https://doi.org/10.3311/PPch.42974 | 1
Creative Commons Attribution ®

Periodica Polytechnica Chemical Engineering

Microwave-Assisted Transesterification of Argemone mexicana
Oil: Parametric and Kinetics Study

Milap G. Nayak™, Amish P. Vyas?

' Chemical Engineering Department, L.D. College of Engineering, Gujarat Technological University, 382424 Ahmedabad, Gujarat,
India

2 School of Engineering, Indrashil University, At. & Po Rajpur Taluka Kadi, Rajpur, Gujarat 384440, India

* Corresponding author, e-mail: milapnayak0510@gmail.com

Received: 14 December 2025, Accepted: 10 March 2026, Published online: 04 June 2026

Abstract

Argemone mexicana is one of the high non-edible oil plants easily grown in barren land. The current study employs microwave-assisted
transesterification of Argemone mexicana oil (AO) into value-added biodiesel. A systematic experimental approach was utilized to
investigate the effect of methanol-to-oil molar ratio, catalyst amount, reaction temperature and time on free fatty acid conversion and
Argemone mexicana oil methyl ester (AOME) at constant stirring using microwave power. Response trends suggested that the biodiesel
yield was maximized to 96% with increasing time, molar ratio, catalyst amount, and temperature up to an optimum value of 3 min, 9:1
methanol-to-oil molar ratio, 1% NaOH, and 60 °C, respectively. Beyond these conditions equilibrium limitations and possible reverse
reactions led to reduced yield. FTIR was employed to do a qualitative investigation of AO and AOME. The emergence of a new signal
at 1435 cm™ confirmed the development of AOME. The 'H-NMR research found that 94.91% of the oil was converted into biodiesel.
The kinetics of AO transesterification were first-order, with a rate constant 0.726 min™" at 60 °C and an activation energy 27.49 k] mol™".
The non-thermal impact of the microwave was also revealed by the high frequency factor 14871 min'. At 60 °C, the changes in Gibbs
free energy, enthalpy and entropy were 94.09 k] mol', 24.734 k] mol~* and -0.2083 k] mol~" K™, respectively. The thermodynamic study

revealed that it was an endergonic and non-spontaneous process.

Keywords

non-edible oil, transesterification, parametric study, kinetic and thermodynamic study, physicochemical property

1 Introduction

Atpresent, oil, natural gas and coal are the major raw mate-
rials governing energy demand worldwide [1]. However,
with the pace of urbanization and industrialization, these
constrained fuels are estimated to be depleted within the
21% century [2]. However, the most severe issue confront-
ing the globe in the utilization of finite fossil fuel supplies
is climate change, which is caused by rising global energy
consumption and the buildup of atmospheric CO, during
the burning of fossil fuels [3—5]. Furthermore, increased
public awareness and severe regulations imposed by gov-
ernments to reduce pollution boost the development and
use of renewable and sustainable energy sources [6].
Biodiesel has recently gained significant importance due
to its renewable and eco-friendly nature. It has a car-
bon-neutral feature, which prevents nature from being
contaminated by CO, [7]. It is obtained by transester-
ification of various edible and non-edible oil-bearing

feedstock [8, 9]. The major cost of biodiesel production
and its commercialization depend on the availability of
feedstock. The edible feedstocks are produced in large
amounts, but are criticized for their use as a fuel due to the
severe food crisis [10]. Several sources, such as waste oil
or fats, contain high free fatty acids and water. These are
adversely affecting the production and purity of biodiesel.
Moreover, pre-treatment of oil, separation and purification
are necessary for its use as a feedstock [11]. In contrast,
non-edible oil crops can easily grow in less fertile or bar-
ren land and do not compete with the land used for the edi-
ble oil crops cultivation [12].

Argemone mexicana is a non-edible weed, 80 to
150 cm tall. It grows in agricultural and wasteland. It is
mostly associated with edible plants such as mustard
seed and potato in India [13]. It causes health hazards to
human beings and animals due to the presence of toxic
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sanguinarine and dihydro sanguinarine alkaloids [14].
The adulteration of edible oil with Argemone mexicana
oil (AO)causes glaucoma and epidemic dropsy, a disease
resulting in neuro paralysis and death of several peo-
ple [15]. The sanguinarine interferes with the oxidation of
pyruvic acid. Pyruvic acid accumulation causes dilation of
capillaries and small arterioles [16]. Argemone mexicana
weed, despite its unsuitability for cattle feed, contain-
ing higher oil yield. It requires less care for cultivation.
It can be explored as a feedstock for biodiesel synthesis.
The Argemone mexicana seed is brownish-black, nearly
spherical and resembles a mustard seed. A single plant pro-
duces 18,000 to 36,000 seeds, which, on self-pollination,
rapidly propagate Argemone mexicana [17]. It can be har-
vested in a largely barren land. Plants grown at 40 cm apart
from each other in one-hectare barren land can accom-
modate 4-10%/(40-40), which is equal to 2,50,000 plants.
The average seeds obtained from one plant per year are
0.7 to 1 kg. Hence, the annual feedstock productivity is
1,75,000 to 2,50,000 kg ha™'. The seed contains 35 to 40%
yellowish-brown oil [18]. Thus, the approximate annual
oil production is 61-87 t ha™.

