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ABSTRACT

Nafion, as a highly acidic catalyst, is appropriate for application in both
esterification and transesterification reactions. Nevertheless, its
computational efficacy hasn't been explored yet. A semi-empirical approach
employing the PM7 theory was utilized to determine the configurations of
reactants, transition states, intermediates, and products, along with the
energetics of the reactions. The findings indicate that, with Nafion catalysts,
a 6-ring complex is formed in both reactions, and the rate-determining step
occurs at the initial activation energy. Additionally, a quantum leap in
reaction Kkinetics was observed in the presence of the Nafion catalyst,
leading to an accelerated reaction rate.

1. Introduction

In the modern era, various alternative energy sources have emerged as viable options to

replace fossil fuels, with biodiesel being one such alternative. Biodiesel is characterized as a
diesel fuel variant consisting of long-chain fatty acid esters derived from vegetable oils or
animal fats, offering a non-toxic and biodegradable alternative energy solution [1]. In
Indonesia, palm oil serves as the primary raw material for biodiesel production, owing to its
abundant availability in the country. Nevertheless, challenges arise concerning the competition
for palm oil between consumption and biodiesel production, as well as issues related to cost
efficiency. To address these availability and cost concerns, the utilization of used cooking oil
as a foundational material for biodiesel synthesis has been proposed. However, employing used
cooking oil directly for biodiesel synthesis is generally deemed impractical, particularly for
diesel engines featuring direct and indirect injection systems [2,3]. Consequently, the
conversion of waste cooking oil into its constituent fatty acids becomes imperative for biodiesel
production [4]. Nevertheless, this conversion step introduces a new set of challenges.

In used cooking oil, there is a substantial concentration of free fatty acid (FFA) or fatty
acids, making esterification and transesterification through various catalytic reactions such as
lipase-catalyzed, photo-catalyzed, alkaline-catalyzed, and acid-catalyzed processes the most
suitable methods for converting used cooking oil [5,6,7]. In large-scale biodiesel production,
the lipase-catalyzed transesterification method is not widely adopted due to its extended
reaction time and lower cost efficiency when compared to acid and alkali-catalyzed reactions
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[8,9]. Previous studies have indicated the feasibility of biodiesel production using ZnO/SiO>
photocatalysts in the esterification of free fatty acids (FFA) from Jatropha curcas crude oil
[10]. Additionally, solar radiation can induce the conversion of FFA from waste cooking oil
into methyl esters via a Cr/SiO> photocatalyst reaction [6]. This suggests that photocatalytic
transesterification holds significant potential for biodiesel production. However, it's noteworthy
that photocatalysis technology is primarily limited to laboratory settings and necessitates further
development and research. Esterification and transesterification reactions typically involve
alkaline catalysts such as NaOH/Zeolite and KOH [11,12]. Nonetheless, these reactions
introduce a new set of challenges. This poses an issue because the typical biodiesel synthesis
involves a transesterification reaction employing a basic catalyst, which results in catalyst
deactivation.

Solid acid catalysts such as Nafion and Amberlyst are used to overcome this barrier. The
product Nafion, the main subject of this study, is a fluoropolymer-copolymer resin produced by
DuPont and is classified as a sulfonated tetrafluoroethylene compound [13]. Because it contains
three extremely electronegative fluoride atoms that make protons easier to release, Nafion is
noticeably acidic. At the moment, Nafion is used in two main forms: Nafion NR50, which is a
resin, and Nafion SAC-13, which is a silica nanocomposite that incorporates Nafion NR50 to
increase the surface area of the catalyst [14].

Nafion®NR50 Nafion®SAC-13
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Fig 1. The Structure of Nafion NR50 and SAC-13

While there are two variations of Nafion, both follow the same reaction mechanism.
Nevertheless, the in-depth quantum reaction mechanism of this catalyst has not been thoroughly
explored despite its recognized effectiveness and selectivity in generating methyl ester and
glycerol products [15].

