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The effects of ethanol-to-oleic acid molar ratio and ethanol purity on the yield of biodiesel production were
investigated for the esterification of oleic acid. The esterification reaction was conducted in a batch system
utilizing 13X zeolite as a catalyst. The molar ratio of ethanol to oleic was studied in a range of 1:1 to 12:1, and
the ethanol purity ranged from 80 to 100%. The reaction was conducted at 70 °C up to 120 min with catalyst
loads of 5 wt.%. The yield of ethyl oleate increased from 9.56 % at the 1:1 ethanol-to-oleic molar ratio to 11.13%
at the 3:1, then decreased as the ethanol-to-oleic molar ratios increased. The reported water yield was 20.56%
at 1:1 and higher values of water yield (roughly, 26 to 27 %) were recorded when higher molar ratios of ethanol-
to-oleic molar ratios were used. The results showed that the best ethyl oleate yield was 13.90% achieved at a
3:1 ethanol to oleic acid molar ratio and 100% ethanol purity, and the use of excess ethanol encourages a
forward reaction. The conversion of oleic acid was enhanced by increasing the ethanol purity and optimizing the
molar ratio of ethanol to oleic acid. The maximum oleic acid conversion was 55.60%, attained at 100% ethanol
purity and a 3:1 molar ratio of ethanol to oleic acid. In addition, the kinetic model revealed that the values of the
reaction rate constant were 0.00270 and 0.00108 L/mol. min at 70 °C for the forward and backward reactions,
respectively. Moreover, the obtained results of the kinetic model were consistent with the experimental results.

1. Introduction

Global population growth drives an increase in energy demand. The global energy demand is expected to
increase by 53% in 2030 compared to 2001 (Jayakumar et al., 2021). Therefore, the use of fossil fuels must be
controlled because of their scarcity and environmental consequences. Accordingly, the transition toward
sustainable technology has become a requirement (Kumar et al., 2020). Hydropower, wind power, solar power,
geothermal power, hydrogen power, nuclear power, and biomass are all viable alternatives to fossil fuels
(Hossain et al., 2010,Abbas et al., 2019) Furthermore, several conversion methods are available for fuels made
from biomass, including vegetable oil extraction followed by esterification to make biodiesel, conversion of
sugar-rich crops to ethanol by fermentation, wood pyrolysis, and hydrothermal upgrading of wet biomass
(Demirbas, 2008) In 2017, global biodiesel production was approximately 36 billion litres, and the current yearly
biodiesel production in the European Union and the United States is estimated to be 13.5 and 6.9 billion litres,
separately (Ewunie et al., 2021).

Notably, the main advantage of using biodiesel is sustainability. The CO2 emitted during burning is reused by
nature for feedstock preparation, which is known as the "Closed Carbon Cycle" or "Carbon Neutral Cycle
(Zulgarnain et al., 2021). Biodiesel is known for being biodegradable, renewable, easier to handle because of
the higher flashpoint, having lower exhaust emissions, and being a lubricant (Alshahidy et al., 2021,Macawile
et al., 2022) . Biodiesel, the alkyl ester of long chain fatty acids (Sahu et al., 2018), is produced through
esterification, transesterification, or both processes using an alcohol-based feedstock and catalyst (Krishnan et
al., 2022, Wadood et al., 2016, Chuah et al., 2021). Generally, biodiesel is produced in the presence of short-
chain alcohols (regularly methanol, ethanol, or butanol) (Casa et al., 2021), vegetable oils, or animal fats, and
a catalyst (homogeneous or heterogeneous) (Alismaeel et al., 2018, Tan et al., 2021, Okolie et al., 2022).
Homogeneous catalysts are not favored, owing to their slow reaction rate, higher costs for food-grade oils,
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separation issues, and environmental pollution (Hamza et al., 2021). Heterogenous reaction systems are
diphasic, and the recovery of the catalyst only requires a few washing reactions (Narasimhan et al., 2021) ¢k,
Reaction parameters significantly impact biodiesel yields, such as the alcohol-to-oil mole ratio, catalyst load,
reaction pressure, temperature, and time (Singh et al., 2021). An excess amount of alcohol is typically added to
enhance the forward reaction of the esterification reactions to produce more biodiesel (Neumann et al., 2016,
Abbas et al., 2013). Later, the excess alcohol added must be recovered from products to reutilize and purify
biodiesel, usually through distillation. However, the separation processes increase energy consumption and the
operation cost of biodiesel production (Mohammed et al., 2015). Previous studies of the esterification of oleic
acid with a different type of zeolite have used a range of ethanol to oleic acid molar ratios (EOM), from 3:1 to
30:1 (Abbas et al., 2013, Sun et al., 2015, Doyle et al., 2016, Jurmot et al., 2022).

The present work studies the effects of the ethanol purity (EP) and EOM on esterification reactions using 13X
zeolite and discusses their influence on biodiesel yield. The impact of water in the reactant mixture is also
discussed. This work considers the reaction kinetics and determines the optimal EP and EOM.

2. Materials and methods

The esterification of oleic acid was performed with ethanol and 13X zeolite with a 4.3:1 ratio of silica to alumina,
Na content of 6.81 wt.%, surface area of 551.2 m?/g, and pore volume of 0.25 mL/g. The experiment procedure,
apparatus, and measurement details were described previously (Jurmot et al., 2022) and shown in Figurel.
First, 150 mL (0.475 mol) of oleic acid and a stochiometric amount of 90% EP (27.6 mL), to have the initial molar
ratio of 1:1 for ethanol to oleic acid, were added to the reactor. The experiment was conducted at EOMs of 3:1
to 12:1 with 90% EP, and at an EOM while varying the EP from 80 to 100 wt.%. In addition, 5 wt.% of 13X zeolite
was used in all experiments, and the reaction was conducted at 70 °C for up to 120 minutes. The conversion of
oleic acid was determined by the acid value (AV), which was calculated using Eq (1) and (2).
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Figure 1: Setup diagram of the batch reactor
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The AV is assessed at time t, and AV is the initial acid value (198.66 mL KOH/g for oleic acid) and N is the
normality of KOH solution. The concentrations of the reactants (oleic acid and ethanol) and products (ethyl
oleate and water) were calculated based on the stoichiometric coefficients (Eq (3)) and the oleic acid conversion

(Eq (4) to Eq (7).

Oelic acid + Ethanol « Ethyl oleate + Water (3)
Coueuse =C. ., (1 X e ) (4)

Corar = oy (1= X gss Coae ) (5)

ety oleate — = it ctraptolens | X siicacia Citatolec (6)

Ethyl oleate and water are the products, and their yields can be determined using Eq (8) and Eq (9).

ethyl oleate

Ethayl oleate yield, % = (8)

initial oleic

C
Water yield , % = —22— 9
initial oleic
3. Results and Discussion
3.1 Effect of EOM on esterification reaction
The esterification of oleic acid was conducted at different EOMs and 90% EP. The product analysis was

conducted for each molar ratio, summarized in Table 1.

Table 1: The effect of on the esterification reaction products at 90% ethanol purity

Oleic acid Oleic acid, Ethanol, Ethyloleate, Water, Ethyl  Water yield,
EOM conversion, mol mol mol mol oleate %
% yield, %

11 19.12 0.81 0.59 0.19 0.41 9.56 20.56
3/1 43.42 0.57 1.87 0.43 1.03 11.13 26.52
6/1 61.34 0.39 4.07 0.61 1.94 8.75 27.72
9/1 61.34 0.31 6.31 0.69 2.69 6.88 26.88
12/1 71.77 0.28 8.48 0.72 3.42 5.56 26.49

The product analysis shows that, at stoichiometric amounts of ethanol and oleic acid, the yield of ethyl oleate
was 9.56%, which increased to 11.13% at 3:1. After that, the yield decreased to 5.56% with increasing EOM,
and the oleic acid conversion was increasing with increasing EOM. The reduction in ethyl oleate yield was
caused by the excess amount of ethanol, which was unreacted in the final product, but the excess amount of
ethanol positively affected oleic acid conversion (71% at 12:1 ethanol to oleic acid). At the same time the water
yield increased at a 3:1 mol ratio to 26.53% and is still close to that value at a 6,9,12 :1 ratio, while it was 20.56%
with using stichometry amount of ethanol to oleic acid.

The esterification process is a reversible-reactions, and the chemical equilibrium state could change by subject
stress, such as subjecting heat, or changing the volume, causes the reaction to shift toward keeping the
equilibrium state of the system. So, the addition of alcohol affects the reaction to make more products according
to the principle known principle of Le Chételier (Mortimer, 2000). Although the highest conversion of oleic acid
was obtained at the 12:1 EOM, the highest ethyl oleate yield (11.13%) was achieved at the 3:1 EOM.

3.2 Effect of EP on esterification reaction products

The esterification reaction of oleic acid was conducted using a range of EP (80-100 wt.%) and at 3:1 EOM. The
results revealed increased ethyl oleate yield with increasing ethanol purity. At 80% ethanol purity, the yield of
ethyl oleate was 8.58%, which increased gradually with increased ethanol purity, with a yield of 13.90% at 100%
ethanol purity. Furthermore, the oleic acid conversion simultaneously increased with ethanol purity. The low EP
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implies the presence of water in the reactants, which can have adverse effects on the reaction medium. A rapid
contact between the water and the catalyst could result in deactivation, and because the esterification reaction
is an equilibrium reaction, having a product at the start of the reaction can shift the reactions toward the
reactants, reducing the final conversion (Marchetti et al., 2008). The highest yield of ethyl oleate was 13.90%,
and the highest conversion was 55.60%, which were both obtained at 100% ethanol purity, and the yield of
produced water was reduced with increasing ethanol purity. The results are summarized in Table 2.

Table 2: The effect of EP on the esterification reaction products at 3:1 EOM

Ethanol purity, Oleic acid Oleic acid, Ethanol, Ethyl oleate, Water, Ethyl oleate Water yield,

% conversion, mol mol mol mol yield, % %
%

80 34.41 0.66 1.50 0.34 1.51 8.58 37.76

85 38.77 0.61 1.69 0.39 1.33 9.64 33.03

90 43.62 0.56 1.90 0.44 1.10 10.91 27.41

95 49.57 0.50 2.18 0.50 0.86 12.27 21.18

100 55.60 0.44 2.44 0.56 0.56 13.90 13.90

The results indicated that the best condition for the esterification reaction of oleic acid involves extremely pure
alcohol (100% ethanol) and a mole ratio of 3:1.

3.3 Kinetics model

The esterification reaction was conducted under the optimal EOM of 3:1 and EP of 100%. The concentration of
reactants and products was calculated experimentally using Eq(4) to Eq(7) and Eq (2), and the results were
plotted versus time, as shown in Figure 2. The oleic acid concentration starts at 1 mol and ethanol starts at 3
mol. Their concentrations decrease with time, and the ethyl oleate and water appear. The final concentration for
oleic acid and ethyl oleate was 0.44 and 2.44 mol, respectively. The final concertation of products was 0.55 mol.
A pseudo-homogeneous bimolecular reversible reaction was proposed to characterize the reaction rate.
Furthermore, the noncatalyzed reaction rates were neglected. The reaction rate is expressed in Eq (10).

d C,jeicacid
_roleicacid == ode::au = kl [C oleic acid ] [Cethanol ] - kz [Cethyl oleate] [Cwater ] (10)

C oleic acid, C ethanol, C ethyl oleate, aNd C water denote the concentrations of oleic acid, ethanol, ethyl oleate, and water
and ki and k2 refer to the reaction rate constants for the forward and backward reactions. ki and k2 were
calculated mathematically as 0.00270 and 0.00108 L/mol.min at 70 °C, respectively. The kinetic model equation
(Eq (10)) was applied to predict the concentration of reactants and products, and the predicted and experimental
results were compared, as shown in Figure 2.
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Figure 2: The concentration distribution of the materials with time at 3:1 ethanol to the EOM using ethanol EP
of 100% at 70 °C and 120 min
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Figure 2 shows that the results predicted by the kinetic model matched the experimental results, and the kinetic
model was solved accurately. In addition, the correlation coefficient and variance were 0.9998 and 1.0095,
respectively.

4. Conclusions

The impacts of the EOM and EP on biodiesel production were investigated for the esterification reaction of oleic
acid. The study was conducted at 70 °C for up to 120 min using 5 wt.% of 13X zeolite with EOMs ranging from
1:1 to 12:1 and ethanol purities of 80-100%. The product analysis showed that the yield of ethyl oleate was
9.56% at the 1:1 EOM and increased to 11.13% at the 3:1 EOM, then decreased with increasing EOMs. The
water yield was 20.56% for the EOM of 1:1 and higher values were reported when higher values of EOM were
used. Overall, there was an optimal EOM for maximizing the product yield in the esterification reaction.
Moreover, the ethyl oleate yield, water content, and conversion of oleic acid increase with increasing ethanol
purity. The highest yield of ethyl oleate was 13.90%, and the highest oleic acid conversion was 55.60%, which
were both obtained at 100% EP with a 3:1 EOM. The yield of ethyl oleate is higher when EP is closer to 100%,
which implies no water content in the initial mixture of reactants. Therefore, the optimal EOM and EP for
obtaining the highest yield of biodiesel was 3:1 and 100%. The kinetic model of the esterification reaction at
70°C for 120 min using 5 wt.% of the catalyst at a 3:1 EOM mole ratio with 100% EP was solved. The values of
the rate constants were 0.00270 and 0.00108 L/mol.min for the forward and backward reactions, respectively.

Nomenclature

C ethanol — concentration of ethanol, mol

C ethyl oleate — CONcentration of ethyl oleate, mol

C initial ethanol — initial concentration of ethanol, mol

C initial ethyl oleate — iNitial concentration of ethyl oleate, mol
C initial oleic — initial concentration of oleic acid, mol

C initial water — initial concentration of water, mol

C oleic acid — concentration of oleic acid, mol

C water — concentration of water, mol

ki — forward reaction rate constant, L/mol.min

k2 — backward reaction rate constant, L/mol.min

t — time, minutes

X initial oleic — initial conversion amount of oleic acid, -
X oleic acid — conversion amount of oleic acid, -
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