The majority of works reported in the literature are on
homogeneous and heterogeneous transesterification using
conventional heat sources. Since heating takes place from
outside to inside, conventional heating requires more time
and energy due to the loss of energy in conduction and
convection [19, 20]. Microwave treatment, due to heating
at the molecular level and the inverse temperature gradi-
ent, is more effective for chemical synthesis. It is an elec-
tromagnetic wave, which influences the polar molecule,
such as methanol [21]. Microwave-assisted trans-esterifi-
cation reaction required 10 times less energy and reduced
reaction time by 13 times than conventional heating for
a similar yield under the given operating conditions [22].

In the literature, biodiesel production from Argemone
mexicana using CaO [23] and NaOH [24] catalysts in a
conventional heating medium were reported. However,
microwave-assisted transesterification of AO is not
reported in the literature. The objectives of the present
study are: (i) to explore microwave-assisted transesterifi-
cation of AO for biodiesel production (ii) to investigate the
effect various parameters, such as molar ratio of metha-
nol-to-oil, temperature, catalyst amount and time on the
yield of Argemone mexicana oil methyl ester (AOME),
and (iii) a kinetic and thermodynamic study of alkali-cat-
alyzed AOME formation.

2 Material and methods

Argemone mexicana seeds were collected from the barren
land in Gandhinagar, Gujarat. The seeds were mechanically
crushed to obtain pale yellow AO. The solid impurity in AO
was removed by filter paper. All chemicals, such as NaOH,
KOH, methanol and ethanol (Loba Chemie, Mumbai, India)
were of analytical grade.

2.1 Physico-chemical property

Gas chromatography-mass spectrometry (GC-MS) (Fig. S1
and Table S1 in the Supplement) of AO was carried out to
identify the major fatty acids present in it. Table 1 shows
the major components are linoleic, palmitic, oleic and stea-
ric acid. Based on fatty acid composition, the degree of
unsaturation of AO was 83.47%. The molecular mass of
Argemone mexicana oil MW, ;, based on fatty acid compo-
sition presented in Table 1, is determined by Eq. (1):

MW, =3-MW,,  .\+MW, . ~3-MW,

fatty acid glycerol water ( 1)

=3.284+92-3-18=890 g mol™

where MW stands for the molar mass of the component
given in the subscript.

AO was analyzed to find its physicochemical properties
as per standard methods and listed in Table 2. The acid
value of AO was determined to find the initial free fatty
acid (FFA) present in the oil. The observed acid value and
FFA content of AO were 1.23 and 2.46%, respectively.
It has low FFA content (<3%), so pre-treatment, i.e., ester-
ification process, was not required, and homogenous alkali
catalyst NaOH was used directly for the trans-esterifica-
tion reaction [25]. The measured saponification value is
191 mg g'. Saponification value suggests the amount of
alkali catalyst required to saponify the oil. It is the mea-
sure of its chain length.

2.2 Experimental procedure

Fig. 1 shows the experimental setup for microwave-assisted
transesterification of AO. Raga's scientific microwave syn-
thesizer (SS batch reactor, 700 W max. power supply, Raga
Tech, Pune Maharstra state, India) was used for the trans-
esterification of oil. The experiments were carried out at
2.45 GHz, maximum 700 W microwave power, and at con-
stant magnetic stirring. The experimental setup consists of
a 100 mL glass flask attached to a water-cooled condenser
at the top. It was charged with 5 mL (4.49 g) oil, different
volumes of anhydrous methanol (molar ratio 3:1 to 18:1),
and varying amounts of catalyst (0.25 to 2 wt%). A Raytec
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Table 1 Fatty acid composition of Argemone mexicana oil

Structure

Name Amount
0
Lin((:)llegi:cogcid 5774%
0
Paernli;i:((:)gcid 17.60%
Glyceryl linoleate 10.04%

C19:02

Oleic acid o
\/\/\/\/ﬁ/\/\/\)k C18:01 o
OH

Stearic acid

0,
W C18:00 4.35%
OH
o
Palmitoleic acid o
M Cl6:01 b2
OH
o . . .
W EICO(S:ZTZ)(?(I)CI et 0.34%
X oH '
Table 2 Physicochemical properties of Argemone mexicana oil
Properties (unit) AO
Specific gravity” 0.898
Viscosity at 40 °C (mm?s™) 35.61 L
Cloud point (°C) -0.08
— s~ -
Saponification number (mg g™") 191
Iodine number 76 =
Free fatty acid % 2.46
|

Acid number (mg KOH g™) 1.23
Ester value of oil 189.7
Heating value (calorific value) (MJ kg™) 39
Cetane number 57.53

* Specific gravity is density of oil related to the density of water
at 25 °C.
infrared temperature sensor (Raytek, Maharsatra, India)
with a controller was used to monitor and control the reac-
tion temperature. Reaction temperature can be set at a con-
stant value using a proportional-integral-derivative (PID)
controller. Experiments with parametric and kinetic study
were carried out using precise temperature control. The
experiments were performed in a microwave reactor by
changing different parameters, like molar ratio of metha-
nol-to-oil, reaction time, catalyst amount and temperature.
At the end of the reaction, the mixture was cooled and
allowed to settle into two layers as presented in Fig. 2.
Biodiesel and oil phase, due to lower density, separated
at the top, while the glycerol and methanol phase settled

Fig. 1 Experimental setup for microwave synthesis of AOME

at the bottom. The top layer was isolated and heated at
70 °C for several minutes to remove traces of metha-
nol. The 3:27 test was used to check top-layer containing
biodiesel purity [26]. The yield of AOME and free fatty
acid (FFA) conversion of AOME was determined as per
Egs. (2) and (3) for every experimental run.
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Fig. 2 Separation of AOME from glycerol

mass of AOME produced

Yield = - - 100 (2)
Theoretical maximum AOME produced
. — AV,
FFA conversion = ——uitial final 100 3)

initial

AV is the acid value of the sample. The acid value of bio-
diesel is defined as the mass in milligrams of potassium
hydroxide (KOH) or sodium hydroxide (NaOH) required

_|_

to neutralize the free fatty acids (FFAs) present in 1 g of
the biodiesel sample.

2.3 Kinetics of transesterification
In a transesterification reaction, one mole of triglycer-
ide reacts with three moles of methanol and gives three
moles of fatty acid methyl esters (FAMEs) and one mole of
glycerol (Fig. 3). The overall reaction takes place in three
steps. They are (i) conversion of triglycerides (TG) into
di-glycerides (DQG), (ii) DG into mono-glycerides (MQG)
and FAME, (iii) finally MG into monoalkyl esters and glyc-
erol. Fig. 3 presents the overall transesterification reaction.
The kinetics study of the microwave-assisted transes-
terification of AO into AOME was performed to determine
the order of reaction and the rate constant. The experiments
were performed at 50 °C, 55 °C, 60 °C, 65 °C and 70 °C and
different time interval. The optimized molar ratio and cat-
alyst amount were used during the study. The Arrhenius
equation was used to determine the activation energy and
pre-exponential factor [27]. The Eyring—Polanyi equation
was used to estimate the thermodynamic properties [28].

3 Results and discussion

3.1 Effect of variables on Argemone mexicana oil
methyl ester yield

3.1.1 Methanol-to-oil molar ratio

The transesterification reaction requires theoretically
three moles of methanol per one mol of triglyceride.
On the other hand, esterification reaction requires one mol
of methanol per one mol of free fatty acid. The effect of

"<

Triglycerideh & Me£han01

Microwave heating

Fatty acid methyl
ester

Fig. 3 Microwave-assisted transesterification of triglyceride into fatty acid methyl ester



methanol to methanol-to-oil molar ratio on AOME yield
and FFA conversion was first determined by keeping other
process parameters at 60 °C, 1 wt% NaOH and 3 min reac-
tion time. Fig. 4 presents the FFA conversion, AOME yield
and density of biodiesel at varying molar ratios from 3:1 to
18:1. With the increase in molar ratio from 3:1 to 9:1, both
free fatty acid conversion and AOME yield were increased
from 15% to 70% and 45% to 96%, respectively. The rise
in methanol amount initiates the reaction in the forward
direction with the successive conversion of triglyceride
into di-glycerides, di-glyceride to mono-glycerides and
finally mono-glycerides into FAME [29-31].

Supeno et al. [32] in the oleic acid esterification con-
cluded that an excess volume of methanol reduced the
viscosity of the reactants and enhanced the mass trans-
fer rate for esterification and transesterification of oil.
Yamin et al. [33] in another study, involving trans-ester-
ification of waste cooking oil with methanol, concluced
a similar finding at 9.4:1 molar ratio. Zhou et al. [34]
demonstrated that the initial heterogeneous oil and meth-
anol phase gradually converted into a homogeneous phase
with the formation of FAME. The excess availability of
methanol helped to dissolve the finished product from
the unreacted oil phase and gave a higher yield and free
fatty acid conversion. The decrease in density of the fin-
ished biodiesel phase from 898 kg m™ to 883 kg m™ sug-
gests progress of conversion. However, AOME yield and
FFA conversion reduced from 96% to 89% and 70% to
68%, with a further increase in the molar ratio from 9:1
to 18:1. At a higher molar ratio, the relative dilution of
catalyst reduced the AOME yield [35]. Ulukardesler [36]
conducted waste cooking oil (WCO) transesterifica-
tion with methanol in presence of KOH catalyst and
concluded that increasing the total volume of methanol
reduces the catalyst concentration and decreases the bio-
diesel yield. Chauhan et al. [37] in transesterification of
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WCO with heterogeneous catalyst CaO-MgO-ZnO-TiO,
observed maximum 95% biodiesel yield at a 15.5:1 meth-
anol-to-oil ratio, 1.75 wt% catalyst, 65.5 °C, 3 h. This
study revealed that excess methanol can dilute reactants,
complicate separation biodiesel and glycerol phase sepa-
ration. Agarwal et al. [38] reported that excess methanol
increased the solubility of glycerol in biodiesel phase and
hindered the separation process. It led to a decrease the
yield of biodiesel [38]. Fadhil et al. [39] concluded that
the presence of by-product glycerol drove the equilibrium
in the backward direction and formed monoglyceride.
The experiment with molar ratio suggests that 9:1 molar
ratio gives maximum biodiesel yield and conversion of
free fatty acid.

3.1.2 Catalyst amount
Effect of catalyst amount on AOME yield and FFA conver-
sion was determined at 9:1 (optimized), 60 °C and 3 min
reaction time. Fig. 5 reveals the increase in AOME yield and
FFA conversion from 38% to 96% and 19% to 76% when
the catalyst amount increased from 0.25 to 1 wt% of the oil.

It was supported by the fact that the catalyst first formed
methoxy ions from methanol. The nucleophilic attack of
methoxy ions onto the ester bond of triglyceride/fatty acid
formed an active intermediate, which was further con-
verted into FAME [40—42]. Thus, the presence of a catalyst
initiates the formation of methoxy radicals from methanol,
which leads to an increase in yield. Buchori et al. [43] con-
cluded similar findings in the transesterification of WCO
using zeolite catalyst. It was reported that the equivalent
molar concentration of homogeneous catalyst linearly
increased the trans-esterification as long as the catalyst
concentration did not surpass that of alcohol [42].

When the catalyst amount increased from 1 wt% to
2 wt%, the AOME yield and FFA conversion decreased
from 96% to less than 80% and 78% to 60%, respectively.
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Fig. 4 Effect of molar ratio on AOME yield and FFA conversion

at 60 °C, 1 wt% NaOH and 3 min reaction time
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Fig. 5 Effect of catalyst amount on AOME yield and FFA conversion

at 9:1 methanol-to-oil molar ratio, 60 °C and 3 min reaction time
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Gel formation at the interface between two phases indi-
cates higher selectivity towards undesired saponification
reaction in preference to trans-esterification or esterifica-
tion reaction. It was supported by Alhassan et al. [44] and
Priambodo et al. [45] in their research. Miyuranga et al. [46]
concluded that the catalyst increased total conversion and
yield, but excess concentration hindered transfer of mass
due to the formation of viscous phase. Berchmans and
Hirata [47] and Cai et al. [48] reported that excess alkali
catalyst formed a high viscosity emulsion with oil, which
trapped methyl ester, and there was difficulty in biodiesel
and glycerol separation. Also, soap formation during the
reaction offered additional resistance for reactants, and
the rate was controlled by the diffusion of methanol into
oil [49]. Experimental investigations suggest 1 wt% NaOH
is optimum for a higher yield of AOME.

3.1.3 Reaction temperature

The reaction temperature plays an important role in the
transesterification and esterification of oil and free fatty
acids, respectively. The effect of temperature on the yield
of AOME and conversion of FFA was carried out by vary-
ing the temperature from 45 °C to 70 °C with an increment
of 5 °C as shown in Fig. 6. Experiments were carried out for
3 min, at 60 °C and a 9:1 molar ratio of methanol to oil. With
the increase in temperature from 45 °C to 60 °C, the yield
of AOME and conversion of FFA increased from 86% to
96% and 52% to 74%, respectively. The increase in reaction
temperature produces a localized hotspot near the methanol
phase and provides the energy required to overcome the acti-
vation energy for transesterification. In addition, a reduction
in viscosity of the mixture improves mobility and reduces
mass-transfer resistance. Buchori et al. [43] concluded that
a rise in the temperature pushed the reaction toward com-
plete conversion for transesterification of WCO. A similar
finding was suggested by Liu et al. [S0]. The endothermic

100 894
g /\
g 90 892
: — \ .
£ w | 890 Ii
= 888 =
S . g
® /] Z

5 88 5
= 60 A :
% / . 884

50 882
40 45 50 55 60 65 70

—— AOME Yield —=—FFA Conversion—4—AOME density

Temperature,’C

Fig. 6 Effect of temperature on AOME yield and FFA conversion at 9:1

methanol-to-oil molar ratio, 1 wt% catalyst and 3 min reaction time

nature of the transesterification reaction favors a rise in tem-
perature of the reaction mixture [51]. However, the tempera-
ture rise above 60 °C adversely affects the AOME yield.
It decreased from 96% to 72% when the temperature of
the reaction rose from 60 °C to 70 °C. The bubble forma-
tion observed in the reaction mixture and the vaporization
of methanol from the reaction mixture reduced the yield.
Similar findings were suggested in previous studies [51-54].
Also, undesired saponification of triglyceride by the alka-
line catalyst predominated over the trans-esterification reac-
tion, which reduces the AOME yield [55]. The increase in
FFA conversion of oil from 74% to 80% with an increment
of temperature is mainly due to the conversion of FFA into
its salt. Thus, a reduction in methanol amount, the formation
of voids, and undesired saponification reduce the yield and
desired conversion above 60 °C. Hence, in this experiment,
60 °C is selected as an optimum temperature.

3.1.4 Reaction time

The microwave-assisted transesterification reaction is
rapid and effective compared to the conventional heating
system due to inside-out heating. The heating takes place
at the molecular level as compared to conventional heat-
ing with no loss of microwave energy [4]. Fig. 7 presents
the effect of reaction time on microwave-assisted trans-
esterification of AO. The process parameters were 700 W
microwave power, 9:1 methanol-to-oil molar ratio, 1 wt%
catalyst and 60 °C temperature.

It was observed that within 4 min, conversion of FFA
and yield of AOME increased up to 75% and 97%, respec-
tively. The drastic reduction in reaction time, as well as
higher yield, suggests rapid heating of the reaction mix-
ture by microwave heating. The thermal and nonther-
mal effects associated with microwave-assisted trans-
esterification provide energy to promote a high reaction
rate along with higher pre-exponential factors [56, 57].

100 900
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Fig. 7 Effect of time on AOME yield and FFA conversion at 9:1
methanol-to-oil molar ratio, 1 wt% catalyst and 60 °C



Subramaniam et al. [58] in the transesterification of
olive oil concluded that microwave heating caused a
high collision rate with reduced reaction time of 1 min
for 98.2% biodiesel production. Also, with the genera-
tion of intermediate diglycerides and monoglycerides,
the initial heterogeneous oil-methanol system converted
into a homogeneous emulsification system, so the reac-
tion rate increased [30]. However, the further rise in time
beyond the optimum time decreases the yield mainly
due to degradation of biodiesel into by-products such as
monoglycerides [59], hydrolysis of esters into soap [45].
Tarigan et al. [60] concluded that there was no improve-
ment in the yield after equilibrium, but a reduction in
effectiveness due to reversible transesterification reaction
of oil. El Sherbiny et al. [61] reported that the excess time
favored the equilibrium in the reverse direction.

3.2 Kinetic and thermodynamic parameter estimation
3.2.1 Rate constant and order of reaction
The transesterification reaction kinetics is presented

by Eq. (4).

Mzk.[

Cal]” -[MeOH]" ©)
dt

The £ is the rate constant, [Ca] is the concentration of oil, ¢
is the time, » and m are exponents of the oil and methanol
concentrations, respectively.