Previous studies have delved into the transesterification of FFA with acid catalysts using
the ab-initio method [16]. However, further investigations into Nafion catalysts and their
mechanisms, particularly through density functional theory (DFT) studies, which explore
system interactions and suggest that potent acid catalysts can effectively lower the Gibbs free

energy of transesterification in biodiesel production [17], have been lacking. Augusto et al.
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employed DFT to analyze the acid-catalyzed ethanolysis process of butyric acid
monoacylglycerol and highlighted the crucial role of intrinsic hydrogen bonding in stabilizing
tetrahedral intermediates when considering solvent effects [18]. Therefore, there is a need for
the application of quantum chemical or computational methods with a specific theoretical
approach. This study aims to precisely investigate the reaction mechanisms of FFA
transesterification (simplified to mono esters in the form of methyl esters) and acetic acid
esterification. The comparison will be made with the DFT method and the PM7 semi-empirical
level of theory. The primary reaction mechanism and intermediates will be explored
computationally based on calculated thermodynamic and kinetic data. These findings will offer
a comprehensive understanding of the reaction mechanism and establish a theoretical
foundation for biodiesel production from used cooking oil.

2. Materials and methods

The study involved an analysis of acetic acid esterification and FFA transesterification
reactions, which were transformed into methyl esters. These investigations were conducted
utilizing Gaussian 16 [19] and DFT, specifically employing the semi-empirical Parametric
Method 7 (PM7) theory at the atomic level. PM7 was chosen because of its low computational
cost and demonstrated superior accuracy for hydrogen-bonded complexes due to explicit
corrections for such interactions [20]. To ensure the accuracy of the results, all molecular
structures were subject to geometric optimization, both with and without the presence of the
Nafion catalyst, with a requirement for achieving "Converged"” outcomes across all parameters
before identifying the transition state (TS). For simplification and acceleration of calculations,
a 6-ring complex was chosen as the TS model. Validation of the TS was accomplished through
the identification of a single imaginary frequency, coupled with the transformation from
reactant/intermediate to intermediate/product. To enhance the precision of energy calculations,
a single-point energy calculation was additionally conducted, employing the M062X level with
the 6-31+g(d, p) basis set.

3. Results and discussion
Esterification and transesterification share comparable reaction mechanisms but involve

distinct sets of reactants and yield different products. Esterification requires a carboxylic acid
and an alcohol, resulting in the formation of an ester and water. On the other hand,
transesterification involves an ester and an alcohol, leading to the generation of a new ester and
a new alcohol. In this research, the esterification reaction was examined using acetic acid, while
transesterification was studied using methyl acetate.
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3.1. Acetic Acid Esterification
The reaction mechanism of acetic acid esterification with and without catalyst can be seen

in the following figure 2.
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Fig 2. Esterification reaction of acetic acid without (a) and with (b) Nafion catalyst.

The esterification of acetic acid results in the production of methyl ester and water. In the
absence of a catalyst, an initial 4-ring complex forms at TS1, producing an acetal as an
intermediate. Subsequently, from this intermediate, TS2 emerges, also as a 4-ring complex,

culminating in the production of the desired product.
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Fig 3. Structures of TS1 (a) and TS2 (b) from the reaction without catalyst.

In the presence of Nafion, its role involves assisting in the disruption of the double bond
between carbon and oxygen within the carbonyl group. This is achieved through hydrogen
bonding with two existing oxygen atoms, giving rise to a 6-ring complex at TS1 and the
intermediate phase. The Nafion within the Nafion-intermediate complex then transitions to
establish hydrogen bonds with another oxygen atom, ultimately yielding the final product in the
form of methyl ester and water, along with the participation of Nafion.

@) (b)

9
@

Fig 4. Structures of TS1 (a) and TS2 (b) from the reaction with Nafion catalyst.

To ensure the reliability of all transition states (TS) generated during the reaction,
computational verification was conducted using the Intrinsic Reaction Coordinate (IRC)
method, as TS structures are inherently unstable and challenging to isolate [21].
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Fig 5. IRC graph of TS Esterification. Without catalyst, TS1 (a) and TS2 (b). With Nafion catalyst, TS1 (c) and TS2 (d).

The obtained results indicate that the transition state (TS) energy in the presence of the
Nafion catalyst exhibits a lower overall energy when contrasted with the TS in the absence of
a catalyst. This difference can be attributed to the catalyst's role in reducing the overall

activation energy required for the reaction.

3.2. Methyl Ester Transesterification

In contrast to esterification, transesterification of methyl ester compounds is reversible,
with only the exchange of methyl functional groups from methanol to methyl ester and vice
versa. The mechanism of the methyl ester transesterification reaction is depicted in the

following figure.
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Fig 6. Transesterification reaction of methyl esters without (a) and with (b) Nafion catalyst.

In general, the mechanism for the transesterification reaction closely resembles that of
esterification, including cases with and without the Nafion catalyst. As depicted in Figure 7, it
is evident that there is an exchange of two methyl groups, where methyl ester molecules (red)
swap their methyl groups with those from methanol (blue). Similar to esterification, in the
absence of a catalyst, the reaction leads to the formation of a transition state (TS) featuring a 4-
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ring complex. Conversely, in the presence of Nafion, a TS characterized by a 6-ring complex
is formed. Both scenarios exhibit reversible reactions, as the reactants are regenerated, with the
primary distinction being the exchange of methyl groups.

@ (b)

Fig 7. TS transesterification without catalyst (a) TS1 and (b) TS2; (c) TS1 and (d) TS2 with nafion

The TS of this reaction has also been verified and analyzed using IRC by connecting the
reactants and products with the TS.
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Fig 8. IRC graph of TS Transesterification. Without catalyst, TS1 (a) and TS2 (b). With Nafion catalyst, TS1 (c) and
TS2 (d).

Based on the results found, the energy of TS with the Nafion catalyst has a lower energy
than without the catalyst. This is also the same compared to the results obtained in the
esterification reaction.

3.3. Reaction Energetics

Initially, the energy aspects of the esterification reaction were examined. This involved
assessing data derived from the optimization outcomes and frequency structure of reactants,
transition states (TS), intermediates, and products, ensuring that all calculations had reached a
state of "Converged" results. The energy data and the reaction coordinate diagram were
subsequently acquired in the following manner.

Table 1. Relative Gibbs energy of each species in acetic acid esterification reaction (1 atm)

Acetic Acid Esterification Energies (kJ/mol)

Specs
Without Catalyst With Catalyst

Reactants (Acetic Acid + 0 0
Methanol)
Transition State 1 (TS1) 164,4902 99,7453
Intermediate 40,5560 40,5560
Transition State 2 (TS2) 159,6960 99,7453
Products (Methyl Ester + -17,8627 -17,8627
Water)
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Table 2. Relative AG value of acetic acid esterification reaction (1 atm)

AG Values (kJ/mol)
AG Types
Without Catalyst With Catalyst
AGI 164,4902 99,7453
AG2 159,6960 99,7453

Fig 9. Reaction diagram of acetic acid esterification (blue) without catalyst and (orange) with Nafion.

The diagram illustrates the position and energy profile of the acetic acid esterification
reaction. It's evident from the diagram that the presence of the Nafion catalyst effectively
reduces the activation energy required for the reaction. This observation is supported when
examining the AG (Gibbs free energy) value, which shows that the presence of the Nafion
catalyst results in lower energy requirements. Specifically, the AG value for activation in both
stages with the Nafion catalyst is lower compared to the reaction without the catalyst. Both
reactions share the same rate-determining stage (RDS), which is the formation of TS1. This
occurs because the AG1 value for activation in both stages is greater than the AG2 value for
activation to form TS2.

A similar pattern is observed when comparing the enthalpy values (under conditions of 1
M and 298 K) in TS. The obtained enthalpy data corroborate the findings of reduced energy
requirements.
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Table 3. TS Enthalpy energy of acetic acid esterification reaction (1M)

AH Values (kJ/mol)
AH Types
Without Catalyst With Catalyst
TS1 -4,2497 x 10* -7,3416 x 10°
TS2 -4,1674 x 10 -7,2344 x 10°

This data further reinforces the notion that the presence of a catalyst reduces the activation
energy, confirming that the esterification reaction is exothermic. The analysis of reaction
energetics for the transesterification reaction yielded outcomes akin to those observed in the
esterification reaction. This similarity arises from the fundamental similarity in the reaction
mechanisms. The subsequent data and graphs provide a clearer picture of these results.

Table 4. Relative Gibbs energy of each species in methyl ester transesterification reaction (1 atm, 298°K)

Acetic Acid Esterification Energies (kJ/mol)

Specs
Without Catalyst With Catalyst

Reactants (Methyl Ester + 0 0
Methanol)
Transition State 1 (TS1) 196,7707 101,4650
Intermediate 51,3889 51,3889
Transition State 2 (TS2) 169,1872 96,0539
Products (Methyl Ester + 0 0
Water)
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Table 5. Relative AG value of methyl esterification reaction (1 atm, 298°K)

AG Values (kJ/mol)
AG Types
Without Catalyst With Catalyst
AG1 196,7707 101,4650
AG2 169,1872 96,0539

Fig 10. Diagram of methyl ester transesterification reaction (blue) without catalyst and (orange) with Nafion.
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These results also elucidate that the presence of the catalyst reduces the activation energy
necessary for the transesterification reaction in comparison to its absence. However, as this
reaction yields the same products as the reactants, the AG® value does not exist. Consequently,
both rate-determining stages (RDS) are primarily attributed to activation AG! because its AG
value surpasses the activation AG? value. Presented below are the enthalpy values for the
transition state (TS) in the methyl ester transesterification reaction.

Table 6. TS enthalpy energy in methyl ester transesterification reaction (1M)

AH Values (kJ/mol)
AH Types
Without Catalyst With Catalyst
TS1 -8,78 x 10 -7,83 x 10
TS2 -7,12 x 10* -7,72 x 10
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In this study, the analysis of esterification and transesterification reactions also considers
the calculation of reaction rate constants using the principles of transition state theory. This
analysis is conducted through the utilization of the Eyring formula and the Wigner method. The
objective is to explain why the presence of a catalyst can reduce the necessary activation energy.
This methodology involves two equations as follows:

A_G*
kTST = oKv errt (l)
1 (hcev¥ 2
k=1+ Z(kBT) 2)

Equation (1), necessitates obtaining imaginary vibrational data derived from the transition
state (TS), while equation (2), requires the value of k (quantum breakthrough) that has been
determined, along with the Gibbs value from the TS. To ensure accurate calculations, the Gibbs
value initially must be converted from a state of 1 atm (ideal gas) to 1 M under realistic
conditions, which can be achieved using the following equation [22].

AGHIM = AGH1atm _ RT|n(24,5) (3)
The initial Gibbs energy data is converted using equation (3) to obtain values applicable in

the 1 M state. These data are subsequently used in equation (1) along with the imaginary
frequency data obtained from each transition state.

Table 7. Imaginary frequency TS of esterification and transesterification reactions.

Esterification (m™) Transesterification (m™)
TS
Without Catalyst With Catalyst Without Catalyst With Catalyst
TS1 -133482 -54850 -134849 -46266
TS2 -137969 -46982 -133689 -42042

From the imaginary frequency data of each TS and also the Gibbs energy values of all TS, it is
substituted into equation (1) and then (2). The following results were obtained.
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Table 8. K and K TST values of each TS of esterification and transesterification reactions

Esterification Transesterification
TS
Without Catalyst With Catalyst Without Catalyst With Catalyst
K TS1 2,73 1,29 2,76 1,20
K TS2 2,85 1,21 2,73 1,17
K TST TS1 3,89x 10° 7,38 x 10° 4,04 x10° 5,82 x 10°
K TST TS2 4,12x10° 5,84 x 10° 3,84 x 10° 5,02 x 10°

The results of the K and K TST calculations indicate that when a catalyst is present, there
is a noticeable quantum enhancement in the reaction rate. This enhancement leads to a faster
progression of the reaction, as evidenced by a smaller K value compared to when no catalyst is
present. Additionally, there is a substantial impact on TS1, and it occurs more rapidly in the
presence of the catalyst, as indicated by a higher K TST value with the catalyst compared to
without it.

Quantum breakthrough demonstrates that in the presence of a catalyst, the reaction requires
less activation energy compared to when it proceeds without a catalyst. This phenomenon
elucidates why the activation energy decreases when a catalyst is involved [23]. According to
the calculations, the K value is strongly influenced by the imaginary frequency, and the
presence of the catalyst shortens this imaginary frequency, making it easier for molecules to
undergo reaction.

4. Conclusions

Based on the conducted experiments, it can be concluded that computational evidence
affirms the ability of the Nafion catalyst to accelerate both esterification and transesterification
reactions through the formation of a 6-ring complex at the transition state (TS). In both
reactions, whether with or without the Nafion catalyst, the rate-determining step (RDS) is
associated with the activation energy required to form TS1, as it exhibits the highest activation
energy compared to the second activation energy. Through the calculation of quantum
breakthrough and reaction rate constants, it is substantiated that the presence of Nafion catalysts
leads to a quantum breakthrough, explaining the reduction in activation energy and confirming
the acceleration of the reaction rate.
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