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Abstract

We report the scheme of ethanolamine, pentyl acetate, and their interaction products in transesterification,
aminolysis, and O-N-acyl migration reactions catalyzed by H-cation exchange resin. The routes of N-(2-
hydroxyethyl)acetamide, 2-aminoethyl acetate, and 2-(acetylamino)ethyl acetate formation indicate that N-(2-
hydroxyethyl)acetamide is the final product. The determined rate constant values for the proposed quasi-
homogeneous reaction model indicate the significant role of aminolysis reaction by ethanolamine and pentyl
acetate interaction catalyzed by H-cation exchange resin. In particular, high values of the rate constant of
aminolysis reactions indicate a high rate of amide formation during the interaction of ethanolamine and pentyl
acetate, 2-aminoethyl acetate, or 2-(acetylamino)ethyl acetate. The proposed kinetic model adequately describes
the N-(2-hydroxyethyl)acetamide obtaining process from ethanolamine and pentyl acetate. The values of the
considered reactions' pre-exponential factors, rate constants, energy activation, entropy and enthalpy activation
were calculated. In particular, the reaction of N-(2-hydroxyethyl)acetamide formation by aminolysis of pentyl
acetate with ethanolamine has the lowest activation energy (15.8 kJ-mol-1), and the reaction of 2-
(acetylamino)ethyl acetate formation by N-(2-hydroxyethyl)acetamide with pentyl acetate transesterification has
the highest activation energy (89.1 k]J-mol-1). A linear relationship was revealed between the pre-exponential factor
logarithms of reaction rate constants and activation energies and between the enthalpy and entropy activation. We
assume the compensatory effect and the absence of an isokinetic relationship for the entire set of reactions. The
study results are the basis for modeling the N-(2-hydroxyethyl)acetamide obtaining process from ethanolamine
and pentyl acetate.

Keywords: ethanolamine; pentyl acetate; N-(2-hydroxyethyl)acetamide; 2-aminoethyl acetate; 2-(acetylamino)ethyl acetate;
kinetic; aminolysis; transesterification; cation exchange resin.

B3AEMOAIA MIZK ETAHOJIAMIHOM 1 AMIVIAETATOM: ACIIEKTH KIHETUKH

Ctemnan P. Mesnbnuk, Poman B. [lannitok, H0piit P. MenbHuk
HayioHaabHull yHisepcumem «/Ivgigcbka nonimexHika», 8y4. C. bandepu, 13, m. /Ibgis, 79013, Ykpaina

AHoTariqa

3anponoHOBaHO cXeMy IlepeTBOPEHb 3a yYacTI0 eTaHOJIaMiHy, H-aMiJIalleTaTy Ta NPOAYKTIB iX B3aEMOAII B peaKuiax
TpaHcecTepudikanii, amiHosi3y Ta 0O-N-anua mirpanii B npucyTHOCTi KaTajaizaTtopa - H-kartionity. BctaHoB/1eHMi
XapakTep HakonmumyeHHA N-(2-riapokcieTm)ameramify, 2-amiHoeTHJjapmeTatry Ta 2-(ameTH/iaMiHO)eTH/IAlleTaTy
NMOKa3aB, 0 KiHIeBUM NPOAYKTOM nepeTBopeHb € N-(2-rizpokcieTna)aneramis. 3HaueHHsS] KOHCTAaHT IBUAKOCTI,
BHU3HA4YeHi AJig KBa3iroMoreHHoi MoJeJii peakuii, BKa3yloTh Ha CyTTEBY POJIb peaKiiil amiHoIi3y mij yac B3aemMofii
eTaHoJIaMiHy i H-aMmisaneTaTy B mpucyTHocTi H-kaTioHiTy. 30kpeMa Ha mepe6ir 3 BUCOKOI IIBUAKICTIO peakiiii
YTBOpeHHs  aMiJiB  B3aeMoji€l0 eTtaHosaMiHy i  H-amislameraTty, 2-aMmiHoeTuWsjaperatry, a6o  2-
(aneTnnamiHo)eTU/IaleTAaTy BKA3yKOTh BUCOKi 3HAaUeHHS KOHCTAHT MIBUAKOCTEH LIUX peakKuii. Iloka3zaHo, M0
3alIpoONOHOBaHA KiHeTUYHa MoJesib aJeKBaTHO OMNHUCY€E mpouec ojep:kaHHsa N-(2-rigpokcierun)aneramiay 3
eTaHoJIaMiHy 1 H-aMislaneTaTy. Po3paxoBaHO 3Ha4eHHs NpPeeKCNOHEeHT KOHCTAHT LIBUJKOCTI, eHeprii, eHTpomii Ta
eHTa/IbNil akTHBaLii BKa3aHUX peakuiil. BcraHoBJIeHO, 30KpeMa, 10 HallHIKYaA eHepria akTuBauii (15.8 kk-Mos1b-1)
BJIACTMBA AJIs peakuii yrBopeHHsi N-(2-rizpokcieTwi)aneramiy aMmiHoJIi3oM H-amisianeTaTy eTaHoJIaMiHOM, a
HaiBuma (89.1 k/x-mMoab1l) - pana peaxuii yTBopeHHA 2-(aneTuiaMiHo)eTwianeTraTy B3aemojiew N-(2-
rigpokcierusn)aneramigy Ta H-amisaneraty. BusiBieHo iHilHY 3aJ/IeKHICTh MiX JiorapudpMaMM NpeeKCHOHEHT
KOHCTAHT IIBHMJKOCTI peakuiil Ta iXHIMH eHeprifiMM aKTHBAlii, a TAK0XK Mi’K €HTA/IbMI€I0 i eHTPOMi€l0 aKTHBAaILii.
3po61eHo NpUNyLleHHs NP0 HAaABHICTh KOMIIeHCcaLiiiHOTO epeKTy Ta BiACYTHICTh i30KiHeTHYHOT0 e(PeKTy AJI1A BCI€l
CYKyNHOCTi peakuiii. Pe3ysibTaTu J0C/IiA)KEHHA € OCHOBOK [JJisi MaTEMAaTHYHOr0 MOJEeJ/II0BAaHHA TEXHOJIOTiYHOro
npouecy oaepkaHusa N-(2-rizpokcueTna)aneTramiay 3 eTaHo/IaMiHy Ta H-aMijaleTary.

