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Abstract

Objectives. The study set out to establish the scientific basis for the catalytic esterification of aliphatic carboxylic acids C,~C,, with
pentaerythritol in a polar solvent, sulfolane. The kinetic parameters of the forward and reverse reactions were determined along with the
influence of the carboxylic acid structure on the rate of conversion and the component composition of the reaction products.

Methods. The process was carried out in a perfectly stirred tank reactor with an excess of carboxylic acid (the molar ratio of pentaerythritol
to carboxylic acid was 1 to 8, respectively) in a temperature range of 383.2-403.2 K. A combination of sulfolane and methanesulfonic
acid was used as a catalytic system. This combination, which was found to be more effective as compared to the self-catalytic
process, manifested in a 600-800-fold increase in the reaction rate at optimal amounts of sulfolane (30% by weight of the reaction
system) and methanesulfonic acid (1% by weight of the reaction substrate). The composition of the reaction products was monitored
by gas-liquid chromatography with preliminary calibration using pure substances. Chromatographic analysis was performed using
a Kristall 2000M chromatograph equipped with a capillary column (60 m x 0.32 mm x 0.5 pm) with a grafted stationary phase BP-1
(100% dimethylpolysiloxane).

Results. For the first time, the parameters of the Arrhenius equation for the forward and reverse reactions of the esterification
of 14 aliphatic carboxylic acids C,~C,, of various structures with pentaerythritol in a sulfolane medium were obtained. The resulting
kinetic models satisfactorily describe the experimental data as confirmed by standard statistical calculation methods (in our case, the
Pearson test was chosen, which is sensitive to a sufficiently large array of experimental data; the test value was at least 96%, indicating
the adequacy of the kinetic model used to describe the processes). The influence of the carboxylic acid structure on the process rate and
the composition of the reaction products was evaluated.

Conclusions. The conducted studies revealed that the composition of reaction products under chemical equilibrium conditions under
the selected conditions is virtually independent of the structure of the carboxylic acid: the chemical reaction rate is determined primarily
by the structure of the carboxylic acid. The obtained data can be used to substantiate verified kinetic models that provide the possibility
of rational design of the synthesis of target esters with a high degree of selectivity and predictable properties.
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AHHOTaUuS

Ienn. V3yuenue Hay4HBIX OCHOB KaTalMTHYCCKOW sTepupuKaiuu annparuieckux kapOoHoBbIX KHCIOT C,~C,, IEHTa’pUTPUTOM
B CpeEJIC MOJISIPHOTO PacTBOPHUTEINIS — Cylbdonana. OnpenesicHne KHHETHYSCKUX MapaMeTpoB Mpoliecca MPsMbIX U 00PaTHBIX PEaKIHi.
OlieHKa BIUSIHUSL CTPYKTYPbI KAPOOHOBOI KUCIIOTHI HA CKOPOCTh MPEBPAILCHHS B KOMIIOHCHTHBII COCTaB MPOIYKTOB PEAKIINH.

Mertonas!. [Iporiecc mpoBOAMIN B peakTope HASaTbHOTO CMENICHNs B M30BITKE KapOOHOBOH KHCIIOTH! (MOJIBHOE COOTHONICHNE IeHTa-
SpUTPHTA K KAPOOHOBOH KHCIOTE COCTABISLIO | K 8 COOTBETCTBEHHO), B TeMIieparypHoM uaTepBaie 383.2-403.2 K, B kauecTBe KaTayu-
THUYECKON CHCTEMBI HCIIOJIF30BAIN COYETaHUE CYIIb(OIaHa i METaHCYIL(OKUCIOTEL; TAHHOE COYETaHHUE [TOKA3aJI0 CBOIO 3()(heKTHBHOCTH
10 CPAaBHEHHUIO C IIPOBEICHUEM TIPOLECCA B PEKHUME CAMOKATAIN3a, YTO MIPOSIBISCTCS B YBEIMYEHUH CKOpocTH peakuuu B 600—800 pa3
TIPY ONTUMAJBEHBIX KoJIdecTBax cynbdornana (30 mac. % OT peakIIMOHHON CHCTEMBI) U MeTaHCYIb(OKUCIOTH (1 Mac. % OT peakIMOHHO-
ro cybcrpara). KoHTpoab cocTaBa IpOIyKTOB peaKIiy OCYIIECTBIISUI METOIOM I'a30)KHAKOCTHOW XpoMaTorpauu ¢ peABapUTeIILHOM
KannOpOBKOH IO YMCTHIM BelecTBaM. XpoMarorpaduueckuii aHain3 MpoBOJiIM Ha 6aze xpomarorpada «Kpucramr-2000M», ocHa-
IIEHHOTO KaIMMUIIPHON KOMoHKOH (60 M X 0.32 MM X 0.5 MkM) ¢ npuBuTOH HenoaBmkHON (azoit BP-1 (100% IuMeTHIIONNCHIIOKCaH).

