1 0.6253 0.9968 0.99891 8242 2.4 × 10–13 
60 1 0.8381 0.9927 0.99741 3461 7.7 × 10–12 
65 1 0.8870 0.9536 0.98402 555 1.1 × 10–8 
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To determine the frequency factor and activation energy,
the linearized form of eqn 9. becomes as

Ea
ln k ln A

RT
= − (10)

Fig. 10a presents the rate constant, k vs. temperature plot,
which slows a linear behaviour for rate constant and temper-
ature. Moreover, the R2 value of 0.9958 suggested that the
reaction rate is first-order. Fig. 10b represents the plot of ln k
vs. 1/T in which, the slope (-Ea/R) and intercept (ln A) give the
value of activation energy (34.57 kJ/mol) and frequency factor
(205664 min-1).

The reaction rate constant is expressed as
34.57

RTk 205664e
−

= (11)

while the microwave-assisted transesterification is presented
as:

34.57
FA RT

FA FA

dC
r 205664e C

dt

−−− = = (12)

Transesterification involves a reaction of methanol with
oil in the presence of catalysts. The catalytic reaction rate is

limited by diffusion or by the chemical step. Narkhede and
Patel [57] concluded that the diffusion control mechanism has
10-15 kJ mol-1 activation energy, while chemical reaction control
required 25 kJ mol-1. The activation energy of 34.57 kJ mol-1

suggests the chemical step is rate controlling. Since the reaction
involves excess solvent methanol, which dissolves catalysts
and the reaction mass is homogeneous due to high stirring.
There is no diffusion control mechanism.

The activation energy thermodynamically denoted as

Ea = ∆H – T∆S (13)

Activation energy signifies the lowest energy required for
the reaction to occur. The reduction in activation energy in
microwave-assisted transesterification was due to higher
entropy change at rapid molecular movement at the molecular
level [58]. Also superheating due to hotspot generation reduces
activation energy in the microwave [59]. The lower value of
activation energy for a given system implies that reaction is
favorable at a lower temperature. The higher temperature favours
the side reaction involving the saponification reaction [60].
The degree of unsaturation also affects the activation energy
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for transesterification of oil as it causes undesired side reactions.
The differences in oil composition also affect the activation
energy. The difference in the miscibility of fatty acids in
methanol causes variation in activation energy as well as the
rate constant. The catalyst type and its amount also affect the
activation energy required for the esterification of oil. More-
over, techniques used for transesterification affect the kinetic
and thermodynamic parameters. Sharma et al. [62] found that
activation energy for KOH and CaO catalyzed transesterifi-
cation in conventional methods was 34.5 and 50.4 k.mol-1.
But in case of microwave, the reduction in activation energy
up to 62.4% and 42.6% respectively for KOH and CaO catalyzed
conditions. The reduction in activation energy compared to
conventional heating is due to the presence of dipole molecule
and non-thermal effects of the microwave, which enhanced
the rate of reaction and reduced the reaction time [63,64]. Fang
et al. [65] performed the kinetic and thermodynamic study of
the transesterification of soybean oil using supercritical
methanol and concluded that the reaction order of a kinetic
model was 1.5 with 27.06 kJ/mol of activation energy. At a
supercritical state, the polarity of methanol decreases and
becomes more soluble in the nonpolar oil phase and form a
homogeneous phase. This favours the transesterification of
oil [66].

The frequency factor in a kinetic study represents the colli-
sion frequency of the reactant. The frequency factor with high
value enhances the rate constant. Extensive stirring in conven-
tional heating also gives a high reaction rate. However, as
presented in Table-2, the frequency factor for microwave-assisted
transesterification was very high. It was due to rapid dipole
movement [67]. The thermal effect due to a high dielectric
constant of methanol and specific thermal effect due to the
formation of hotspots increase the reaction rate. The higher value
of a frequency factor reveals the presence of non-thermal effects
associated with microwave-assisted transesterification. The
rapidly changing electric field causes the rotation of dipole to

realign [68]. The value of the frequency factor for microwave-
assisted transesterification of Kusum oil is 2,05,664 min-1,
which indicates effective mixing between oil, alcohol and catalyst,
and enables mild operating conditions for transesterification.
Hsiao et al. [69] concluded that the non-thermal effect of micro-
wave increased in reaction rate by 3.52-7.06. Mazo et al. [70]
compared the conventional and microwave heating for biodiesel
synthesis. The lowering of activation energy up to 10% as well
as increase infrequency factor up to 182% confirms the presence
of a non-thermal effect.

Thermodynamic studies: The thermodynamic behaviour
of microwave-assisted transesterification was predicted by
evaluating the change in enthalpy (∆H), entropy (∆S) and
Gibb′s free energy (∆G). Eyring [71] proposed the activation
complex theory to estimate thermodynamic properties along
with temperature-dependent rate constant.

The Eyring-Polanyi equation (eqn. 14) relates the kinetic
property and thermodynamic property [72].

bK T G
k exp

h RT

−∆ = ×  
 

(14)

The linear form of eqn. 14 becomes as:

bK T G
ln k ln

h RT

−∆ = +  
 

(15)

The Gibbs free energy change for a close system is also
articulated by ∆G = ∆H − T∆S.

Thus, eqn. 15 can be presented as

bKk H S
ln ln

T RT R h

−∆ ∆  = + + 
 

(16)

where, k: the reaction rate constant (s-1); T = absolute
temperature (K); R = universal gas constant 8.314 Jmol-1 K-1;
Kb = Boltzmann constant (1.38 × 10-23 J K-1); h = Planck′s
constants (6.63 × 10-34 Js).
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Fig. 10. Plot of (a) rate constant (k) vs. temperature (K) and (b) ln k vs. 1/T
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TABLE-2 
COMPARISON OF THERMODYNAMIC AND KINETIC PARAMETERS OF  

MICROWAVE-ASSISTED KOME SYNTHESIS WITH REPORTED RESEARCH 

Triglyceride Heat 
source 

Reaction condition n k (min-1) A  
(min-1) 

Ea (kJ 
mol-1) 

∆G (kJ 
mol-1) 

∆H (kJ 
mol-1) 

∆S (kJ 
mol-1 K-1) 

Ref. 

Kusum oil, AV 2.3 M, 
Batch 

Ba(OH)2, 2.5 wt%, 
9:1 M, 65 °C 

1 0.887 205664 34.57 96.48 22.18 -0.22 
 

Present 
work 

Papaya oil, 
AV 0.8 

M, 
Batch 

NaOH, 1 wt%, 9:1 
M, 60 °C 

1 0.670 14764 27.86 94.48 24.87 -0.209 [74] 

Palm oil C, 
Batch 

KOH 0.4 mol%, 
36:1 M, 50 °C 

1 2.45 1090 27.2 N.D. N.D. N.D. [47] 

Soybean oil 
AV 6.4 

S, 
Batch 

CH3Ona 1 wt%, 
23:1 M, 250 °C 

1.5 0.173 102.71 27.06 137.43 23.15 -0.22 [65] 

Chinese tallow 
seed 

 

M, 
Continuous 

NaOH 4 wt%, 
47.5:39.3:20 

MeOH:Hexane:Oil 
(w/w), 60 °C 

1 0.0846 5.5 20.57 85.57 -0.57 -0.267 [75] 

Waste cottonseed 
oil 

M, 
Batch 

KOH 0.65 wt %, 
7:1, 50 °C 9.6 min 

1 0.3401 N.D. 13.05 82.06 26.3 -0.17 [62] 

Microagal oil M, 
Batch 

CaO 3 wt% 
6:1 M, 400 W 

1 0.504 N.D. N.D. N.D. N.D. N.D. [76] 

Coconut oil 
AV 0.18 

M, 
Batch 

CaO 2.5 wt% 
9:1 M, 51 °C, 3 

min 

1 2.969 354000 82.08 N.D. N.D. N.D. [77] 

Rice bran oil 
 

M, 
Cont. 

NaOH 0.6 wt% 
5:1 M, 50 °C 

1 0.068 43.63 6.334 N.D. N.D. N.D. [78] 

Cottonseed oil, 
AV:1.78, U:65 

M, 
Batch 

CaO 1.33 wt% 
9.6:1 M, 55 °C, 

9.7 min 

1 0.2532 10600 28.93 82.56 10.4 -0.22 [79] 

Jathropha oil 
AV:22, 

M, 
Batch 

BTMAOH 
60 °C, 9:1 M 

1 0.064 N.D. 21.64 N.D. N.D. N.D. [80] 

Oleic acid 
 

M, 
Batch 

H3PW12O40/K10 
20 wt%, 160 °C 

7.7:1 M 

2 0.045 20400 43.69 N.D. N.D. N.D. [81] 

Camelina oil 
AV 3.2 

M, 
Batch 

SrO 2 wt%, 
9:1 M 

2 1.54 g mol-1 
min-1 

N.D. N.D. N.D. N.D. N.D. [82] 

Dairy scum oil M, Batch KOH 1 wt% 
7:1 M, 60 °C 

1 0.574 212.27 × 
107 

9.87 N.D. N.D. N.D. [58] 

waste cooking oil C, Batch BaSnO3 2.5 wt%, 
16:1 M, 65 °C 

1 0.113 3.6 × 108 61.57 89.23 59.76 -87.19 [83] 

Soybean oil 
0.5 AV 

U : 84.5% 

C, Batch NaOH 0.7 wt%, 
7.47:1 M, 58 °C 
1.76% bentonite 

1 0.1648 12456 31.03 83.30–
87.69 

28.33 -0.18 [84] 

Waste cotton seed 
oil, 

C, Batch 2Sr:Zr 0.7 wt%, 
12:1 M, 75 °C 
5 wt% 2Sr:Zr 

1 0.01 1.33 × 
105 

48.17 88.23 45.97 -0.12 [85] 

Madhuca longifolia 
oil, 

C, Batch 15 wt% H2SO4, 55 
°C, 35:1 M, 3 h 

1 0.003 – 14.84 12.12 96.45 -0.25 [86] 

Rapeseed oil 
2.29 AV, 
U: 94.9% 

C, Batch 
 

KOH 0.7 wt%, 
9:1 M, 60 °C 

1 0.1689 461.22 21.88 75.26–
79.06 

19.59 -0.19 [87] 

Schleichera triguga 
0.84 AV 

U, 
Batch 

Ba(OH)2 3 wt%, 
9:1 M 

2 0.2678 6.1×107* 
 
 

53.26 82.44–
85.55 

50.62 -0.11 [88] 

Madhuca indica 
oil, 

C, Batch Strontium titanate 
1.3 wt%, 

18:1 M, 65 °C 

1 0.018 1.78 × 
108 

65.98 161.56 63.21 -0.29 [89] 

Used cooking oil, C mesoporous 
calcium titanate, 
100 °C, 3:1 M 

1 0.0058384 – 25.25 -24 35.7 -0.16 [60] 

Spirulina platensis 
algae biomass, 

U 41% 

C H2SO4 60 wt% of 
the biomass, 1:4 
wt/volume ratio 

1 0.001 2.21 14.51 92.71 16.35 -0.23 [90] 

Leather tanning 
waste, U: 71% 

S Non catalytic 
250-325 °C, 

12 MPa, 40:1 M 

1 0.32-0.96 1176 36.01 153.64–
171.16 

31.37 -0.233 [91] 

AV= Acid Value mg KOH/g of oil, M = microwave, C = Conventional, U = Un-saturation, US = Ultrasound, S = supercritical, Su.C. = Subcritical, 
n = order of reaction, k = rate constant, A = Pre-exponential factor, Ea = Activation energy, N.D. = Not Determined, MeOH = methanol, CaDG = 
Calcium diglycerides, W.C.O. = Waste cooking oil, * = unit: L mol-1 min-1, # = unit L2 mol–2 min–1, Bold italic = calculated using Eyring equation 
for comparison. 
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Eqn. 15 when plotted ln(k/T) versus 1/T is a straight line

(Fig. 11). The slope 
H

RT

−∆ 
 
 

 and the intercept 
bKS

ln
R h

∆ + 
 

gives the entropy and enthalpy change for microwave-assisted
transesterification of Kusum oil. The calculated values of ∆H
and ∆S are 22.18 kJ/mol and -0.22 kJ/mol K, respectively.
The Gibb′s free energy varies from 92-96 kJ/mol from 45-65
ºC, respectively. The positive value of enthalpy change indi-
cates heat supply is mandatory for the progress of transesteri-
fication. The negative value of entropy change indicates that
the transition state is more polar, stable and has a higher struc-
tured alignment compared to reactants in the ground state [73].
The positive value of Gibb′s free energy change reveals the
non-spontaneity of reaction. Table-2 represents the summary
of the kinetic and thermodynamic properties of present work
with reported work in the literature. Factors such as oil and its
quality, fatty acid composition and mode of operations also
affect the thermodynamic and kinetic properties of the oil.

-10.5

-10.6

-10.7

-10.8

-10.9

-11.0

-11.1

-11.2

0.00290 0.00295 0.00300 0.00305 0.00310 0.00315 0.00320

ln k/T  1/%vs.

y = -2668.7x – 2.6813
R  = 0.9947

2

Fig. 11. Plot of ln (k/T) vs. 1/T for determination of thermodynamic properties

Conclusion

The parametric study concludes that microwave-assisted
transesterification of Kusum oil gave close to 96% KOME
yield at 9:1 methanol to oil molar ratio, 65 ºC, 2.5 wt% Ba(OH)2

catalyst, in 3.5 min of reaction time. The use of excess molar
ratio, temperature and catalyst amount causes a reduction in
the KOME yield. The kinetic study of microwave-assisted esteri-
fication of Kusum oil at above optimum conditions revealed
that microwave-assisted transesterification is a pseudo-first-
order reaction. The 34.57 kJ/mol of activation energy and higher
frequency factor 205664 min-1 indicates the non-thermal effect
associated with the microwave heating. The rate constant 0.887
min-1 at 65 ºC revealed that microwave heating significantly
reduced the reaction time. Thermodynamic properties such as
∆G, ∆H and ∆S were found out to be 96.48 kJ/mol, 22.18 kJ/
mol and -0.22 kJ/mol K, respectively. It shows that reaction is
non-spontaneous and endothermic by nature.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1. J.C. Gomes Filho, A.S. Peiter, W.R.O. Pimentel, J.I. Soletti, S.H.V.
Carvalho and L. Meili, Ind. Crops Prod., 74, 767 (2015);
https://doi.org/10.1016/j.indcrop.2015.06.013

2. A.O. Esan, A.D. Adeyemi and S. Ganesan, J. Clean. Prod., 257, 120561
(2020);
https://doi.org/10.1016/j.jclepro.2020.120561

3. F.A. Ansari, M. Nasr, A. Guldhe, S.K. Gupta, I. Rawat and F. Bux, Sci.
Total Environ., 704, 135259 (2020);
https://doi.org/10.1016/j.scitotenv.2019.135259

4. S. Kiwan and E. Al-Gharibeh, Renew. Energy, 147, 423 (2020);
https://doi.org/10.1016/j.renene.2019.09.004

5. E. Park, Renew. Sustain. Energy Rev., 79, 61 (2017);
https://doi.org/10.1016/j.rser.2017.05.043

6. S. Mirzamohammadi, A. Jabarzadeh and M.S. Shahrabi, J. Clean. Prod.,
264, 121611 (2020);
https://doi.org/10.1016/j.jclepro.2020.121611

7. L. Gu, W. Huang, S. Tang, S. Tian and X. Zhang, Chem. Eng. J., 259,
647 (2015);
https://doi.org/10.1016/j.cej.2014.08.026

8. A.B. Fadhil, A.M. Aziz and M.H. Al-Tamer, Energy Convers. Manage.,
108, 255 (2016);
https://doi.org/10.1016/j.enconman.2015.11.013

9. Y. Essamlali, O. Amadine, A. Fihri and M. Zahouily, Renew. Energy,
133, 1295 (2019);
https://doi.org/10.1016/j.renene.2018.08.103

10. H. Trinh, S. Yusup and Y. Uemura, Bioresour. Technol., 247, 51 (2018);
https://doi.org/10.1016/j.biortech.2017.09.075

11. M.G. Nayak and A.P. Vyas, Renew. Energy, 138, 18 (2019);
https://doi.org/10.1016/j.renene.2019.01.054

12. O. Ogunkunle and N.A. Ahmed, Energy Rep., 5, 1560 (2019);
https://doi.org/10.1016/j.egyr.2019.10.028

13. S.N. Nayak, C.P. Bhasin and M.G. Nayak, Renew. Energy, 143, 1366
(2019);
https://doi.org/10.1016/j.renene.2019.05.056

14. S.P. Yeong, M.C. Law, K.Y. You and Y.S. Chan, Appl. Energy, 237, 457
(2019);
https://doi.org/10.1016/j.apenergy.2019.01.052

15. N.N. Saimon, S. Thavil, M. Jusoh, N. Ngadi and Z.Y. Zakaria, Chem.
Eng. Trans., 63, 463 (2018);
https://doi.org/10.3303/CET1863078

16. V.B. Chaudhari and S.U. Patel, Indian J. Appl. Res., 4, 15 (2011);
https://doi.org/10.15373/2249555X/FEB2014/59

17. A.Z. Merlin, O.A. Marcel, A.O. Louis Max, C. Salem and G. Jean,
Renew. Sustain. Energy Rev., 52, 201 (2015);
https://doi.org/10.1016/j.rser.2015.07.027

18. M.Y. Koh and T.I. Mohd, Renew. Sustain. Energy Rev., 15, 2240 (2011);
https://doi.org/10.1016/j.rser.2011.02.013

19. J.C. Juan, D.A. Kartika, T.Y. Wu and T.-Y.Y. Hin, Bioresour. Technol.,
102, 452 (2011);
https://doi.org/10.1016/j.biortech.2010.09.093

20. N. Kumar, A.S. Singh, S. Kumari and M.P. Reddy, Ind. Crops Prod.,
76, 817 (2015);
https://doi.org/10.1016/j.indcrop.2015.07.028

21. K.P. Prajapati, P. Shilpkar and M.C. Shah, J. Sci. Ind. Res., 74, 494
(2015).

22. S.V. Ghadge and H. Raheman, Biomass Bioenergy, 28, 601 (2005);
https://doi.org/10.1016/j.biombioe.2004.11.009

23. W.-J. Lee, M.-H. Lee and N.-W. Su, J. Sci. Food Agric., 91, 2348 (2011);
https://doi.org/10.1002/jsfa.4466

24. A. Ramadhas, S. Jayaraj and C. Muraleedharan, Fuel, 84, 335 (2005);
https://doi.org/10.1016/j.fuel.2004.09.016

25. S.E. Onoji, S.E. Iyuke, A.I. Igbafe and D.B. Nkazi, Energy Convers.
Manage., 110, 125 (2016);
https://doi.org/10.1016/j.enconman.2015.12.002

26. P. Verma and M.P. Sharma, Fuel, 180, 164 (2016);
https://doi.org/10.1016/j.fuel.2016.04.035

27. V. Singh, B.H. Hameed and Y.C. Sharma, Energy Convers. Manage.,
122, 52 (2016);
https://doi.org/10.1016/j.enconman.2016.05.030

Vol. 32, No. 11 (2020) Microwave-Assisted Transesterification of Kusum Oil  2901



28. L.C. Meher, V.S.S. Dharmagadda and S.N. Naik, Bioresour. Technol.,
97, 1392 (2006);
https://doi.org/10.1016/j.biortech.2005.07.003

29. H.M. Amaro, A.C. Guedes and F.X. Malcata, Appl. Energy, 88, 3402 (2011);
https://doi.org/10.1016/j.apenergy.2010.12.014

30. J. Huang, J. Xia, W. Jiang, Y. Li and J. Li, Bioresour. Technol., 180, 47
(2015);
https://doi.org/10.1016/j.biortech.2014.12.072

31. M.K. Lam and K.T. Lee, Biotechnol. Adv., 30, 673 (2012);
https://doi.org/10.1016/j.biotechadv.2011.11.008

32. A.S. Silitonga, H.H. Masjuki, T.M.I. Mahlia, H.C. Ong, F. Kusumo,
H.B. Aditiya and N.N.N. Ghazali, Fuel, 156, 63 (2015);
https://doi.org/10.1016/j.fuel.2015.04.046

33. N. Kumar and M. Tomar, Int. J. Energy Res., 43, 3223 (2019);
https://doi.org/10.1002/er.4446

34. T.P. Mall and S.C. Tripathi, World J. Pharm. Res., 6, 463 (2017);
https://doi.org/10.20959/wjpr20174-8082

35. M. Yadav and Y.C. Sharma, J. Clean. Prod., 199, 593 (2018);
https://doi.org/10.1016/j.jclepro.2018.07.052

36. H. Bhatia, J. Kaur, S. Nandi, V. Gurnani, A. Chowdhury, P.H. Reddy,
A. Vashishtha and B. Rathi, J. Pharm. Res., 6, 224 (2013);
https://doi.org/10.1016/j.jopr.2012.11.003

37. N.P. Asri, Y. Yuniati, H. Hindarso, N. Hidayat, I. Siswa, D.A. Puspitasari
and S. Suprapto, IOP Conf. Ser. Earth Environ. Sci., 460, 012033
(2020);
https://doi.org/10.1088/1755-1315/460/1/012033

38. S. Sahani, S. Banerjee and Y.C. Sharma, J. Taiwan Inst. Chem. Eng.,
86, 42 (2018);
https://doi.org/10.1016/j.jtice.2018.01.029

39. N.E. Leadbeater, Organic Synthesis Using Microwave Heating, In:
Comprehensive Organic Synthesis II, Elsevier, pp. 234-286 (2014).

40. Y.-C. Lin, S.-C. Chen, C.-E. Chen, P.-M. Yang and S.-R. Jhang, Fuel,
135, 435 (2014);
https://doi.org/10.1016/j.fuel.2014.07.023

41. P.D. Patil, V.G. Gude, A. Mannarswamy, P. Cooke, S. Munson-McGee,
N. Nirmalakhandan, P. Lammers and S. Deng, Bioresour. Technol., 102,
1399 (2011);
https://doi.org/10.1016/j.biortech.2010.09.046

42. M. Mehdizadeh, The Impact of Fields on Materials at Microwave and Radio
Frequencies, In: Microwave/RF Applicators and Probes for Material
Heating, Sensing, and Plasma Generation, Elsevier, pp. 1-33 (2015).

43. D. Bogdal, ed.: D. Bogdal, Interaction of Microwaves with Different
Materials, In: Microwave Assisted Organic Synthesis, Elsevier, Chap. 1,
pp. 1–11 (2005).

44. B.G. Terigar, S. Balasubramanian, M. Lima and D. Boldor, Energy
Fuels, 24, 6609 (2010);
https://doi.org/10.1021/ef1011929

45. L. Perreux and A. Loupy, Tetrahedron, 57, 9199 (2001);
https://doi.org/10.1016/S0040-4020(01)00905-X

46. M.S.A. Farabi, M.L. Ibrahim, U. Rashid and Y.H. Taufiq-Yap, Energy
Convers. Manage., 181, 562 (2019);
https://doi.org/10.1016/j.enconman.2018.12.033

47. Y. Uemura, F. Yee Han, T. Tien Nguyen, T. Hoai Trinh and K. Kusakabe,
Mater. Today Proc., 5, 22118 (2018);
https://doi.org/10.1016/j.matpr.2018.07.078

48. M. Agarwal, G. Chauhan, S.P. Chaurasia and K. Singh, J. Taiwan Inst.
Chem. Eng., 43, 89 (2012);
https://doi.org/10.1016/j.jtice.2011.06.003

49. Y.-C. Lin, K.-H. Hsu and J.-F. Lin, Fuel, 115, 306 (2014);
https://doi.org/10.1016/j.fuel.2013.07.022

50. A. Cancela, R. Maceiras, S. Urrejola and A. Sanchez, Energies, 5, 862
(2012);
https://doi.org/10.3390/en5040862

51. A. Talebian-Kiakalaieh, N.A.S. Amin, A. Zarei and I. Noshadi, Appl.
Energy, 102, 283 (2013);
https://doi.org/10.1016/j.apenergy.2012.07.018

52. E. Martinez-Guerra, V.G. Gude, A. Mondala, W. Holmes and R.
Hernandez, Appl. Energy, 129, 354 (2014);
https://doi.org/10.1016/j.apenergy.2014.04.112

53. B. Likozar and J. Levec, Fuel Process. Technol., 122, 30 (2014);
https://doi.org/10.1016/j.fuproc.2014.01.017

54. G. Silva, F. Camargo and A. Ferreira, Fuel Process. Technol., 92, 407
(2011);
https://doi.org/10.1016/j.fuproc.2010.10.002

55. W. Ye, Y. Gao, H. Ding, M. Liu, S. Liu, X. Han and J. Qi, Fuel, 180,
574 (2016);
https://doi.org/10.1016/j.fuel.2016.04.084

56. O. Levenspiel, Chemical Reaction Engineering, Wiley: New York, edn
3 (1999).

57. N. Narkhede and A. Patel, Ind. Eng. Chem. Res., 52, 13637 (2013);
https://doi.org/10.1021/ie402230v

58. P. Binnal, A. Amruth, M.P. Basawaraj, T.S. Chethan, K.R.S. Murthy
and S. Rajashekhara, Indian Chem. Eng., (2020) (In press);
https://doi.org/10.1080/00194506.2020.1748124

59. V. Gude, P. Patil, E. Martinez-Guerra, S. Deng and N. Nirmalakhandan,
Sustain. Chem. Process., 1, 5 (2013);
https://doi.org/10.1186/2043-7129-1-5

60. N.Y. Yahya, N. Ngadi, S. Wong and O. Hassan, Energy Convers.
Manage., 164, 210 (2018);
https://doi.org/10.1016/j.enconman.2018.03.011

61. G.R. Kumar, R. Ravi and A. Chadha, Energy Fuels, 25, 2826 (2011);
https://doi.org/10.1021/ef200469u

62. A. Sharma, P. Kodgire and S.S. Kachhwaha, Renew. Sustain. Energy
Rev., 116, 109394 (2019);
https://doi.org/10.1016/j.rser.2019.109394

63. P. Patil, H. Reddy, T. Muppaneni, S. Ponnusamy, Y. Sun, P. Dailey, P.
Cooke, U. Patil and S. Deng, Bioresour. Technol., 137, 278 (2013);
https://doi.org/10.1016/j.biortech.2013.03.118

64. S. Nomanbhay and M. Ong, Bioengineering, 4, 57 (2017);
https://doi.org/10.3390/bioengineering4020057

65. D. Zeng, L. Yang and T. Fang, Fuel, 203, 739 (2017);
https://doi.org/10.1016/j.fuel.2017.05.019

66. D. Kusdiana and S. Saka, Fuel, 80, 693 (2001);
https://doi.org/10.1016/S0016-2361(00)00140-X

67. D.A. Lewis, J.D. Summers, T.C. Ward and J.E. McGrath, J. Polym. Sci.
Part Polym. Chem., 30, 1647 (1992);
https://doi.org/10.1002/pola.1992.080300817

68. P. Mazo, L. Rios, D. Estenoz and M. Sponton, Chem. Eng. J., 185–
186, 347 (2012);
https://doi.org/10.1016/j.cej.2012.01.099

69. M.-C. Hsiao, P.-H. Liao and L.-W. Chang, Adv. Environ. Res., 1, 191 (2012);
https://doi.org/10.12989/aer.2012.1.3.191

70. P. Mazo, D. Estenoz, M. Sponton and L. Rios, J. Am. Oil Chem. Soc.,
89, 1355 (2012);
https://doi.org/10.1007/s11746-012-2020-3

71. H. Eyring, J. Chem. Phys., 3, 107 (1935);
https://doi.org/10.1063/1.1749604

72. L.M. Surhone, M.T. Timpledon and S.F. Marseken, Eyring Equation,
Betascript Publishing (2010).

73. Á. DíazOrtiz, P. Prieto and A. delaHoz, Chem. Rec., 19, 85 (2019);
https://doi.org/10.1002/tcr.201800059

74. M.G. Nayak and A.P. Vyas, Asian J. Chem., 31, 1688 (2019);
https://doi.org/10.14233/ajchem.2019.21943

75. M. Barekati-Goudarzi, P.D. Muley, A. Clarens, D.B. Nde and D. Boldor,
Biomass Bioenergy, 107, 353 (2017);
https://doi.org/10.1016/j.biombioe.2017.09.006

76. H. Hindarso, Am. J. Chem. Eng., 6, 54 (2018);
https://doi.org/10.11648/j.ajche.20180604.13

77. M. Mahfud, A. Suryanto, L. Qadariyah, S. Suprapto and H.S. Kusuma,
Korean Chem. Eng. Res., 56, 275 (2018);
https://doi.org/10.9713/kcer.2018.56.2.275

78. A. Kanitkar, S. Balasubramanian, M. Lima and D. Boldor, Bioresour.
Technol., 102, 7896 (2011);
https://doi.org/10.1016/j.biortech.2011.05.091

79. M.A. Hashim, Proceedings of the International Conference on Global
Sustainability and Chemical Engineering, ICGSCE 2014 (2015).

80. S.M. Hailegiorgis, S. Mahadzir and D. Subbarao, Biomass Bioenergy,
49, 63 (2013);
https://doi.org/10.1016/j.biombioe.2012.12.003

81. K.Y. Nandiwale and V.V. Bokade, Ind. Eng. Chem. Res., 53, 18690 (2014);
https://doi.org/10.1021/ie500672v

2902  Nayak et al. Asian J. Chem.

https://doi.org/10.1016/S0040-4020(01)00905-X
https://doi.org/10.1016/S0016-2361(00)00140-X


82. P. Patil, V.G. Gude, S. Pinappu and S. Deng, Chem. Eng. J., 168, 1296
(2011);
https://doi.org/10.1016/j.cej.2011.02.030

83. T. Roy, S. Sahani, D. Madhu and Y.C. Sharma, J. Clean. Prod., 265,
121440 (2020);
https://doi.org/10.1016/j.jclepro.2020.121440

84. L. Wu, T. Wei, Z. Lin, Y. Zou, Z. Tong and J. Sun, Fuel, 182, 920 (2016);
https://doi.org/10.1016/j.fuel.2016.05.065

85. N. Kaur and A. Ali, RSC Adv., 4, 43671 (2014);
https://doi.org/10.1039/C4RA07178F

86. Y. Mani, T. Devaraj and K. Devaraj, S.A.A. Rawoof and S. Subramanian,
Environ. Sci. Pollut. Res., 27, 36450 (2020);
https://doi.org/10.1007/s11356-020-09626-y

87. J.M. Encinar, A. Pardal and N. Sánchez, Fuel, 166, 51 (2016);
https://doi.org/10.1016/j.fuel.2015.10.110

88. A.N. Sarve, M.N. Varma and S.S. Sonawane, Ultrason. Sonochem.,
29, 288 (2016);
https://doi.org/10.1016/j.ultsonch.2015.09.016

89. S. Sahani, T. Roy and Y.C. Sharma, Energy Convers. Manage., 203,
112180 (2020);
https://doi.org/10.1016/j.enconman.2019.112180

90. P. Nautiyal, K.A. Subramanian and M.G. Dastidar, Fuel, 135, 228 (2014);
https://doi.org/10.1016/j.fuel.2014.06.063

91. L.K. Ong, A. Kurniawan, A.C. Suwandi, C.X. Lin, X.S. Zhao and S.
Ismadji, J. Supercrit. Fluids, 75, 11 (2013);
https://doi.org/10.1016/j.supflu.2012.12.018

Vol. 32, No. 11 (2020) Microwave-Assisted Transesterification of Kusum Oil  2903