Karwouosi cao86a: eTaHoJIaMiH; aMijaneTar; N-(2-rizpokcueTu)aleTaMmis; 2-aMiHoeTMJIaLleTaT; 2-
(aueTusnaMiHo)eTUMALETAT; KiIHETHKA; aMiHOJIi3; TpaHcecTepudikallisi; KaTioHOO6GMiHHA cMoJ1a.
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Introduction

Alkanolamides and ester amines feature wide
applications in industry. They are used to
manufacture nonionic surfactants, detergents,
cosmetics, pharmaceuticals, fungicides, dyes,
corrosion inhibitors, etc. [1-4].

Mainly alkanolamides and ester amines are
obtained by reactions between amino alcohols
and esters or free fatty acids. Alkanolamides are
also formed during the interaction of amino
alcohols and carboxylic acid chlorides [5-7].
However, esters are believed to be better acyl
donors than free fatty acids [8].

The amino alcohol and ester interaction is
considered transesterification and further
intramolecular rearrangement of ester amine (N-
O-acyl migration) with the sequential amide
formation. Such a mechanism is proposed for
hydroxyalkyl amides formation under mild
conditions in a methanolic solution of sodium
carbonate [9].

Markey et al. [10] showed that the direction of
rearrangement of O- and N-acyl (palmitoyl- or
arachidonoyl-) ethanolamines depends on the
pH. In particular, during alkaline treatment, O-

arachidonoylethanolamine or 0-
palmitoylethanol-amine migrates to their N-
amides. Acid treatment of N-
arachidonoylethanolamine causes rearrangement
to O-arachidonoylethanolamine. The
rearrangement proceeds through a cyclic
intermediate:

o) .

oH_ O . 0
o)
K| 2 T o
H H

It is also established that temperature
increasing (over 100 °C) by methyl laurate and
monoethanolamine or diethanolamine
interaction catalyzed by sodium methoxide or
potassium hydroxide leads to a higher
concentration of ester amide in the products [11].

Considering the products’ composition, the
authors claim that the amidation reaction is
dominant over the transesterification reaction in
the interaction between ethanolamine and
methyl linoleate catalyzed by sodium methoxide
[8]. An excess of ethanolamine provides a higher
yield of ester amide than other solvents (hexane
and dichloromethane). Also, the authors note that
ethanolamines can act as a catalyst and positively
affect the aminolysis reaction. The temperature is
reported to have no significant effect on the
reaction.

The excessive temperature (over 200 °C) leads
to product degradation with an oxazoline
derivative formation [12].

The alkanolamides and ester amines obtaining
processes occur both in the absence and in the
presence of a catalyst.

N-(2-Hydroxyethyl)acetamide is obtained by
reacting ethanolamine and ethyl acetate without
a catalyst while boiling the reaction mixture and
refluxing ethyl acetate. The N-(2-
hydroxyethyl)acetamide yield is 92-95 %. The
molar ratio of ethanolamine: ethyl acetate is 3 :
(4-5). The duration of the reaction is 3-4 h [13].

However, most alkanolamides and ester
amines obtaining processes are catalytic, and
basic catalysts are preferred.

The most available and most common
industrial catalysts are alkali metal hydroxides
and alcoholates.