Pe3yabrarsl. Briepsole nomydeHs! mapaMeTpsl ypaBHEHHsT AppeHuyca A OpsIMBIX M OOpaTHBIX peakimil mponecca >TepuduKanum
14 amudarneckux kapOoHoBbIX KHCIOT C,~C( Pa3IUYHOIrO CTPOCHHUS MEHTAIPUTPHTOM B Cpesie Cylb(onana. [lomydeHnbie KuHEeTH-
YEeCKHE MOJENH YJOBICTBOPUTEIHHO OMHICHIBAIOT SKCIIEPUMEHTAIBHBIC JAHHbIE, YTO MOATBEPKACHO CTAaHJAPTHBIMU CTaTUCTHUECKAMHU
MeTofaMH pacdeTa (B HaIleM cirydae m30paH kpurtepuit [InupcoHa, KOTOPBIH SABISIETCS TyBCTBUTEIBHBIM K JOCTATOYHO OONBIIOMY Mac-
CHUBY 9KCIICPHMEHTAIIBHBIX JJAHHBIX; 3HAYCHNE KPUTEPHs COCTABIUIO HE MeHee 96%, 4To roBOpUT 00 aJeKBaTHOCTH HCIIONB3yeMOH
KHHETHYECKOI MOJIEIH [Tl OHMCAHNUS IPOTEKAIOIINX ITPOLeccoB). JlaHa olleHKa BIHSHUS CTPYKTYPBI KApOOHOBON KHUCIIOTHI HA CKOPOCTh
IIporecca  COCTaB MPOAYKTOB PEaKIHH.

BriBoabl. B pe3ynbrare npoBeaeHHBIX HCCIEA0BAaHNH yCTAHOBIEHO, YTO COCTAB MPOAYKTOB PEaKInil B yCIOBUSIX XUMHUYECKOTO PAaBHO-
BeCHs NMPU U30PAHHBIX YCIOBHUAX MPAKTHYECKN HE 3aBUCHUT OT CTPYKTYPBI KAPOOHOBOI KUCIOTHI; CKOPOCTh XMMHYECKOH PEeaKkIny ompe-
JeTsieTcs, B OCHOBHOM, CTPYKTYpOH kKapOOHOBOI KMCHOTHL. [lomydeHHbIe faHHBIE MO3BONSIOT apryMEHTHPOBATh BEPUPHITIPOBAHHEIC
KWHETHYECKNE MO, 00eCTIeunBaloIe BO3MOKHOCTh MPOEKTHPOBAHHS CHHTE3a IEJIEBBIX 3(DHPOB C BHICOKON CTEMEHBIO CENICKTHUB-
HOCTH ¥ TIPEeJCKa3yeMbIMHU CBOICTBAMH.

