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Ha ocnoee nayunoi numepamypol 6 IMoM UCCIE006AHUN AHATUIUPYIOMCA KUHemuye-
CKUe 63aumocea3u, yuacmeyioujue é nepeamepuduxayuu mpumemunonnponana (TMII) u memu-
J106bIx IPupos rxcuphvix kuciom (MIKK), nonyueHHbIX U3 pacmumenbHoO20 MAcld, C 4eavlo Ho-
AyueHus Ouopasnazaemplx CMa3zouHslx macei. B pabome npusedenvt naubonee onazonpusamuoie
ycnosun npoeedenus npovecca. Ha ocnoge meopemuueckux npe0cmaeienuii 6via61€Hbl pao He-
MOYHOCMEll 8 KNACCUYECKOM 6UOCHUU NPOUECCa MPAHCIMEPUPUKAUUL MeHCOY MHO20ANOMHBIM
CRUDMOM U MEMUIOGHIMU IPUPAMU HCUPHBIX KUCTOM. Ymeepicoaemcs, Umo umMeromcs 0codeH-
HOCMU, 0ONOJIHAIOWUE MEXAHUIM KAACCUYECKUX HOC/1€008aMENbHO-RAPANIEAbHBIX 0OPAMUMbIX
npoyeccoé npu cuHmese MOHO-, OU- U MPU3AMEULEHHBIX NPOU3EOOHBIX MPUMEMUTOINPONAHA U
Memunogvix Ihupos sxncupnvix kucnom. Cuumaenmcs, 4mo MOHOIPup mpumemuioInpoOnana mo-
Jicem 6bICHYNAms 6 KA4eCHEe HOCUMEIA AYUIbHOU 2PYNNbL C 00PA306AHUEM COOMEEHICHIBYIOUUX
ou- u mpusgupoe mpumemunonnponana. Ipu smom mexicmonexynapusle 63aumooeiicmeus no3-
6ONIAIOM  PACWIUPUMY KAACCUYECKUII MEXAHU3M ROCNe006amelbHO-NAPATIENbHbIX DPEeaKyuil.
Ymeeporcoaemesn, umo 603morrcHbl MeHcMONEKYAAPHBIX 83aUMOOeiicmeus Memadorumosg ""knac-
cuyeckux'' peaxyuii. Ilpu smom ne npoucxooum o00pa3zo08anus 0ONOTHUMENbHBIX HPOOYKHIOE,
umo 3ampyoHsem uoeHmupuKayuro OAHHBIX peakuuii 6 0duiem npoyecce. Yuacmue monoiIgpupa
mMPpUMEemui0JInpPOnana 6 cxeme MeXanu3ma peaKyuu NOKa3auo, Ymo peaKyus A611emcs IH0ep2o-
HUYECKOIl U HECHOHRMAHHOIL, MO eCMb 6eCh Npoyecc nepemepuPuKkayuu A611emcs IH0ePOHU-
yeckum. Ilomumo 3mozo, 6 pabome noKazana 63aumMoc6s3b Mexcoy 6epPOAHHbIM HPOCHPAHCHIGEH-
HbIM CIHpOeHUeM MPUMEMUNOANPONARA, €20 GHYMPU- U MEHCMOIEKYIAPHBIMU 6000POOHBIMU
cea3amu u Oanuvimu 00 Inepzuax I'nooca, nonyuennvimu ¢ rumepamyphuix ucmoyvnuxax. Ilpeo-
CMaeiensbl 00ujue peaKkyuoHHble CXembl RPOUEcca U CmpoeHue AHUOHO6 MPUMEmUiI0InPOnana.
Ilokazan eepoammuulii cueHapuii 63aUMOOCUCMEU RPOMENCYMOUHBIX nPOOYyKmos. Q0o3Hauenbl
NOMERYUAIbHbIE UHIMEPMEOUAMbL 60 6CEX PCAKYUAX.
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This study analyses the kinetic relationships involved in the transesterification of trime-
thylolpropane (TMP) and fatty acid methyl esters (FAMEs) derived from vegetable oil to produce
biodegradable lubricating oils, based on scientific literature. The work presents the most favourable
conditions for the process. In the classical vision of the transesterification process between polyhy-
dric alcohol and methyl esters of fatty acids, a number of inaccuracies have been identified based
on theoretical concepts. It is argued that the mechanism of classical sequential parallel reversible
processes in the synthesis of mono-, di-, and tri-substituted derivatives of trimethylolpropane and
methyl esters of fatty acids can be complemented by certain features. Trimethylolpropane monoes-
ter is believed to act as an acyl group carrier, forming the corresponding trimethylolpropane di-
and triesters. Additionally, intermolecular interactions expand the classical mechanism of series-
parallel reactions. It is suggested that intermolecular interactions between metabolites of ‘classical’
reactions are possible. In this case, it is difficult to identify these reactions in the overall process as
no additional products are formed. The reaction mechanism scheme involving trimethylolpropane
monoester showed that the reaction is endergonic and non-spontaneous, indicating that the entire
transesterification process is endergonic. Additionally, the work demonstrates the correlation be-
tween the likely spatial configuration of trimethylolpropane, its intra- and intermolecular hydro-
gen bonds, and the Gibbs energies data obtained from literature. The paper presents the overall
reaction schemes of the process and the structure of trimethylolpropene anions. It also illustrates
a plausible scenario for the interaction of intermediate products, while indicating potential in-

termediates in all reactions.

Keywords: fatty acid methyl ester, trimethylolpropane, mechanism, alcoholysis, endergonic reaction

INTRODUCTION

According to a report by [1], the annual de-
mand for lubricants is approximately 39 million
tonnes. Furthermore, there is an increasing require-
ment for safer and eco-friendly materials, particularly
polyol-based synthetic base oils. These oils have high
frost resistance, resistance to friction and wear, and are
often used as biodegradable hydraulic fluids [2-5].
TMP esters are commonly used as high-performance
insulating oils in small and safe electrical insulation
equipment [6, 7]. Since vegetable oils have a known
affinity for metal surfaces, chemically modified vege-
table oils have excellent viscosity and good anti-corro-
sion properties [8, 9].

Polyol esters are typically formed by combin-
ing neopolyols and monocarboxylic acids with acid
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catalysts. The scientific basis for the non-catalytic es-
terification of polyols and carboxylic acids is currently
under investigation [10]. However, alcoholysis (or
transesterification) with basic catalysts is the optimal
technique for manufacturing polyol esters. The process
minimises the amount of by-products, is user-friendly
and facilitates the production of fundamental lubricants
with optimised physical and chemical characteristics.

CURRENT STATE

However, there is insufficient literature data to
support a preference for one synthesis method over an-
other. After reviewing the available sources, it has been
concluded that the alcoholysis of fatty acid methyl es-
ters sourced from vegetable oils using trimethylolpro-
pane is the most promising method for producing syn-
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thetic oil. We examine the available data on the kinet-
ics of the transesterification reaction of TMP with fatty
acid esters to assess the current comprehension of the
FAME-based process in terms of its relative simplicity
and its agreement with experimental results.

The mechanism of transesterification of FAMES
with trimethylolpropane, catalyzed by sodium methox-
ide with the continuous separation of released metha-
nol, is generally accepted [11]. The reaction mecha-
nism includes three stepwise reversible sequential-par-
allel elementary reactions. At a molar excess of FAME
in comparison to TMP in a ratio of 10:1, the rate con-
stants for the subsequent stages of transesterification
decreased as follows (wt.%/min): 1.0: 0.70-0.80 and
0.21-0.25, respectively. However, the models are only
suitable for the initial stages of reactions in a limited
temperature range, including at room temperature. The
assumption of the irreversibility of reactions, which is
utilized in the models, no longer holds beyond these
boundaries.

The Kinetics of transesterification of palm oil
FAMEs with TMP were modelled using MATLAB
software, based on the irreversibility of the reaction
[12]. It is challenging to anticipate how the trime-
thylolpropane fatty acid diester (DETMP) intermediate
will be dispersed at its end-point equilibrium, as indi-
cated by the research. Similarly, Egyptian researchers
reached the identical conclusion while evaluating the
distribution curves of transesterification compounds of
oleic acid methyl ester (OME) with trimethylolpropane
at 120 °C, with a molar ratio of OME/TMP = 10:1 and
catalyzed by sodium methoxide [13]. At the same time,
only the simulated concentration curve of trime-
thylolpropane fatty acid monoester (METMP) changes
agrees relatively well with the experimental data, with-
out any subjective evaluation.

The disagreement regarding the concentrations
of trimethylolpropane fatty acid triester (TETMP) be-
tween experimental and simulated studies is a topic of
discussion. This is despite extensive research on the ki-
netics of a seemingly uncomplicated process, which com-
prises of three series-parallel reactions at equilibrium.

THEORETICAL PROBLEMS

We suggest to use the processed data of the fol-
lowing researchers as a starting point for our future
work [11, 13, 14]. First, let us examine scientist’s ob-
servations on transesterification patterns of TMP with
FAMEs from vegetable oils, focusing on the physico-
chemical aspects. Some of these points have already
been made above.

As per [14] the maximum yield of TMP triester
could not be determined due to the unreliable approxi-
mation of the calculated curves, particularly when
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scrutinizing the process at high temperature. Conse-
quently, the hypothesis that the said process is a sec-
ond-order reaction can be dismissed. It should be noted
that most authors considering the kinetic laws of the
process, which involve three reversible serial-parallel
reactions, encounter difficulties when determining the
formation of TMP triester. The authors [13] utilized the
LINGO software to conduct “classical” processing of
experimental data for modelling. The correspondence
between the experimental data and the theoretically es-
timated values of the parameters of the mathematical
model was achieved within the experimental error. Un-
der optimal conditions (temperature of 120 °C, a molar
ratio of methyl oleic acid to trimethylolpropane of 4:1,
a catalyst amount of 0.9% wi/w, a pressure of 20 mbar,
and a reaction time of 2 h), TETMP was produced at a
maximum yield of 85.47%. However, when the rea-
gent ratio was increased to 7:1, the final product yield
decreased to 68.83%, contradicting the provided pro-
cess scheme. Research described in [15-17] confirms
the detrimental impacts of excessive FAME.

The effect of microwave radiation on the trans-
esterification process of FAMEs and TMP derived
from palm oil was investigated in a study conducted by
[18, 19], following the same procedural conditions as
[13]. The experiment revealed that the activation en-
ergy for the reaction under microwave radiation was
17.0 kcal/mol, presenting a 49% reduction in compari-
son to the convective heat transfer method. The re-
searchers have deduced that the process is endother-
mic. The positive Gibbs free energy calculated with the
Eyring-Polanyi equation (AG® = 24.6-26.5 kcal/mol > 0)
suggests that the reaction is endergonic and non-spon-
taneous. Therefore, we can infer that the entire trans-
esterification process is thermodynamically unfavora-
ble. In other words, external energy is essential to per-
form such reactions. Consequently, the Gibbs energy
rises, and the system performs work.

The ultimate concept could be critical in deter-
mining the progression of the investigated reaction. Let
us examine the potential transfer of different forms of
free energy between the reactants.

Typically, in biochemical processes, reactions
exhibit an endergonic nature whereby the entropy com-
ponents of free energy play a significant role. It is the
change in these components that determines the Gibbs
free energy. The energy for such processes is stored in
high-energy intermediate metabolites, which then trans-
fer the energy to other reagents through vibrations or the
formation of an atypical structure. Structural and geo-
metric alterations, as well as modifications in the en-
tropy component of the Gibbs free energy, boost the
reactivity of the pseudo-artificial structure of this inter-
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mediate. Said structure usually contains strained chem-
ical bonds.

Let us consider a typical TMP possessing the
structural and reactive properties of the reaction system
concerned in the studied process. It is a widely ac-
cepted fact that diols, beginning with ethylene glycol,
exhibit intramolecular hydrogen bonding [20]. The
strength of these bonds increases as we progress to-
wards propylene glycol and butylene glycol [21]. The
“classical” TMP alkoxide (Fig. a) can be stabilized by
two hydrogen bonds. Additionally, it can increase the
interaction energy by 5.8 kcal/mol of hydrogen bond
between uncharged OH-groups (Fig. b). This may lead
to pKa values that differ significantly from those in wa-
ter and can, therefore, aid in enhancing the fundamen-
tals of catalytic reactions [22, 23].

The presence of a pair of free electrons in an-
ion «by in the sp3-orbital within the condensed ion fa-
cilitates the nucleophile's attack on the primary car-
bonyl carbon of the FAME. One of the features of ion
«by is its enormous intramolecular hydrogen bond en-
ergy reserve. The spatial interaction between multiple
TMP molecules and an ionized TMP molecule, as well
as the formation of intermolecular hydrogen bonds,
should be considered ineffective and energy-intensive.

Let us comprehend the intricacies of the mech-
anism of TMP and FAME transesterification base-cat-
alytic process, which leads to the development of two
initial intermediate products in reversible series-paral-
lel reactions. Literature analysis of the kinetics of this
process, as shown in Scheme 1, suggests that such re-
actions are generally problem-free.

This section does not delve into the interac-
tions between TMP or METMP anions. However, dur-
ing the second stage of DETMP formation, the steric
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obstacles are overcome with ease, despite initial expec-
tations (see Scheme 2).

Thus, any doubts concerning steric hindrances
to the formation of the intermediate product in the sec-
ond stage of transesterification are rejected by depict-
ing the METMP molecule as a compact anion with a
free electron pair on the hydroxyl oxygen atom, stabi-
lized by the intramolecular hydrogen bond of the re-
maining OH-group, which can effortlessly engage with
the new FAME molecule (Fig. c).

o
H3C/><
HO

Fig. The structure of a single charged TMP molecule is illustrated
variably, with options that exclude hydrogen bonds (a), with two
intramolecular hydrogen bonds (b), one intramolecular hydrogen
bond located in the METMP-ion (c), and DETMP-ion without in-
tramolecular hydrogen bonds (d)
Puc. Crpykrypa ognozapsanoit monekynst TMIT npommtoctpu-
poBaHa Mmo-pa3HoMy: 0e3 BOJIOPOJHBIX CBsA3EH (a), C IBYMS BHYT-
PUMOJIEKYSIPHBIME BOJOPOIHBIME CBsi3siMu (D), 01HOM BHYTpH-
MOJIEKYJIIPHON BOJIOPOJIHOM CBSI3bI0, PACIIOIOKEHHON B
MOTMII-none (¢), 1 J3TMII-none 6e3 BHYTPUMOIEKYIIPHBIX
BOJIOPO/IHBIX CBsizeid (d)
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Scheme 1. First stage of reaction
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Scheme 2. Second stage of reaction
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The formation of TMP mono- and diesters in
these transformation schemes seems to be greatly fa-
cilitated by intramolecular hydrogen bonding. They
significantly increased the nucleophilicity of the hy-
droxyl anion of TMP upon interaction with the car-
boxyl center of the FAME molecule (during the for-
mation of METMP).

The changed nucleophilicity of the oxygen
atom in TMP or METMP is merely one facet of the
entire process. A considerable amount of energy is ex-
pended on altering the entropy of the reaction system
during the restructuring of the molecule, such as in cre-
ating a compact structure of type «by», by ordering the
methylol branches of TMP [21, 22]. In other words,
part of the entropy of the initial reactants' free energy
was transformed into the free energy of the products.

What occurs during the third stage of trans-
esterification? The DETMP anion (shown in Fig. d)
lacks an intramolecular hydrogen bond in this scenario.
Is this a result of the final stage of producing the TMP
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triester being the only challenging aspect of the "clas-
sical" mathematical depiction of the three-step trans-
esterification process?

HYPOTHESES

The TMP diester anion does not possess intra-
molecular hydrogen bonds that can effectively activate
the oxygen anion, yet it operates as a nhucleophile. Tri-
substituted TMP is produced during the third stage of
transesterification, with the reaction proceeding differ-
ently from the usual sequential three-step reactions tra-
ditional order.

Let us visualize a situation where the carbonyl
carbon atom in the ester fragment of METMP interacts
with the DETMP anion (Scheme 3). This allows us to
replicate the standard process of catalytic transesterifi-
cation of esters with alcohols, where the anion ap-
proaches the same carboxyl carbon atom in the
METMP and FAME molecule.
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Scheme 3. Third stage of reaction
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In addition, it is widely acknowledged that the
negative charge of the transition state or intermediate
oxygen must be delocalized over all three oxygen at-
oms. Consequently, the resulting intermediate now
bears a partial negative charge on all three of its oxygen
atoms. It is not difficult to predict the upcoming events.
The TMP ion forms intramolecular hydrogen bonds
and takes on the structure of anion «b», which excludes
a fragment with the structure of a trisubstituted prod-
uct. The energy gain resulting from the two intramo-
lecular hydrogen bonds formed by TMP contributes to
the complete transfer of charge from the METMP hy-
droxyl ion to the formed TMP. Without the formation
of ion «b» featuring a compact structure, rejection of
the anion is unfeasible. It is sufficient to recall that each
intramolecular hydrogen bond in a polyol anion gener-
ates an energy reserve of 5.8 kcal/mol (refer to above).
Since the formation of intramolecular hydrogen bonds
is, first of all, a change in entropy that occurs during
charge transfer from the DETMP anion to the resulting
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TMP, we can generally speak of the occurrence of an
endergonic reaction. Part of the free energy from the
interplay between the DETMP anion and the electro-
philic centre of METMP was utilized in forming the
TMP anion with intramolecular hydrogen bonds (Fig. b).

Therefore, a remarkable effect has been ob-
served in the formation mechanism of trisubstituted
TMP esters. Specifically, mono-substituted TMP func-
tions as an acyl group carrier from FAME to substi-
tuted TMP.

CONCLUSION AND OUTLOOK

The article outlines the different formations of
mono-, di-, and triesters of trimethylolpropane when
alcoholysis of FAME and TMP occurs. The monoes-
ter-diester reaction advances the synthesis of free TMP
and the triester, leading to non-congruent experimental
kinetic data and the series-parallel process scheme.

High-energy intramolecular bonds within the
TMP anion or its anionic fragment of a monosubsti-
tuted derivative are significant in the first two stages of
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sequential reactions in this scheme. This is a character-
istic of the involvement of polyols in transesterification
processes when alkali metal bases or alcoholates are
used as catalysts. The energy of each intramolecular
hydrogen bond is 5.8 kcal/mol. This energy is not lost
when the TMP anion (or its fragment in METMP) in-
teracts with the electrophilic center of FAME. Instead,
itis transferred to the rearrangement of the ester moiety
of the FAME as part of the free energy of rearrange-
ment of the methoxyl groups of the anion. Thus, an en-
dergonic reaction occurs.

There are two reactions occurring in this pro-
cess. Firstly, the destruction of the intramolecular hy-
drogen bonds of the reacting TMP ion, and secondly,
the electronic rearrangement of the ether center of
FAME. A portion of the free energy released during
the second reaction is transferred to the first reaction.

In the instance of the reaction involving mono-
substituted and disubstituted TMP esters, the reverse
reaction takes place. The DETMP anion interacts with
the carbonyl atom of the ester group of METMP, trans-
ferring electrons to the transition state TMP oxygen
atom. Intramolecular hydrogen bonds are formed, and
the newly formed type «b» ion is separated from the
reaction complex. Two reactions also occur here: the
reorganization of the ester group in the newly formed
TETMP and the formation of anionic complex 1bin
this instance, stabilization of the anionic TMP complex
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arises from the formation of two hydrogen bonds,
which leads to the discharge of free energy.

The endergonic nature of the TMP alkylation
reaction, as the authors suggest, is confirmed by the
formation of a high-energy TMP ion during the reac-
tion and the release of energy during its protonation,
i.e., changing the Gibbs free energy (AG®) of the tran-
sition to stabilize the resulting final product (METMP
or DETMP) [18].

It is important to note that processes involving
polyglycol ions and reactions that include the for-
mation and breaking of intramolecular hydrogen bonds
could result in either endergonic or exergonic reac-
tions.
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