In particular, the use of hydroxides and
alcoholates of alkali metals in the reactions of
methyl esters of aliphatic acids (C7-Cz1) with
alkanolamines provides a high yield of
alkanolamide. Under these conditions, the ester
amide content in the reaction mixture does not
exceed 3 %. The reaction temperature is 90-
150 °C, the molar ratio of alkanolamide to fatty
acid ester is from 1 to 1.3, and the reaction time is
1-6 h [14].

Using sodium methoxide as a catalyst and
methanol as a solvent at a temperature of 30 °C
and a molar ratio of ethanolamine : methyl
linoleate - 10:1 provides a linoleoyl
ethanolamide yield of 95.9-97.2 % [8]. The yield
of linoleoyl ethanolamine in 1.5 hours of reaction
is 1.6 % and 2.5% in 5 hours.

In addition to hydroxides and alcoholates of
alkali metals, potassium tert-butoxide, 1,8-
diazabicyclo(5.4.0)undec-7-ene, Cs;CO3, NaH, 2-
tert-butylimino-2-diethylamino-1,3-dimethylper-
hydro-1,3,2-diazaphosphorine [15], N,N-
bismesylylimidazolium chloride [16], activated
layered double Mg/Al-hydroxide [17], Merrifield
resin-bound azidoproazaphosphatrane
N3 =P(MeNCH2CH2)3N [18] are efficient catalysts
of esters and aminoalcohols interaction.

The heterogeneous catalysts have an
advantage due to their separation from the
reaction mixture by filtration. We found that
among this type of catalysts, high activity in
transesterification reactions is demonstrated by
ion exchange resins, the main application of
which is water treatment [19; 20].

Previously obtained by our results [21]
indicate that the kinetics of the products’
formation of ethanolamine and pentyl acetate
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interaction can be largely explained by the above
ideas about this process. However, creating a
kinetic model and calculating the Kkinetic
indicators of reactions is helpful both for its
better understanding and for the results used to
model the process.

The study aimed to develop a kinetic scheme
of ethanolamine (1), pentyl acetate (5), and their
interaction products and determine the reactions'
kinetic indicators.

Materials and methods

Ethanolamine (EA, the 93.8 %wt. content, the
rest was water) and pentyl acetate (PAc, the
content of 76.0 %wt., the rest was pentyl alcohol
(PA, 21.8 %wt.) and acetic acid (2.2 %wt.)) were
used as the raw materials. A cation exchange
resin named KU-2-8 (I grade, static exchange
capacity was 1.8 mmol-eq-g-1) was used as the
catalyst. Analytical grade propyl alcohol was used
as the solvent for chromatographic analysis of
ethanolamine and pentyl acetate standard
mixture.

A round-bottom flask with reflux was used as
the reactor. The reaction mixture was stirred
using a magnetic stirrer. The reaction medium
was stirred using a glass magnetic stirrer with a
speed of 400 rpm. The reaction temperature
range was from 383 to 403 K.

Samples of the reaction mixture were taken
for chromatographic and conductometric
analysis.

A chromatograph "LKhM-80" with a thermal
conductivity detector was used to determine the
ethanolamine and pentyl alcohol (6) content in
the reaction mixture. These substances were
separated using a metal column 1 m long with a
diameter of 3 mm, filled with a stationary phase
Polysorb-1. Helium was used as a carrier gas. The
consumption of helium was 3 1/h. The
temperature of the evaporator was 463 K, the
detector was 473 K, and the column was 393 K.
The error of the chromatographic analysis did not
exceed 4.3 %. The EA and PA mass content was
determined by the absolute calibration method.

The amine number (AN) of the reaction
mixture was determined by conductometric
titration with 0.1 M HCl solution. ELWRO
N5721M conductometer was used to measure
electrical conductivity. The error of the analysis
did not exceed 2.8 %.

The current concentrations of Cga and Cpa
were calculated on the chromatographic analysis
results.

The method of concentration calculation of
individual substances (2-aminoethyl acetate
(AEA, 2), N-(2-hydroxyetyl)acetamide (HEA, 3),
and 2-(acetylamino)ethyl acetate (AAEA, 4)),
according to the paper [22], was developed.

To calculate the material balance, we
assumed that AEA, HEA, and AAEA are
formed by the reactions:

H.NCH:CH:0H + CH3C(0)OCsH11 — CH3C(O)OCH2CH:NH: + CsH1:0H
2

H,NCH,CH,0H + CH3C(O)OC5H11 - CH3C(O)NH—CH2CH20H + C5H11OH

3

H>NCH,CH,0H + 2CH3C(O)OC5H11 - CH3C(O)OCH2CH2NHC(O)CH3 + 2C5H11OH
4

The pentyl acetate concentration consumed in
the reaction is equal to the pentyl alcohol
concentration:

Cpaco — Cpac = Cpa — Cpayo. (D
Then the current pentyl acetate concentration is:

Cpac = Cpao — Cpa + Cpaco. (2)

The total current amines concentration

characterized by the total content of EA and AEA
in the reaction mixture can be calculated by the
formula:
Can = Cga + Caga. (3)
The amines’ concentration is related to the
amine number of the reaction mixture with
equation:
_AN'm

Cpp = ——)\ 4
N 36,5V ()

where AN is the amine number of the reaction
mixture, mg HCl/g;

m is the mass of the reaction mixture, g;

V is the volume of the reaction mixture, cms3;

36.5 is the molar mass of hydrochloric acid,

g/mol.