KnioueBble cnoBa Moctynuna: 11.10.2025
CJIO’KHBIC A(HUPBI ICHTAdPUTPUTA, SHEPTHUSI aKTHBALIUH, TIPEIIKCIIOHCHITHATBHBIN DopaboTana: 11.12.2025
MHOXKHTEITb, KHHETUYECKUI KOHTPOITb, CYIIb(OTaH MpuHsTa B neyatb: 14.04.2026

Ansa uMTnpoBaHus

WBanona 10.0., Emenssanos B.B., Jlesanosa C.B. MozaennpoBanue cuHTe3a MOHO-, I-, TPH- U TETPad(pUpOB KaTaIUTHUECKOH dTeprdu-
Kaluel neHTaspuTpuTa KapOoHoBbiMH kuciotamu C,~C,, B Cpelie TONAPHOTO pPacTBOpHTENs. Tomkue Xumuveckue mexnoro2uu.
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INTRODUCTION

Pentaerythritol esters constitute an important class
of multifunctional organic compounds obtained by
the esterification of pentaerythritol with monobasic
carboxylic acids. By varying the degree of substitution
of hydroxyl groups in the pentaerythritol molecule (from
mono- to tetraesters), substances with a wide range of
properties can be obtained. These are used in various
industries, from fifth-generation synthetic lubricants and
plasticizers to components of paint and varnish coatings,
cosmetics, and functional additives in the food and
pharmaceutical industries [1-3].

Pentaerythritol tetraesters are of particular interest
in a number of technical fields. This group of esters is
characterized by high thermal stability, low volatility,
and satisfactory rheological properties, particularly in
the context of lubricants and high-temperature technical
fluids [4-7]. Mono-, di-, and triesters are also of
significant value, serving as intermediates in multistep
syntheses as well as standalone substances used in the
production of solvents, emulsifiers, biodegradable
surfactants, including as structural units in the synthesis
of polyesters and polymeric materials with specified
properties [8—10].

The synthesis of pentaerythritol esters proceeds in
a stepwise manner (see diagram). The theoretical basis
for the formation of intermediate products has not
been sufficiently studied. Most available studies focus
on obtaining the final product—tetraester—without
providing a systematic analysis of the preceding stages
and their mutual influence [11-13]. This significantly
limits possibilities for targeted control of the process
selectivity and the development of energy-efficient
synthesis conditions.

The aim of this study is to research the scientific
fundamentals and model the sequential esterification of
pentaerythritol with aliphatic carboxylic acids having
a carbon chain length of C,~C,, in the presence of
methanesulfonic acid as a catalyst and sulfolane as
a polar high-temperature solvent, the effectiveness of
which we have previously demonstrated [14].

MATERIALS AND METHODS
Reagents

The following reagents were used in the experiment:
n-pentanoic acid (1, 99%, Sigma-Aldrich, USA);
n-hexanoic acid (2, 98%, Pallav Chemicals, India);
n-heptanoic acid (3, 98%, Acros Organics, USA);
n-octanoic acid (4, 99%, Sigma-Aldrich, USA);
n-nonanoic acid (5, 99%, Sigma-Aldrich, USA);
n-decanoic acid (6, 99%, Sigma-Aldrich, USA);
isobutanoic acid (7, 99%, Sigma-Aldrich, USA);

isopentanoic acid (8, 99%, Sigma-Aldrich, USA);
2,2-dimethylpropanoic acid (9, 99%, Sigma-Aldrich,
USA); 2-methylpentanoic acid (10, 98%, Merck,
Germany);  4-methylpentanoic  acid (11, 99%,
Sigma-Aldrich, USA); 2,2-dimethylbutanoic acid
(12, 98%, Acros Organics, USA); 2-ethylbutanoic acid
(13, 99%, Acros Organics, USA); 2-ethylhexanoic
acid (14, 95%, SIBUR, Russia); pentaerythritol (95%,
METAFRAX CHEMICALS, Russia); methanesulfonic
acid (70%, aqueous solution, Acros Organics, USA);
sulfolane (99%, Merck, Germany).

The selected compounds were used without prior
preparation, with the exception of pentaerythritol
(purified by repeated recrystallization to 99 wt %
purity) and 2-ethylhexanoic acid (purified by fractional
distillation to 99 wt % purity).

Experimental conditions

The esterification was carried out in a perfect-mixing
apparatus, which consisted of a jacketed glass reactor
(RULLAB, Russia) equipped with a sample collector and
a Dean-Stark condenser. The temperature of the reaction
zone (383.2,393.2, and 403.2 K) was maintained using an
oil bath (Huber, Germany) by circulating the heat transfer
fluid polymethylsiloxane PMS-200 (Acros Organics,
USA). The molar ratio of pentaerythritol to carboxylic
acid was 1 : 8 in all cases. A combination of sulfolane
(30 wt % of the reagent load) and methanesulfonic acid
(1 wt % of the reaction mixture) was used as the catalytic
composition.

Analysis of reaction systems

The reaction system was analyzed using gas-liquid
chromatography on a Kristall 2000M instrument
(Khromatek, Russia), which was equipped with a capillary
column (60 m x 0.32 mm x 0.5 pm) with a grafted
stationary phase BP-1 (100% dimethylpolysiloxane,
Khromatek, Russia) and a flame ionization detector.
Conditions: isothermal mode; column temperature
523.2 K (isobutanoates, n-pentanoates and their isomers,
n-hexanoates and their isomers), 543.2 K (n-heptanoates),
593.2 K (n-octanoates, 2-ethylhexanoates, nonanoates),
593.2 K (decanoates); evaporator temperature 623.2 K;
detector temperature 623.2 K; gas split ratio 1 : 50;
carrier gas—helium; sample volume—O0.15 pL. The
concentration of pentaerythritol esters was determined
using the internal standard method (calibrated against
previously obtained pentaerythritol tetraesters and
purified pentaerythritol over a wide concentration range).

The amount of reacted carboxylic acid was determined
by acid-base titration. The balance amount of reaction
water was calculated based on the concentrations of the
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formed pentaerythritol esters in accordance with the
stoichiometry of the reaction.

Determination of kinetic characteristics

The esterification of pentaerythritol with carboxylic acids
comprises a reversible series of reactions consisting of
eight forward and reverse reactions, which is described
by the following reaction scheme.

Previous studies of a model reaction, as well as data
from the literature [15, 16], indicate that the reactions in
such systems have a total reaction order of two.

The following system of differential kinetic Egs. (1)~(7)
was used to describe the reaction rate in stages [17]:

0Cpp

. =~k CppCrp +khsCCyy s (1)
oC,

CA

P ==k CppCrp =~k CpCp —k3C1Cp —
— k4CTCCA +ksCy Cyy +kcCpCyy + )
+ kyCrCyy + kg CrpCyy
oC,
—M - ki CppCea —hCyCea —

ot 3)
— ksCyCy +kgCpCys
oC,
—2- kZCMCCA - k3CDCCA -

ot 4)
— k¢CpCy +k,C1Cy,
oC.
—L= k3CprCop —kqCrCep —

ot Q)
= k,CrCy + kgCrpCy s

o =k CrCop —kgCrpCys (6)
0Cyy
o ki CpgCep +hyCyCrp +h3CpCrp +
+ kyCrCop —ksCyCyy — kgCpCyy — (7)

= k;CrCyy — kgCrpCy »

where C; is concentration, mol/L; t is time, min; k; is rate
constant of the ith second-order reaction, L/(mol-min);
abbreviations: PE is pentaerythritol, CA is carboxylic

acid, M is pentaerythritol monoester, D is pentaerythritol
diester, T is pentaerythritol triester, TE is pentaerythritol
tetraester, W is water.

The systems under study consist of a series of
reversible reactions; in order to describe them, the
calculation was divided into two stages. The first stage
of the calculation was performed over a very narrow
initial time interval during which the concentration of
the reaction water was negligible. This stage was treated
as a set of irreversible reactions; the rate constants of the
forward reactions were estimated using the initial rate
method (the rate constants were calculated using Euler’s
method [18]), according to the system of Egs. (8)—(12):

2

Sl - Z(CMcalc a CMexp ) ’ (8)
2

S2 - Z(C'Dcalc a CDexp ) ’ (9)

2
_ _ 10
S3 Z(C calc CTexp ) ’ ( )
2
Sy = Z(CTEcalc - CTEeXp) > (1D
4
Z S; —>min, (12)

1
where S, is the sum of the squares of the deviations
between the calculated (calc) and experimental (exp)
concentrations of the resulting esters.

The rate constants for the reverse reactions were
calculated based on the equilibrium concentrations of the
reactants and the obtained values of the forward reaction
rate constants using Eq. (13):

Fror _

_GS,
kew  CoC

Iev

(13)

where k; and k_, are the rate constants for the forward
and reverse reactions, respectively, in L/(mol-min);
C; and C ; are the concentrations of the forward reaction
products; C o and C; are concentrations of the reverse
reaction.

The adequacy of the kinetic model was assessed using
Pearson’s criterion [19], which yielded a value of at least
96% for the entire series of experiments conducted.

O\\C/R I«{ 91
O‘\C’R o : 0=C.  C,
HO ki (+RCOOH) ; k» (+RCOOH) o ks (+RCOOH) 0 ky (+RCOOH) 00
HO — > OOH —_ > OH —_ > o |/ OH
«— «— «—
OH ™ o) s (+1,0) HOO ki (¢H0)  No-g J ks (+11,0)
o "o Nom R-C R O 0.0 00
\\o R/C\\ v 7
0 R R

Scheme. Transformations occurring during the interaction of pentaerythritol with carboxylic acids
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RESULTS AND DISCUSSION

Equilibrium composition of reaction
systems

Within the temperature range studied (383.2—403.2 K),
chemical equilibrium was observed. The figure

illustrates an example of the esterification of
7 —
6
5 -
=
s 4T
=)
S K—HK—K—K—K—R
2 -
1
OM 1 1 1 1 ]
100 200 300 400 500
Time, min
(a)

isopentanoic acid. The state of chemical equilibrium
was confirmed by a fivefold increase in contact time
from the moment equilibrium was established, which
remained constant.

The composition of the equilibrium mixture (mono-,
di-, tri-, and tetrapenterythritol esters) is shown in
Table 1.

0.6

o
n

<
~

Ay Ay Ay
d
E
203
)
0.2
M — D
0.1 = =
o . ,
400 500

(b)

Fig. Concentration dependencies of the esterification of isopentanoic acid with pentaerythritol at a temperature of 383.2 K:
(a) x — isopentanoic acid, * — reaction water; (b) © — pentaerythritol monoester, o — pentaerythritol diester,

& — pentaerythritol triester, A — pentaerythritol tetraester

Table 1. Equilibrium composition during esterification of carboxylic acids with pentaerythritol at 383.2 K

Content of pentaerythritol esters in the equilibrium mixture, mol %
Pentaerythritol ester

Monoester Diester Triester Tetraester

Linear C.—C 0.2+0.1 3.8+2.1 46.1+3.7 499+24
Pentaerythritol esters of isomeric acids C,~Cq

2-Methylpropanoate 0.6+0.3 13.1+1.9 479+23 385+53
3-Methylbutanoate 06+04 122 +2.7 456 £3.8 41.2£3.1
2,2-Dimethylpropanoate 0.4+ 0.0 9.9+ 2.4 44.5+2.2 452+ 4.1
2-Ethylbutanoate 0.5+0.1 13.3+3.7 445+3.1 41.2+£2.0
2,2-Dimethylbutanoate 03+02 102+1.8 448+2.9 447+ 3.0
4-Methylpentanoate 09+0.2 129+2.0 39.5+4.1 46.6 2,7
2-Methylpentanoate 0.6+0.1 12.1+1.1 448 +4.1 42.6+2.4
2-Ethylhexanoate 09+03 12.7+2.9 44.6+2.9 41.9+32
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Analysis of the reported values shows that, under the
synthesis conditions considered, the diester content is
lower in compounds with a linear structure compared to
those with an isostructural configuration. Otherwise, the
compositions of the reaction mixtures are approximately
the same, indicating similar equilibrium constants (which
are practically independent of the structure of the carboxylic
acid). It should be noted that pentaerythritol was absent in
all reaction systems, indicating its 100% conversion.

Kinetic characteristics of esterification
with pentaerythritol

From the experimental data in the temperature range
383.2-403.2 K, the rate constants for all studied systems
were calculated using Eqgs. (1)—(7), and the parameters
of the Arrhenius equation (activation energy and pre-
exponential factor) were estimated; these are presented
in Table 2.

Table 2. Kinetic parameters of esterification of carboxylic acids with pentaerythritol

Direct reactions
N E, lg(ky), E, lg(ky), Ey; lg(ky); E, lg(ky),
1-6 27.7 2.9 30.1 2.9 34.0 3.1 49.3 43
7 332 33 38.2 3.7 43.0 4.0 55.3 5.0
8 28.7 2.7 32.1 3.1 37.7 33 533 4.8
9 36.0 32 52.1 5.2 59.7 5.5 74.8 6.7
10 33.4 34 40.2 3.9 45.7 4.2 61.4 54
1 30.5 2.8 34.7 3.2 40.4 3.5 52.1 4.6
12 36.3 33 51.0 53 58.6 53 76.7 6.6
13 33.4 3.5 40.2 4.1 49.4 4.4 64.4 5.7
14 38.4 3.7 44.2 4.3 49.4 4.6 64.4 5.8
Reverse chemical reactions
N Egs le(ko)s Eqs lg(ko)s Eq lg(ky); Eqg lg(ko)g
1-6 31.0 1.7 37.6 2.5 51.0 4.5
7 36.1 2.1 43.1 3.5 53.5 4.9
8 31.3 1.7 37.6 2.8 53.5 4.9
9 49.4 3.5 60.4 4.9 70.2 5.9
10 - 36.3 2.1 43.0 33 57.3 4.9
11 31.3 1.6 38.6 2.8 52.4 4.6
12 49.7 34 62.2 4.8 72.3 6.0
13 36.3 2.2 43.4 3.1 57.3 4.8
14 36.3 2.1 42.1 3.1 57.3 4.9

Note: N is the number assigned to the carboxylic acid, given in the Materials and Methods section; the indices assigned to the parameters of

the Arrhenius equation correspond to the numbers of the reaction stages (see the transformation diagram); E; is the activation energy of the
ith reaction, kJ/mol; Ig(k,), is the decimal logarithm of the pre-exponential factor of the Arrhenius equation, which has the dimension under
the logarithm sign L/(mol-min); the confidence interval of the values of the parameters of the Arrhenius equation is at the level of +5%.
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Analysis of the data in Table 2 confirms that the
reaction rate depends significantly on the structure of
the carboxylic acid. This is reflected in the values of the
pre-exponential factor of the Arrhenius equation and the
activation energy. The lowest value was obtained for
linear carboxylic acids and increases with increasing
degree of branching.

The esterification of pentaerythritol with linear
carboxylic acids to mono-, di-, and triesters proceeds
in virtually the same manner, as evidenced by similar
values for the activation energy (27.7-34.0 kJ/mol)
and the pre-exponential factor (2.9-3.1 L/(mol-min)) in
the order of magnitude of the decimal logarithm. Upon
further esterification to a tetraester, an increase in the
values of both parameters is observed (49.3 kJ/mol and
4.3 L/(mol-min), respectively). This is due to the presence
of a significant steric hindrance that impedes the reaction
proceeding via the terminal hydroxyl group. In the
presence of branching in the carboxylic acid molecule,
this effect manifests itself already in the early stages of
esterification, becoming stronger with an increase in the
number of substituents and their size (especially when
they are present at the a-carbon atom). This may explain
the difference in the amount of diesters between linear
and branched carboxylic acids used in the experiment.

Taken together, the data obtained can be regarded as
the necessary foundation for developing technological
processes aimed at controlling the chemical reaction
through thermodynamic (equilibrium) and Kkinetic
control. Thermodynamic control is feasible when
producing technical mixtures consisting primarily of
a mixture of tri- and tetraesters with only trace amounts
of diesters. Moreover, this approach is identical for
all reaction substrates: the independent composition
of the structure of the carboxylic acid is confirmed by
experimental data. However, the selective production of
a particular ester is possible only through kinetic control
by varying various process conditions: the reagent ratio,
reaction temperature, and contact time.

In practice, synthetic oils based on pentaerythritol
esters are produced by esterifying pentaerythritol with
a fraction of synthetic C—C, , fatty acids. Unfortunately,
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