The kinetics of AO transesterification was followed at
a constant 9:1 methanol-to-oil molar ratio and 1 wt% cat-
alyst. The methanol was used in excess. Hence, the rate
is zero order with respect to methanol concentration.
Equation (5) presents the modified rate expression.

—d[Ca] _

. " 5
= k-[Cal ®)

The initial concentration of AO was 0.000737 mol mL™".
The AO is converted into AOME with the progress of the
reaction. The yield of AOME obtained in each experi-
mental set is used to determine the AOME concentration.
Fig. 8 presents the concentration of AOME with time at
50 °C, 55 °C, 60 °C, 65 °C and 70 °C.

The AOME concentration gradually increased with
reaction time, while the AO concentration decreased.
The differential rate expression is used to determine
the rate constant and order of reaction (Tables S2—S6
in the Supplement).

Fig. 9 shows the differential plot of —Ind[Ca]/[d{] versus
In[Ca] for 50 °C, 55 °C, 60 °C, 65 °C and 70 °C. The plot of
—Ind[Cal/dt versus In[Ca] for different temperature ranges
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Fig. 8 AOME concentration with time at different temperatures
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Fig. 9 Plot of —Ind[Ca]/dt versus In[Ca] for 50 °C, 55 °C, 60 °C, 65 °C
and 70 °C for determination of rate constant and order of reaction at 9:1
methanol-to-oil molar ratio, 1 wt% catalyst amount

is best fitted by a straight line. The value of the coefficient
of determination R? above 0.95 indicates good agreement
with experimental data. The order of reaction and the rate
constant are determined using the slope and the intercept
on the Y-axis. The ANOVA of the linear fit with a high
F-value and low P-value suggests close agreement with
the experimental data [62]. F-value definition: F is a cal-
culated test statistic that represents the ratio of explained
variance (signal) to unexplained variance (noise). A higher
F-value indicates stronger evidence that group means are
not equal. If the null hypothesis is true, the F-ratio should
be close to 1. P-value means the probability (ranging from
0 to 1) that measures how likely it is to observe the calcu-
lated F-value (or more extreme) by chance.

The finding suggests that microwave-assisted trans-
esterification of Argemone mexicana oil followed pseu-
do-first-order kinetics and the rate of the reaction varies
linearly with a yield of methyl esters. The order of reaction
and rate constants are summarized in Table 3.
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Table 3 Statistical analysis of the rate constant and the order of reaction

;[‘(e:mp., Orier, Ink mlic;l" SS R? R, " F-value P-value

50 0.98 —-0.61 0.541 579.5 0.99 0.99 159973 1.6431E-14
55 0.96 -0.5 0.606 584.4 0.99 0.99 35410 1.5195E-12
60 0.96 —-0.32 0.726 597.0 0.99 0.99 60486 3.049E-13
65 0.98 —-0.19 0.823 521.5 0.99 0.99 18484 4.0834E-10
70 1.10 —-0.02 0.983 4873 0.99 0.99 254302 9.2776E-11

SS: sum of squares, Rzud,: R? adjusted, Adjusted R? is modified R> which takes in account the number of the variables and the number of the
observations. RZM/_ increases only when new variables truely improves the model. Rzad/ =1-(1 - R»(x— )/(x — p — 1)) where x = number of
observations, p = number of independent variables. R* always increases when more variables are added. Adjusted R? increases only if the new variable
truly improves the model, by considering the number of predictors in the model. It penalizes unnecessary variables.

3.2.2 Activation energy determination

The activation energy is the minimum energy required for
the reaction to proceed. The Arrhenius equation is used to
find the activation energy.

k= dee ©)

The £ is the rate constant and 4 is the Arrhenius parame-
ter, which stands for frequency factor or pre-exponential
coefficient (min™) and £ is the activation energy (J mol™).
R is the molar universal gas constant (8.314 J mol™! K™)
and 7 is the absolute temperature (K).

Linearization of the Arrhenius equation is expressed

by Eq. (7).
Ink=InA-E,/RT (7

The scattered plot of rate constant k versus tempera-
ture 7, in Fig. 10, suggests a linear fit, and it follows
first-order kinetics.

The plot of Ink versus 1/T (Fig. 11) gives the activa-
tion energy and frequency factor. The activation energy
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R,, = 0.9876
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Fig. 10 Plot of rate constant versus temperature (see footnote of
Table 3 for Rzm)
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Fig. 11 Plot of rate constant versus temperature (see footnote of
Table 3 for Rzm)

and frequency factor were found to be 27.49 kJ mol™ and
14871 min™!, respectively.

The nature of oil, such as the degree of unsaturation,
also affects the activation energy required for transesteri-
fication. Oil with higher unsaturation lowers the reaction
rate, hence it has higher activation energy. Types of cata-
lyst, temperature and the source of heating also affect the
activation energy. Barekati-Goudarzi et al. [63] reported
that the non-thermal effect of a microwave formed the
active intermediate complex with a lower state of energy.
Also, the higher value of the pre-exponential factor in the
microwave-assisted transesterification of AO enhanced
the probability of molecular collision due to the dipolar
rotation and ionic movement [64].

3.2.3 Estimation of thermodynamic parameters
The Eyring—Polanyi equation presented in Eq. (8) relates
the Gibbs free energy to the rate constant:



kT -AG
ML [—) @®)
n TPURr

where £, is the Boltzmann constant (1.38:107 J K') and
h is the Planck constant (6.63-1073 J s)

Taking the natural logarithm of Eq. (8) and substituting
AG = AH — TAS, where AH and AS are the enthalpy and
entropy of activation, respectively. Equation (9) presents
the linear form of Eq. (8).

nk_ZAH A K ©
T RT R h

. k 1
Fig. 12 presents the plot of ln? versus T for

microwave-assisted transesterification of AO. The slope

AS k
and intercept ® + lnz” of the linear fit are used to
calculate thermodynamic properties. The values of AH and

AS were found to be 24.73 kJ mol ™" and —0.2083 kJ mol ' K!,
respectively. Using the values of AH and AS, at 333 K, AG
is found to be 94.09 kJ mol™'. A positive value of AH shows
that heat input is required to bring the reactants to the tran-
sition state and to form the products.

A negative value of AS indicates that the degree of
ordered geometry/alignment of the transition state is bet-
ter than compared of the reactants in the ground state.
A positive value of AG and AH indicates a non-sponta-
neous and endergonic reaction. Table 4 presents the sum-
mary of kinetic and thermodynamic properties of the pres-
ent work with reported work in the literature [2, 27, 63,
65-70]. The kinetic and thermodynamic properties in the
microwave-assisted transesterification of AO differ from

9.9
|
-10.0 1
In k/T = -2974.689/T -1.2948
101 R =0.99611
R?,,70.9896
T -10.2
o
5’ 10.3
£
-10.4
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Fig. 12 Estimation of the thermodynamic properties (see footnote of
Table 3 for R? )
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soybean oil [65], rapeseed oil [66] and Schleichera tri-
juga oil [2]. The variation in kinetic and thermodynamic
parameters is due to the difference in the quality of oil and
the catalyst system adopted for biodiesel production.

3.3 Analysis of Argemone mexicana oil methyl ester
3.3.1 Physicochemical properties

Physicochemical properties of microwave-assisted AOME,
such as specific gravity, flash point, viscosity, cloud point,
free fatty acid content, heating value and cetane number
were determined and summarized in Table 5. The prop-
erties were compared with the ASTM standard, and the
results show that all the compared properties of the pro-
duced biodiesel are close to ASTM D6751-12 [71].

3.3.2 Fourier transform indfrared spectroscopy
analysis of microwave-assisted Argemone mexicana oil
methyl ester

Fig. 13 presents the Fourier transform infrared (FTIR)
spectra of AO and AOME. IR spectra were recorded on
Bruker Alpha-E FTIR (Zn-Se optics) with an ATR module
at 4 cm™' resolution. Peaks observed at V= 2853 cm™!
(where V_is the wavenumber of the maximum absorption
peak) in AO and AOME show the symmetrical stretching
vibration of CH,—, CH,~ in R —~C(OR)=0, where R, rep-
resents long chains of hydrocarbons. All groups present in
CH,~O reduced to CH,~O due to methanolysis gave a new
signal at 1436 cm™' is an indication of transesterification.
The next visible transformation in the ester control signal
area is approximately at 1200 cm™'. The strong, broad sig-
nal at 1162 cm™ in Argemone mexicana oil FTIR spectrum
separates into two distinct signals at 1170 and 1196 cm™ in
AOME. It represents the averaging of the energy over the
triple ester group of the triglycerides is gone [72].

3.3.3 'H nuclear magnetic resonance analysis

The structure and chemical properties of biodiesel were
determined by nuclear magnetis resonance (NMR) spec-
troscopy. FT-NMR-Bruker, Proton NMR (500 MHz) was
recorded in CDCI, solvent. Fig. 14 presents the 'H-NMR
spectra of microwave assisted AOME. A strong singlet at
0 = 3.66 ppm indicates the protons of the methyl group
of Argemone mexicana biodiesel, which is absent in the
oil. Another multiplet resonance observed at J = 0.86—
0.88 ppm indicates terminal methyl protons (C-CH,).
Multiplet resonance detected at 6 = 5.3 ppm signifies the
proton attached to the olefinic carbon (one double bond).
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Table 5 Physicochemical properties and characteristics of Argemone

mexicana oil methyl ester

Properties (unit) AOME ASTM D6751-12 [71]
Specific gravity 0.88 0.86—0.9
Flash point (°C) 138 >130
Viscosity at 40 °C (mm?s™) 3.12 1.9-6
Molecular mass (g/mol) 276 -
Cloud point (°C) 4 5
Free fatty acids % <0.40 <1.60
Acid number (mg KOH g™) <0.20 <0.80
Heating value (MJ kg™) 39.74 -
Cetane number 53.2 47
£ 100 G v v
g
g 9% A0
ER)
z
& 70
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3000 2500 2000 1500 1100
‘Wave number,cm’
Dmo;’ a8 S ¥ FrEEatos
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)
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Fig. 13 FTIR of (a) Argemone mexicana oil and (b) microwave-assisted
AOME at 9:1 methanol-to-oil molar ratio, 1 wt% NaOH, 60 °C, and 3 min
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Fig. 14 '"H-NMR of AOME sample at 9:1 methanol-to-oil molar ratio,
1 wt% NaOH, 60 °C and 3 min

The multiplet at 6 = 1.61 ppm indicates S-methylene
protons to ester bond (CH,-C-COOMe), and a strong
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resonance at 6 = 1.30 ppm is due to the protons of back-
bone methylene protons of the aliphatic fatty acid
chain. The absence the peaks for glyceride protons at
0 = 4.2-4.3 ppm and the presence of methyl resonance
at 0 = 3.66 ppm confirmed the conversion of oil into bio-
diesel. Using '"H-NMR, the protons of the methylene group
adjacent to the ester moiety in the triglycerides and the
protons in the alcohol moiety of the product methyl esters
are used to monitor the yield by Eq. (10).

=100- (w) =9491% (10)
3-1.4089

2- Ay

C =100
3- Aa-CH,

The C is the conversion of AO to the AOME, 4, is
the integration value of the protons of the methyl esters
(the strong singlet peak), Aa-CH, is the integration value
of the methylene protons.

The factors 2 and 3 are used to indicate methylene car-
bon possesses two protons and the alcohol (methanol-de-
rived) carbon has three attached protons.

4 Conclusion

Microwave-assisted transesterification of Argemone mex-
icana oil was carried out to find the effect of tempera-
ture, catalyst concentration, methanol-to-oil molar ratio
and time on the yield of biodiesel. Temperature up to
60 °C increases the molecular collision frequency and
fluidity of the mixture, resulting in an improvement of
the AOME yield. Beyond 60 °C, methanol vaporization
and the reduction in the effective concentration reduce
the yield. The molar ratio of methanol-to-oil up to 9:1
improves AOME vyield due to a shift of equilibrium to
the product. However, above molar ratio 9:1 the dilution
of the reactants and the catalyst as well as an increase
in the solubility of glycerol in the oil phase affect the
yield. NaOH catalyst up to 1% improves the yield as more
active sites are available for the transesterification of oil.
However, above 1 wt% NaOH side reactions increase the
solution viscosity and the mass transfer resistance reduce
the yield. Microwave irradiation enables rapid heat-
ing and efficient energy transfer, achieving high AOME
yield in short reaction time. The result suggested that in
each effect, biodiesel yield passes through maxima. 96%
AOME yield was obtained at 3-min reaction time, 1%
catalyst concentration, 9:1 methanol-to-oil ratio and 60
°C reaction temperature. The FTIR spectra of biodiesel
confirmed the formation of biodiesel. NMR study con-
firms that 94.91% conversion of Argemone mexicana oil
into biodiesel takes place in the above conditions. The
physicochemical properties confirmed the feasibility of
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Argemone mexicana oil as one of the feedstocks for bio-
diesel production, with a promising potential to be used
as an alternative to conventional diesel. The rate constant,
frequency factor and the activation energy for micro-
wave-assisted transesterification of AO were found to
be 0.7267 min™ (60 °C), 14871 min™! and 27.49 kJ mol™
respectively. A higher value of pre-exponential confirmed
the presence of the non-thermal effect of the microwave.
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