Then the AEA concentration is:

CAEA = CAN - CEA- (5)
Given that

Cpa — Cpao = Caga + Chea + 2Caaka (6)
and

Ceao — Cea = Caea + Chea + Caaga, (7)
the current concentration of AAEA is:

Caaea = (Cpa - Cpap) - (Ceao — Cea), (8)
and the current concentration of HEA is:

Cuea = (Cpa - Cpao) — 2Caaea — Caka. 9
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The value of the reaction rate constant
(122mol-2-s-! or I'mol-!-s-1) was determined by
dividing the value of the effective reaction rate
constant k; (I'mol-1's-1 or s-1) on the catalyst ion
concentration (H+, mol/1).

The activation enthalpy (J'mol-!) was
calculated according to the equation:
AS” = AEI - Rlnﬁ
T

where kg is the Boltzmann constant, J-K-1; h is the
Planck constant, J's-1; k is reaction rate constant,
12-mol-2-s-1 or I'mol-1-s-1; ko is the pre-exponential
factor of the reaction rate constant, 12:mol-2:s-t or
I'mol-1-s-1[23].

The activation free energy (J-mol-1) was
determined by the equation:

AG” = AH” — TAS”. (12)

Experimental part

Previously obtained results of the reagents
ratio and temperature influence on the indicators
of ethanolamine and pentyl acetate interaction
catalyzed by cation exchange resin were used to
calculate the reactions' kinetic indicators [21].

The content of the catalyst was 2.5 %wt. That
corresponded to 4.2:10-2 mol/l of the H+*ions
concentration. The EA : PAc molar ratio was (0.9-

AH” =E, —RT, (10)
where EA is the reaction activation energy, ]-mol-1;
R is the molar gas constant, J-K-1-mol-1; T =393 K
is the average reaction temperature, K-1.

Activation entropy (J-mol-1-K-1) was calculated
according to the equation:

2 Rln% = R(Ink, —InT - 24,76), (11)

1.5):1, and the PA initial content was 14.0-
16.2%wt.

Fig. 1 shows the kinetic curves of the reagents’
consumption and the reaction products'
accumulation at different EA: PAc molar ratios. It
is evident that N-(2-hydroxyethyl)acetamide is
the final product of the process, and 2-aminoethyl
acetate and 2-(acetylamino)ethyl acetate are
intermediate products. A decrease in AEA and
AAEA concentrations follows their accumulation
in the process beginning. It indicates that the AEA
formation precedes the AAEA accumulation (Fig.
1 a, b). The EA and PAc consumption is almost the
same by the almost equimolar ratio of EA: PAc -
0.9: 1. With a significant excess of EA, the
consumption of PA is higher. That indicates, first
of all, 2-(acetylamino)ethyl acetate formation by
PA and AEA interaction.

6 -

5
|l a—T" P g
5 "
4 4 ——EA —=— PA =g
ToAARA e HEA 43 T RAEA - HEA
2\ _ABA o PAC = ——AEA  ——PAc
S € 3
£ = 3
S|/ ©
2 d ’,/
21/
14 1
|
0 I ! ; 0 T r r ]
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6
5 4 "
- ——EA —=— PA
4] / ——AAEA ——HEA
——AEA ——PAc
:I /
3
€3\~
o [
24 /'
1 -
R — o
0 T : :
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time, min

C

Fig. 1. Kinetic curves of reagents consumption and reaction products accumulation for different EA : AA ratios:
a-09:1;b-1.25:1;c-1.5:1. Temperature is 393 K
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Another feature of this process is that a much
lower AAEA concentration is observed at the
highest EA excess. The AAEA concentration also
decreases after reaching the maximum. It can be
assumed that such changes are due to increased
EA and AAEA reaction rate with the HEA
formation. The HEA concentration naturally
increases with an increase in EA excess.

Similar  depends were at different
temperatures of the EA and PAc interaction
(Fig. 2). That confirms the earlier assumptions.

With an increase in temperature at the EA: AA
molar ratio of 1.5: 1, the EA and PAc consumption
intensity generally increases. Simultaneously, the
ester is consumed more intensively. That
primarily affects the temporary increase in the
intermediate product concentrations, namely 2-
aminoethyl acetate and 2-(acetylamino)ethyl
acetate. The intensity of HEA accumulation,
respectively, is lower. The highest HEA
concentration is reached at a temperature of
393 K.

6 6
5 9 51
——EA —=—PA
4 ——EA —-=—PA 4. —— AAEA ——HEA
1 —-— AAEA ——HEA —— AEA —— PAC
3 - AEA ——PAc | =
E 3 g 3
g S
2 1 2
i i
11 1
0 T T T 0 T T T
0 50 100 150 200 0 50 100 150 200
time, min time, min
a b
6
5 -
——EA —=—PA
—— AAEA —— HEA
41 —x— AEA —— PAc
=
©
E 3
3
2 o4
1 -
0 T T T
0 50 100 150 200
time, min

C

Fig. 2. Kinetic curves of reagents consumption and reaction products accumulation for different temperatures:
a-383K;b-393K;in-403 K. EA:PAcis 1.5: 1 (mol.)

The kinetic model was designed to confirm the
assumptions about the possible routes of
reagents' consumption, and Kkinetic indicators
were calculated.

Results and their discussion
To design the kinetic scheme of ethanolamine,
pentyl acetate, and their interaction products, we

assumed that the transesterification reactions
between EA and PAc are reversible, and the
aminolysis reactions are not reversible.
Aminolysis reactions were considered because
of the 2-(acetylamino)ethyl acetate formation.
Also, O-N-acyl rearrangement of 2-aminoethyl
acetate to N-(2-hydroxyethyl)acetamide through
a cyclic intermediate was taken into account [24].
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The mixing intensity increase of over 300 rpm
does not affect the kinetic curves. Considering
that the reaction occurs in stationary conditions,
we can assume that the temperature of the cation
exchange resin grains and the liquid medium is
the same. Therefore is no mass and heat transfer
resistance to the surface and to the internal
matrix of the catalyst. Thus we considered the
reactor contents as a homogeneous continuous
medium and the reactions as quasi-
homogeneous. This assumption allowed using
constants related to the H+* ions catalyst
concentration.

¥, CHaC(O)HNCH,CH,OH

Unfortunately, we could not establish each
reagent order for this system of consecutive,
parallel, reversible, and irreversible reactions
provided the interaction of three reactive
functional groups. Therefore, we accepted the
first order for each reagent to simplify
calculations. For these same reasons, we accepted
the first order of the catalyst.

The following scheme of reactions between
ethanolamine, pentyl acetate, and their
interaction products was accepted:

4

H,NCH,CH,OC(O)CH5

2

Scheme 1. Kinetic scheme of ethanolamine and pentyl acetate interaction

According to this scheme, the reagents’
consumption and the products’ formation are
described by the kinetic equations:

d((;% ==K, CenCppe —KoCpaCrac —KiCpaCiaen —KsCpaCipn +K;CapaCrn (13)
% = K, CeaCrac =KyCenCrne = K3CipaCrnc = KgCrypaCpac +K7CpaCa (14)
dfl% =K,CaCrre —K3CugaCrnc = KsCiaCara —KsCapaCon — KoCias (15)
dfl—HTEA = K,CppCppe + KsCpaChpa +2K,CpyCoupn —KeCiipaCpac + KgCipa + KoCpppaCon s (16)
dcd% =K;CreaCrae — KuCiaConen + KeCrpaCrac — KoCareaCons (17)
d((j:;A =K, CppChpc + KyCiaCrac + K3C 45 Chac + KeCripaCrac —K7CapaCrn —KoCanpaCrn (18)
where K; = k'iC k. is the rate constant, acceptable if the value of & calculated by the

H+ ) 1
12:-mol-2-s-1 or I'mol-1-s-1; k; is the effective rate
constant; C . is a H* ions concentration of the ion

exchange resin, mol/l.

The system of these equations contains nine
unknown reaction rate constants. Therefore, the
solution was found by numerical integration
using Euler's method, particularly by selecting
appropriate constants values considering the
experiments' results.

The values of the reaction rate constants were
determined by iteration and considered

formula was minimal:

8 — 100 i Ci,exp - Ci,calc
N i=1 ‘ Ci,exp ‘
where Ciexp and Cicac are experimentally

determined and calculated concentration value,
mol/l; N is the number of definitions [25].
The calculated value of 6 was 7.7 to 23.6 %.
Each determined effective reaction rate
constant used in the kinetic equations is the
product of the rate constant and the catalyst
concentration. In particular, the H+* ion
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concentration for cation exchange resins is
determined by their static exchange capacity
value. From this reasoning, the value of the rate
constants was calculated similarly to the paper
[26]. The constants’ values for the different
reagents ratios and temperatures are given in
table 1-2.

The high values of the rate constants (ka, ks,
ks) indicate the H* ions catalysis of the aminolysis
reaction. This fact confirms the correctness of the
assumption made about the aminolysis reactions
evidence in the catalytic process.

Table 1
Rate constants of ethanolamine and pentyl acetate interaction for various reagent molar ratios. Confidence level -
95%
Rate constants,
Indicator
12mol-2-s-1 I'mol-1-s-1 12mol-2-s-1
EA : PAc (mol.) ki-10¢ k2104 k3103 ka103  ks'10*  ke10* k7104 ke-103 ko-104
09:1 10.2 9.5 2.3 3.6 3.4 53 2.4 4.6 1.5
1.25:1 9.9 9.1 2.4 3.5 31 5.4 2.6 4.7 1.4
15:1 9.2 8.6 2.0 3.3 3.4 49 2.2 4.2 1.3
Average ki 9.8 9.0 2.2 3.5 3.3 5.2 2.4 45 1.4
Relative 163 167 129 176 138 7.2 0.2 9.5 17.6
error,%
Table 2

Rate constants of ethanolamine and pentyl acetate interaction under various temperatures

Rate constants

Indicator
12:'mol-2-s-1 I'mol-1-s-1  J2.mg]-2-s-1
T,K ki-104 k2104 k3103 ks10* Kks10* ko104 ky104 ks-103 ko 104
383 8.0 8.4 1.9 3.0 1.8 3.6 1.1 2.3 0.9
393 10.2 9.5 2.3 3.6 3.4 5.3 2.4 4.6 1.5
403 19.4 10.8 3.9 5.9 5.9 14.7 3.4 6.6 2.2

The minimum value of the calculation relative
error of the reaction rate constants for different
molar ratios of EA : PAs is 0.2% (for k7), and the
maximum value of this error is 17.6% (for ko) for
the confidence level of 95% (table 1).

The calculated constants were used for
modeling of the EA and PAc interaction process.
An example of the reactant concentrations'
change  determined  experimentally and
calculated is shown in fig. 3. The close match of
experimental points and kinetic curves testifies

to the adequacy of the determined rate constant
values for the proposed Kkinetic model of
ethanolamine and pentyl acetate interaction
catalyzed by cation exchange resin.

Based on the reaction rate constants
determined for the temperature range from 383
to 403 K, the pre-exponential factor and
activation energy of the reactions for schema 1
were calculated using the Arrhenius equation
(Fig. 4, Table 3).

6.0
1 . o —————
5.0 B
l K o1
o o1
o
203 ’2
° i
o . X3
o o
— o o
° 1%
g 3015, ’5
] ) e
- %0, R
2.0 T o %%me’*‘;m%
B e L
oy 2000000000000,
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1.0 1 X o o0%00000qy
I 0w,
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o o vy 60 dabo, ""Dwmm& -
5 AAAAAAAA@A mmmmmwwmmmm@:m::::zgggggg
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time, min

Fig. 3. Experimental points and Kinetic curves (lines) of the ethanolamine and pentyl acetate interaction catalyzed by
cation exchange resin calculated according to the kinetic constants. The temperature is 383 K, and the EA : PAcratio

is 1.25:1 (mol.)
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Fig. 4. Arrhenius plot of ethanolamine and pentyl acetate interaction catalyzed by cation exchange resin: a -
aminolysis and 0-N-acyl migration; b - transesterification

The lowest activation energy (15.8 k]-mol-1) is
for the reaction between the EA and PAc with the
N-(2-hydroxyethyl)acetamide formation, and the
highest activation energy (89.1 k]-mol-1) is for the
reaction between the HEA and PAc with the 2-
(acetylamino)ethyl acetate formation. The
activation energies of other reactions are from
43.9 to 75.2 k]'mol-1.

Also, according to equations (10-12), the
activation thermodynamic indicators of reactions
that occur by ethanolamine and pentyl acetate

interaction catalyzed by cation exchange resin
were calculated (Table 3).

Table 3 also shows the absolute and relative
errors of energy, enthalpy, entropy, and free
activation energy calculations. The higher error
of E; and AH#; for the rate constant k; is caused by
a much lower values of the energy and enthalpy
activation of the reaction between ethanolamine
and pentyl acetate formed N-(2-
hydroxyethyl)acetamide.

Table 3

Activation and thermodynamic indicators of ethanolamine and pentyl acetate interaction catalyzed by cation
exchange resin

Indicator for ki k1 k2 ks ks ks ke k7 ks ko
ko,i, 12-mol-2-s-1
4.0-104 1.2-10-1 2.4-103 2.7-102 3.3-106 4.7-108 5.8:105 5.4-106 5.0-103
or I'mol-1-s-1
Eir10-3, ]'-mol-t 55.9 15.8 45.0 44.0 75.3 89.1 71.0 68.6 56.7
AH#-10-3, J-mol-1 52.7 12.6 41.8 40.8 72.0 85.9 67.7 65.3 53.5
AS#, ]'-mol-1-K-1 -169 -273 -191 -208 -130 -42 -145 -126 -185
AG#-103, J-mol-! 119.2 119.8 116.7 122.5 123.1 121.0 124.8 115.1 126.0
A(Ei)*10-3, A(AH#)-103,
A(AG?)10, -0l 45 4.7 4.0 4.7 4.1 3.0 0.4 3.5 4.7
S(Ei),% 8.0 28.9 8.9 10.7 5.5 3.4 0.6 5.0 8.3
8(AH#),% 8.5 36.7 9.6 11.6 5.8 3.5 0.7 5.3 8.8
8 (AS*),% 6.9 4.3 5.3 5.7 8.1 8.5 0.8 6.9 6.5
A(AG#),% 3.7 3.7 3.4 3.8 3.3 2.5 0.4 3.0 3.7

Despite the visible compensation for high or
low activation energies by corresponding values
of pre-exponential factor logarithms (fig. 5 a), we
did not find an isokinetic relationship for this set
of reactions [11]. It is no single common point of
the intersection of the lines in the coordinates
Ink; - T-1 (fig. 4).

Accordingly, we can assume that it is only a
compensatory effect for reactions between
ethanolamine, pentyl acetate, and their
interaction products. This conclusion is
confirmed by the plot AGi*/RT = f{(AHi?)
according to Exner [27, 28], as well as the
calculation of error bars, the results of which are



175

Journal of Chemistry and Technologies, 2023, 31(1), 167-177

shown in the diagram of the dependence AH* =
25

Ink, = 0.000297E, - 6.77
20 1 R?=0.97

0 T T T T
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a

f(AS#) (Fig. 5 b, and 6, Table 3) [29].
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Fig. 5. The preexponential factor logarithm vs. activation energy (a) and the activation enthalpy vs. activation
entropy (b) of ethanolamine and pentyl acetate interaction catalyzed by cation exchange resin
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Fig. 6. Exner plot of the AGj*R-1-T-1 value vs. activation enthalpy. The error bars are 5 %

Extrapolation of the lines shown in fig. 4 to the
lower and higher temperatures reveals a
significant number of intersections of Arrhenius
curves describing the investigated reactions. It is
the reason for the established linear dependence

of Inko-f(Ea) for all reactions involving
ethanolamine, pentyl acetate, and their
interaction products. The linearity of the

dependence Inko—f(Ea) can be explained by the
local isokinetic effects of several groups of
aminolysis, 0-N-acyl migration, and
transesterification reactions. These reactions
involve structurally similar substances differed
by one or another substituent. However, this
statement needs more detailed research.

Based on the obtained results, we can assume
that transesterification and aminolysis reactions
are the basis of transformations involving

ethanolamine, pentyl acetate, and their
interaction products catalyzed by cation
exchange. The separate groups of reactions
obviously have a similar mechanism, and the
proposed kinetic model adequately describes the
process of obtaining alkanolamides, ester amines,
and ester amides. Such a model can be used for
modeling the N-(2-hydroxyetyl)acetamide
manufacture from ethanolamine and pentyl
acetate.

Conclusions

A scheme was developed for the interaction of
ethanolamine, pentyl acetate, and the products of
their interaction with the formation of N-(2-
hydroxyethyl)acetamide as the final product in
the reactions of aminolysis, O-N-acyl migration,
and transesterification catalyzed by H-cation
exchanger.
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The determined values of the rate constants
for the quasi-homogeneous reaction model
confirmed the assumption about the actuality of
the esters aminolysis by ethanolamine or pentyl
alcohol catalyzed by H+ ions.

It was established that the reaction of N-(2-
hydroxyethyl)acetamide formation by pentyl
acetate with ethanolamine aminolysis has the

References

[1] Mishra, S, Tyagi, V.K. (2007). Ester Quats: The Novel
Class of Cationic Fabric Softeners. J. Oleo Sci, 56(6),
269-276. https://doi.org/10.5650/0s.56.269

[2] Petrosino, S. Iuvone, T, Di Marzo, V. (2010). N-
palmitoyl-ethanolamine:  Biochemistry and new
therapeutic opportunities, Biochimie, 92, 724-727.
https://doi.org/10.1016/j.biochi.2010.01.006

[3] Hansen, H. S, Diep, T. A. (2009). N-acylethanolamines,
anandamide and food intake, Biochem. Pharmacol., 78,
553-560. https://doi.org/10.1016/j.bcp.2009.04.024

[4] Topilnytskyy, P, Romanchuk, V. Yarmola, T. (2018).
Production of corrosion inhibitors for oil refining
equipment using natural components, Chem. Chem.
Technol,, 2(3), 400-404.
https://doi.org/10.23939/chcht12.03.400].

[5] Dinesh, K, Amjad, A. (2015). Direct synthesis of fatty
acid alkanolamides and fatty acid alkyl esters from
high free fatty acid containing triglycerides as lubricity
improvers using heterogeneous catalyst, Fuel, 159,
845-853. https://doi.org/10.1016/j.fuel.2015.07.046

[6] Melnyk, S. Danyliuk, R, Melnyk, Yu., Reutskyy V.
(2018). The reaction of oleic acid with a mixture of
ethanolamines, Chem. Chem. Technol, 12(1), 13-17.
https://doi.org/10.23939/chcht12.01.013

[7] Wang, X, Wang, T, Wang, X. (2012). An Improved
Method for Synthesis of N-stearoyl and N-
palmitoylethanolamine, J. Am. Oil. Chem. Soc., 89, 1305-
1313. https://doi.org/10.1007 /s11746-012-2017-y.

[8] Wang, X, Chen, Y, Jin, Q, Huang, ], Wang, X. (2013).
Synthesis of Linoleoyl Ethanolamide. J. Oleo Sci.,, 62(6),
427-433. https://doi.org/10.5650/j0s.62.427

[9] Mahadevan, S, Venkatasubban, K. (2012). WO Patent
No 2012/148624 Al. World Intellectual Property
Organization, International Bureau.

[10] Markey, S. P., Dudding, T., Wang, T.-C. L. (2000). Base-
and acid-catalyzed interconversions of O-acyl- and N-
acyl-ethanolamines: a cautionary note for lipid
analyses, J. Lipid Res, 41(4), 657-662.
https://doi.org/10.1016/S0022-2275(20)32414-7

[11] Ber¢ikova, M., Lad, ], Hradkova, I, Kumherova, M,
Smidrkal, J. (2021). Reaction of Fatty Acid Methyl Ester
with Monoethanolamine and Diethanolamine, Tenside
Surfactants Detergents, 58(4), 287-292.
https://doi.org/10.1515/tsd-2020-2328

[12] Thabuis, C., Tissot-Favre, D., Bezelgues, ].-B., Martin, J.-
C., Cruz-Hernandez, C., Dionisi, F., Destaillats F. (2008).
Analysis of chemically synthesized oleoylethanolamide
by gas-liquid chromatography. J. Chromatogr. A, 1202,
216-2109.
https://doi.org/10.1016/j.chroma.2008.07.008

[13] Peng, X. (2017). PRC Patent Application No CN
106631859 A. State Intellectual Property Office of the
P.R.C.

[14] Ohshima, Y., Imoto, H., Fujiu A. (1997). German Patent
No DE 19648513 A1. Deutshe Patentamt.

lowest activation energy (15.8 kJ-mol-1), and the
reaction of 2-(acetylamino)ethyl acetate
formation by N-(2-hydroxyethyl)acetamide with
pentyl acetate transesterification has the highest
activation energy (89.1 k]-mol-1).

We assume the compensatory effect and the
absence of an isokinetic relationship for the
entire set of reactions.

[15] Caldwell, N., Jamieson, C., Simpson, I, Tuttle T. (2013).
Organobase-Catalyzed Amidation of Esters with Amino
Alcohols, Org. Lett,, 15(10), 2506-2509.
https://doi.org/10.1021/01400987p

[16] Movassaghi, M., Schmid M. A. (2005). N-Heterocyclic
carbene-catalyzed amidation of unactivated esters
with amino alcohols, Org. Lett, 7(12), 2453-2456.
https://doi.org/10.1021/0l050773y

[17] Lei, X, Lu, W, Peng, Q. Li, H, Chen, T., Xu, S, Zhang, F.
(2011). Activated MgAl-layered double hydroxide as
solid base catalysts for the conversion of fatty acid
methyl esters to monoethanolamides, Appl Cat. A:
General, 399, 87-92.
https://doi.org/10.1016/j.apcata.2011.03.042

[18] Chintareddy, V. R, Ho, H.-A,, Sadow, A. D., & Verkade, J.
G. (2011). Polymer-mounted N3=P(MeNCH2CH2)3N: a
green, efficient and recyclable catalyst for room-
temperature transesterifications and amidations of
unactivated esters, Tetrahedron Lett, 52(49), 6523-
6529. https://doi.org/10.1016/j.tetlet.2011.09.102

[19] Melnyk, Yu., Melnyk, S., Palyukh, Z., Dzinyak, B. (2018).
Research into transesterification of triglycerides by
aliphatic alcohols C2-Cs4 in the presence of ionites.
East.-Eur. ]. Enterp. Technol, 1/6(94), 10-16.
https://doi.org/10.15587/1729-4061.2018.122938

[20] Trus, I, Gomelya, M. Tverdokhlib, M. (2021).
Evaluation of the contribution of ion exchange in the
process of demanganization with modified cation
exchange resin KU-2-8, jJournal of Chemistry and
Technologies, 29(4), 540-548.
https://doi.org/10.15421 /jchemtech.v29i4.242561

[21] Melnyk, S. Danyliuk, R, Melnyk, Yu. Stadnytska, N.
(2022). Study of the Pentyl Acetate and Ethanolamine
Catalytic and Non-Catalytic Interaction. Journal of
Chemical Technology and Metallurgy, 57(3), 439-450.

[22] Melnyk, S., Dzinyak, B. (2015). Selectivity of formation
and yield of dicarboxylic acid mono- and diesters
under stationary conditions. