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Abstract

Objectives. Due to their structures, pentaerythritol esters have a number of appealing properties
such as high viscosity index when used as oils and excellent compatibility with polyvinyl chloride
when used as plasticizers. For the production of pentaerythritol and carboxylic acids, natural gas
can be used as a feedstock, which implies a strategic development of the petrochemical industry,
a decrease in the amount of gas used for combustion, and its applications for the production of
chemical products.

Methods. The synthesis process was conducted in a self-catalysis mode with excess acids in
a molar ratio of 8:1 and in the presence of a solvent (toluene) of ~30% per reaction mass. This
ensures a uniform distillation of the reaction water at a constant temperature of 100-110°C, a
decrease in the side reaction products, and an increase in process selectivity. The products from
the reaction mass were isolated by vacuum distillation, and identification of all the synthesized
tetraesters was performed by chromatography—-mass spectrometry analysis.

Results. This work proposes options for optimizing the conditions of the thermal esterification
of pentaerythritol with isomeric monocarboxylic acids (isobutyric, isovaleric, pivalic, and
2-ethylhexanoic acids) that have different reactivities due to their structures. Methods for isolating
tetraesters of pentaerythritol and corresponding acids have been developed. The characteristics
of the main series of ions of tetraesters of pentaerythritol and aliphatic isomeric acids C,~C, in
the mass spectra were obtained.

© V.V. Emelyanov, E.L. Krasnykh, D.A. Fetisov, S.V. Levanova, V.A. Shakun, 2022

7


mailto:ekras73@mail.ru
https://doi.org/10.32362/2410-6593-2022-17-1-7-17

Features of the synthesis of pentaerythritol esters and carboxylic acids of aliphatic isomeric structure

Conclusions. The yields of tetraesters were at 95%—96% of the theoretical value, and product
purity was >99.6%. The resulting target products (tetraesters) were characterized by relative color
stability, where the maximum degree of color after cleaning was less than 20 units according to
Hazen (180 units for tetra-2-ethylhexnoate), which corresponds to the standards in GOST 29131-91
(ISO 2211-73). The esterification rates were compared, and it was shown that the quantitative
yields of isomeric tetraesters at 100-110°C were achieved in 12-15 h for isobutyric and isovaleric
acids, 25-27 h for 2-ethyl-hexanoic acid, and ~40 h for pivalic acid.

Keywords: pentaerythritol, carboxylic acids, esters, esterification, gas chromatography-mass
Spectrometry
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HAYYHAS CTATbA
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AHHOMAyus

Ienu. CnoxkHble agpupbl neHmaspumpuma 3a cuem cgoell cmpykmypel obaadarom psioom npu-
ea/leKamesibHblX ce0licma: 8blCOKUM UHOEKCOM 8513KOCMU NPU UX UCNOJIb308AHUU 8 Kauecmee ma-
cen U OMAUUHOU COBMECMUMOCMBIO C NOAUBUHUNXA0PpUOHbIMU (TIBX) nosiumepamu npu ux uc-
nosb3oeaHUU 8 Kauecmae naacmuguramopos. Ilpu 9mom ucxooHbIM Colpbem 0Nt npouzeoocmea
KaK neHmaspumpuma, mak U KapOdoHO8bLX KUC/IOM MOXKem CAY>KUMmb NPUPOOHbBLU 2a3, Umo aK-
MYAanbHO ¢ MOUKU 3PEHUSL CHUXKEHUSL 00beMos 2a3a, Hanpasasiemoz0 Ha CokUu2aHue, U e20 UCnolb-
308aHUe 8 npousgoocmee xumuueckoll npooykyuu. Lleno pabomut — pazpabomra HO8bLX Memooos
cuHmesa mempasgupos neHmaspumpuma u arugamuueckux usomepHolx kucaom C,~C,.
Memooeut. [Ipouecc npogooUNU 8 perXkume CaMOKAMAaAu3a npu usbbimie Kuciomot 8 MOJbHOM
coomHowerHuu 8:1, a marrke 8 npucymemaeuu pacmegopumenst (moayona) ~30% Ha peaKyuoHHYO
Mmacey, obecneuusarou,ezo pasHOMePHbLLIL 0M20H PeaKyUOHHOU 800bL NPU NOCMOSIHHOU memnepa-
mype 100-110 °C, ymeHbweHUe NPpoOYKmMo8 NoboUHbLX peaKyull U nogblileHuUe celeKmusHocmu
npouecca. IIpooyxkmel U3 peaKyuoHHOU MACCbL 8blOENSINU MEeMOOOM 8AKYYMHOU peKkmugpura-
yuu. Hoenmugurayus ecex CUHmMe3Upo8aHHbIX mempaspupos npoeeoulacs C UCNONb308aAHUEM
XPOMAMOMACC-CNEKMPOMEMPUUECKO20 AHANUA.

Pesynemamet. B pabome npeonoreHbl 8GPUAHMbBL ONMUMUSAYUUU YCA0BUTL MepMUUEeCcKoll sme-
pugurkayuu neHmaspumpuma U30MepHbiMU MOHOKAPOOHOBBIMU KUCAOMAMU (USOMACASHOU,
usosanepuHoeoll, NUBALe8oll, 2-amuieeKcaHogoli), obaadaruumu 3a cuem cgoeil cmpyKkmypbol
PasnuUUHOU peaKyuoHHOU cnocobHocmetro. PaspabomaHsbl memoduku gvloesieHust mempasgpupos
neHnmaspumpuma u coomeemcmayrouux Kucrom. IlonyueHsl xapaKkmepucmuKu OCHOB8HbLX ce-
pull uoHo8 mempaspupos neHmaspumpuma u aaugamuueckux usomeprolx kucrom C~C, e
Mmacec-cnekmpax.
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Bble0o0bl. B npediosKeHHbLX YCA08USX NPogedeHUsl NPouecca 8blxo0 mempasgpupos cocmasu
95-96% om meopemuueckozo ¢ uucmomoti He meHee 99.6%. IlonyueHHble yenesble NPooYyKmol
(mempasagpupsl) xapaKmepusyromest OMmHOCUMENbHOU U8emocmabu/ibHOCMbIO: MAKCUMANLHAS
cmeneHb OKpauleHHOCmU nocsae ouucmwku cocmaensiem He bonee 20 ed. no XaszeHny (Onsi me-
mpa-2-smunezexcaroama — 180), umo coomeemcmeyem I'OCT 29131-91 (MCO 2211-73). Konu-
yecmeeHHble 8blx00bl U3oMePHbLX mempaagupos npu 100-110 °C docmuearomesi: 3a 12-15 u
0151 UBOMAC/SIHOU U U308ANEPUAHO80T Kucaombl, 25-27 u onst 2-amusi-eekcaHogoll u ~40 u ons

nuseaseeotl Kucaiomod.

Knroueevle cnoea: nenmaspumpum, KapOoHO8ble KUCA0MbL, CI0XHbLE IPUpbL, sImepudurayusi,

xpomamo-macc cnexkmpomempusi

Jlna yumuposanua: Evenssnos B.B., Kpacubix E.JI., ®erucos I.A., Jlesanosa C.B., lllakyn B.A. OcobeHHocTu cuHTe3a
CJIOKHBIX (DUPOB MEHTAIPUTPHUTA U ATUPATUICCKUX KAPOOHOBBIX KUCIOT H30MEPHOTO CTPOCHHUS. TOHKUE XUMUUECKIUE MEXHONOSUU.
2022;17(1):7-17. https://doi.org/10.32362/2410-6593-2022-17-1-7-17

INTRODUCTION

Pentaerythritol (PE) esters and carboxylic acids
of aliphatic structure have a high flash point (>200°C)
and attractive values of viscosity index (=135) and
flow temperature [1, 2]. An important feature of these
compounds is their performance at low temperatures,
including in Arctic conditions [3, 4]. The properties
of tetraesters depend on the chemical nature of the
acid residue and the possibility of combining various
acid residues. It is known that solid PE esters of linear
fatty acids C,~C,, are recommended as components
of technical lubricants, cosmetics, and pharmaceutical
preparations [2]. PE tetraesters and aliphatic linear
acids with an average chain length of the alkyl group
(C,~C,) correspond to the scarce lubricating oils of
the 5th group and have plasticizing properties [3, 5, 6].

Of particular interest are products obtained
using isomeric acids for the esterification of PE.
Isostructured tetraesters with a molecular weight
from 300 to 900 g/mol have high thermal stability,
and their plasticizing effect exceeds the effect of the
most common industrial phthalate plasticizers by
1.5-2.0 times [2]. Unfortunately, information on the
esterification of PE with isomeric carboxylic acids,
which could be used to develop effective methods

for obtaining esters with desired properties, is rather
scarce.

Analysis of the raw material market showed
that the existing natural gas-based oxosynthesis
technologies in Russia are at the level of foreign
analogs and are able to provide the production of esters
with polyatomic alcohols and carboxylic acids as raw
materials. The global production of PE in 2018-2021
amounted to ~500000 t/year, and 5% of which is
produced in Russia. Unfortunately, the current main
consumers of PE in Russia are the manufacturers
of inexpensive paint and varnish products, whereas
~60% of Russia’s PE is exported to Europe and Asia.'

It is important to note here that the process of
oxosynthesis for the production of oxygen-containing
compounds from natural gas is mainly focused on
maximum regioselectivity for products with linear structure,
which account for 70%—-75% and the rest is isostructured
aldehydes that can be used to produce isomeric carboxylic
acids [7]. Thus, there is a need to develop new more
technologically advanced options for the synthesis of PE
tetraesters and aliphatic isomeric acids C,—C,.

' Godovoi otchet kompanii “Metafraks” (Annual
report of the Metafrax company). 2018. 124 p. (in Russ.).
URL: https://metafrax.ru/files/disclosure_documents/10
RU 1597244243 .pdf. Accessed December 10, 2022.
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EXPERIMENTAL

Commercial samples of PE and isomeric aliphatic
acids with a purity of at least 97 wt % (Sigma-Aldrich,
USA and Vekton, Russia) were used as initial reagents
(Table 1).

The design of the reaction units of the process
depends on the type of the catalyst used. Three variants
of the industrial esterification process are known:
self-catalysis, homogeneous catalysis in the presence
of mineral acids, and heterogeneous catalysis using
ion-exchange resins [8]. The possibility of using any
of the listed catalysis options is ambiguous, especially
in the presence of fragments in the molecules of the
initial compounds responsible for the appearance of
steric and/or induction effects that affect the speed of
the process [9].

Inthe conditions of self-catalysis, we are dealing with
a slow reversible reaction proceeding by a carbonium-ion

Table 1. Characteristics of the acids used

mechanism. The use of mineral acids can increase the
reaction rate tenfold [9]. However, there are risks of
adverse reactions such as dehydration and tarring, which
lead to the formation of colored samples (Hazen color
reaches 500 units at the maximum permissible according
to GOST 29131-91% from 20 to 80—100 units for esters)
[10, 11]. In this regard, it is necessary to conduct a set of
measures for the purification of target products, which is
characterized by the complexity of the technology and
the use of expensive reagents [10, 11]. Heterogeneous
catalysis using cation exchange resins has undeniable
technological advantages of less corrosion, ease of
separation from the reaction mass, and organization of
continuous processes over homogeneous acid catalysis
especially for low-molecular reagents [12, 13]. However,
the disadvantage of this approach is the more stringent
process conditions, where higher reaction temperature
and amount of catalyst are required. This leads to tarring
of the reaction mass and a decrease in the color stability

No. Acid name Formula T bp? °C Dissociation constants pK
OH
1 Isobutyric acid / 2-methylpropanoic 155.0 4.86
o
O
2 Isovaleric / 3-methylpropanoic M 176.5 4.78
OH
)
3 Pivalic / 2,2-dimethylpropanoic >‘)‘\OH 163.8 5.05
O
4 2-Ethylhexanoic /\/\i‘\OH 227.0 -

2GOST 29131-91 (ISO 2211-73) Liquid chemical products. Measurement of color in Hazen units (platinum-cobalt scale).

Moscow: IPK Izd. standartov; 2004 (in Russ.).
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of the target products, which sharply limit the possible
areas of their applications.

Analysis of the available information and
results of preliminary studies (conversion, reaction
time, quality of the samples obtained, and stability
of the reaction mass) resulted to the use of the self-
catalysis mode for the esterification process. Table 1
shows that the acid strength values of isomeric acids
are similar. Their pK values are comparable and are
between the first and second stage of the dissociation
of orthophosphoric acid (pK, = 2.12, pK, = 7.2),
which is widely used in industrial homogeneous
catalysis.

In the synthesis of isomeric PE tetraesters, the
method of thermal esterification under self-catalytic
conditions for linear carboxylic acids C4-C7 [5]
served as the basis. To overcome thermodynamic
limitations, the process was carried out in the presence
of excess acids at a molar ration of 8:1 to achieve
pseudo-zero order reaction and in the presence of a
solvent (toluene) of ~30% of the reaction mass for
uniform distillation of reaction water at a boiling point
of azeotrope 100—110°C. The reaction proceeds without
abrupt temperature increase and with high selectivity.
The maximum degree of color of the reaction mass is
300-350 units according to Hazen [12].

The target products—tetraisobutyrate and
tetrapivalate—are solid crystalline substances.
After distillation of azeotrope (toluene + water) and
excess acids (vacuum distillation), solid esters were
isolated by recrystallization using methanol (for
tetraisobutyrate) and acetonitrile (for tetrapivalate).
The masterbatch solutions were partially distilled
after filtration (fractional recrystallization method),
which made it possible to reduce the loss of target
products by up to 5%. The reaction mass was
analyzed by standard chemical and physicochemical
methods [5].

Purification ofliquid tetraisovalerate was conducted
by vacuum distillation (fraction selection at 290-298°C
(26 mmHg)). Due to the high boiling point of tetra-2-
ethylhexanoate, the methanol extraction method was
used after distillation of unreacted carboxylic acids in
vacuum. After the addition of methanol, the resulting
mixture was stirred at elevated temperatures, while
no side reaction of transesterification was observed.
Then, the mixture was keptatnegative temperatures for
12 h. After delamination, the product was separated
by decantation followed by evaporation of the
solvent residues. The last stage of purification of
the target product, if necessary, was clarification
on bentonite clay, according to the method we used
by in our previous work [5]. The return of solvent
and excess acids to the cycle helps to minimize
losses during synthesis. The purity of the obtained
tetraesters was >99%.

Identification of the obtained mixtures and
purity of the products were determined by gas
chromatography—mass  spectrometry  (GC-MS)
using an Agilent 6850 gas chromatograph (Agilent
Technologies, USA) that was equipped with an Agilent
HP-5MS capillary column (30 m x 250 pm X 0.25 pm),
an Agilent 5975C VL MSD mass selective detector,
an ionizing voltage of 70 eV, and a NIST 2017 v. 2.3
spectra database.

The melting point was measured in accordance
with GOST 33454-2015°. The crushed solid samples
were driven into a capillary sealed on one side, which
has an internal diameter of ~1 mm and a wall thickness
of about 0.2—0.3 mm. The level of filling with the
test substance was at the 3 mm. Temperature was
fixed and monitored using a mercury thermometer
(error £ 0.1°C). Temperature measurement was
carried out in a container with a circulating
coolant (polymethylsiloxane PMS-200), in which
the tip of the thermometer containing a mercury
ball was immersed. The heating rate was about
3°C/min until a temperature less than 10°C of the
estimated melting point of the compound under study
was reached. Afterwards, the heating rate was reduced
to 1°C/min, while the capillary was immersed in the
container so that it came in contact with the middle of
the mercury bulb of the thermometer.

Liquid samples were loaded into a test tube and
placed in a container with a refrigerant (methanol),
and the mixture was subjected to constant stirring.
An immersion Huber cryostat equipped with a
cooling rate regulator was used to maintain the the
tank temperature. The substance was constantly
mixed. After crystallization, the compounds were
slowly heated at a rate of 1°C/min.

The normal boiling point was determined
by the Sivolobov method. The measured sample
was loaded into a glass tube with a diameter of
0.5 cm and a capacity of 0.3-0.5 mL. A capillary
sealed at one end with an internal diameter of
1 mm was immersed in the liquid. The installation
was immersed in a container with a stirred
coolant (PMS-200). Heating speed was 1°C/min,
and temperature was measured using a mercury
thermometer. Boiling point was measured upon the
intense release of vapor bubbles from the capillary.
Then, the installation was cooled, the test liquid
was drawn into the capillary, and the temperature
was recorded during this phenomenon. The adjusted
boiling point was calculated as the average between
the two values.

3 GOST 33454-2015. Interstate Standard. Testing of
chemicals of environmental hazard. Determination of the
melting point/melting range. Moscow: Standartinform; 2019
(in Russ.).
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RESULTS AND DISCUSSION

Table 2 indicates the characteristics of all the
synthesized PE tetraesters. Of all the compounds in
the NIST 2017 database, only the mass spectrum for
pentaerythritol tetrapivalate is available. Figure 1
shows the mass spectrum of the electron impact of
the PE tetrapivalate obtained in this study. The mass
spectrum available in the database is shown in Fig. 2.

As can be seen from the mass spectra in Figs. 1
and 2, the mass characteristic ions and radical ions are
identical with a difference only in intensity, which is
explained by the difference in the energy of ionizing
electrons and the temperature regime of ionization.

The characteristics of the mass spectra of
the tetraesters of PE and C,-C, carboxylic acids
synthesized in this study are given in Table 3. From the
data presented, it can be seen that the mass spectra of
the branched C ~C, PE tetraesters and the previously
studied mass spectra of linear C,~C, carboxylic acid
tetraesters [5] have the following characteristics:

» Absence of a molecular ion associated with

rapid cleavage of fragments (C,H,, O and

C,H,, ,0") and water molecules. N

* Anincreaseinion intensity [M*' -C,H,, ,0;

and [M*' —CnHz,lilO;;—CnHZ”sz]+ with an

increase in the number of carbon atoms in the

carboxylic acid from C, to C,.

* A relative intensity of 100% for C,H,, O°

ion for all the considered compounds with

the exception of tetrapivalate and tetra-2-
ethylhexanoate in the mass spectra, where the
intensity is weakened due to branching in the
structure of the remainder of the carboxylic acid,

Table 2. Properties of the resulting products

in which there is a rupture of the C—C bonds

with intense emission alkyl carbocations ( C,Hy

for tetrapivalate, C,H; and C,H[ for tetra-2-
ethylhexanoate).

+ Anincrease in the intensity of C, \H,, | in the

spectrum due to the presence of branching in the

carboxylic acid residue. .

. Presence of the[M“—CH; ion and the

maximum intensity of theC,H; ion in the

tetrapivalate mass spectrum, which is explained
by the energetically advantageous decay paths of

a tertiary butyl substituent.

The data obtained in this work were used to
estimate the rate of formation of esters in the presence
of excess isomeric acids in the kinetic regime, which
was provided by effective mixing of the reaction
mass at a speed of ~1000 rpm and azeotropic removal
of reaction water at a temperature of 100—-110°C.

Figure 3 shows the experimental results
illustrating the successive transformations of PE into
mono-, di-, tri-, and tetraesters.

It is known that in the case of comparable acidity
values, as in our case, the rate of esterification
depends on the volume of alkyl residues associated
with the carboxyl group and on the branching at the
a-carbon atom of carboxylic acids [14, 15]. Figure 4
shows a comparison of the dependence of the change
in the conversion of PE (the total share of unreacted
OH groups) as a function time for isomeric acids.

Quantitative yields of isomeric tetraesters (96%) at
100-110°C are achieved in 12—15 h for isobutyric and
isovaleric acids, 25-27 h for 2-ethyl-hexanoic acid, and
~40 h for pivalic acid. The esterification rates of normal
valeric and isovaleric acids are comparable.

PE tetraester pr, °C T, °C APHA color Purity
Tetraisobutyrate 3172 56 20£2 99.6
Tetraisovalerate 367 =7 18+1 99.5
Tetrapivalate 265 129 1942 99.8
Tetra-2-ethylhexanoate 493%* -9 180+ 10 99.6

Note: T, 1is the boiling point, T is the crystallization temperature, * the temperature predicted is based on the logarithmic

bp . . .
Kovacs retention indices obtained in [15].
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Fig. 1. GC-MS spectrum of the obtained pentaerythritol tetrapivalate.
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Fig. 2. GC-MS spectrum of pentaerythritol tetrapivalate according to the database.

Table 3. Characterization of the main series of ions in the mass spectra of tetraesters of PE and C,—C, carboxylic acids

Compound Main series of ions in the mass spectra, 70 eV, m/z, (structure, % rel.)

416 (M™, 0); 398 ((M™-H,0 ", 1); 329 ((M**~C,H,0; 1", 30);
313 ([M"*-C,H,03 ;~CH,]", 3); 300 ([ M**~C,H,0} ; —CHO" ] **, 1);
Tetraisobutyrate 259 ([M**—C,H,0; ;-C,H,OT", 5); 257 ((M**—C,H,05 ;~C,H,0]", 20);
228 ([M**-C,H,05 ;-C,H,0; ~CHO" ] **, 10); 142 ([ M**-C,H,0; ;~C,H,0; ~CHO*; ~C,H,0,] **, 44);

71 (C,H,0", 100); 43 (C,H; , 41)

472(M™, 0); 454 ((M*-H,0 1, 1); 371 ([ M*-C,H,0; 1", 73);
355 ([M™-C,H,0;;—CH,]", 47); 341 ([ M™ —C,H, 03 ;—~CH,OJ’, 1);
Tetraisovalerate 287 ([M™-C,H,0;;-C,H,O]", 63); 285 ((M"*-C,;H,0; ;-C,H, OT’, 18);

57710

256 (M**—~C,H,0;;~C_H, 0;~CHO" ] **, 16); 156 ([ M**~C,H,0%;~C,H,0; ~CHO";—C_H,0,] **, 27);

57710 57710

85 (C,H,0", 100); 57 (C,H; , 41)

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(1):7-17
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Table 3. Continued

Compound Main series of ions in the mass spectra, 70 eV, m/z, (structure, % rel.)

472 (M**, 0); 457 ((M™—-CH; T, 13); 371 ((M*™*—C,H,0; 1", 92);
355 ([M**~C,H,03;~CH,J", 37); 341 ([ M**~C,H,0} ;~CH,0T", 0);
Tetrapivalate 287 ((M**~C,H,0; ;—C_H,0[", 18); 285 ((M**~C,H,0; ;~C.H, O]", 14);

57710

256 (| M"*~C,H,03;~C,H, 0; ~CHO" ] **, 8); 156 ([ M**~C,H,0; :~C,H, 0; ~CHO*;~C,H,0,] **, 48);

557872

85 (C,H,0%, 51); 57 (C,H{ , 100)

640 (M"*, 0); 497 ([M**~C,H,,0} ", 100);

481 ([M*"-CH,,0;;—CH,]', 2); 468 (M"*—CH,;03 ;—~CH,0]", 16);
Tetra-2-ethylhexanoate . .
371 ([M**-C.H,,0;;—CH, 0", 74); 369 ({M™-C,H,;0;;—C.H, O]", 12);

16

340 ([ M**~CyH,,03;-C,H, 0; ~CHO" ] **, 8); 198 ([M*"~C,H ;03 ;~C,H, 0;~CHO"; —C;H,,0,] ", 22);

87716 8714

127 (C,H,,0, 34); 99 (C,H;, , 26); 57 (C,H; , 50)

152

0.9
0.8
=
3 =
o
U" E
)
500 1000 1500 2000 200 400 600 800 1000
Time, min Time, min
a b
0.9
0.8
0.7
0.6
S 0.5
E =
S 04
S g
U 03
0.2
0.1
0 = S e
500 1000 1500 2000 2500 3000
Time, min Time, min
c d

Fig. 3. Conversion of PE into monoesters (0), diesters (A), triesters (X), and tetraesters (X): (a) reaction of 2-ethylhexanoic
acid and PE, (b) isobutyric acid and PE, (c) isovaleric acid and PE, and (d) pivalic acid and PE. C is the concentration.
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Fig. 4. Dependence of the change in the share of unreacted OH groups as a function of time.
(a) Comparison of the data from this study (for reactions of PE with isovaleric acid (0), pivalic acid (x), isobutyric acid (A),
and 2-ethylhexanoic acid (X)); (b) comparison of the changes in the share of OH groups for the reactions
of PE with valeric acid (A), isovaleric acid (0), and pivalic acid (x).

CONCLUSIONS

Methods of synthesis and isolation of complex
tetraesters of pentaerythritol and isobutyric,
isovaleric, pivalic, and 2-ethylhexanoic acids were
developed. The purity of the obtained samples was at
least 99.6% with a product yield of 95-96% from the
theoretical value. For all the synthesized esters, the
characteristics of the main series of PE tetraester ions
in the mass spectra were obtained.

Kinetic regularities of the thermal esterification
of pentaerythritol by isomeric carboxylic acids were
investigated, and it was shown that the quantitative
yields of isomeric tetraesters at 100-110°C were
achieved in 12—15 h for isobutyric and isovaleric
acids, 25-27 h for 2-ethyl-hexanoic acid, and ~40 h
for pivalic acid.

The results obtained in this work can be used for
predicting the rate of the esterification reaction in the
case of using new reagents and as initial information
for creating a flexible (complex) technology on a single
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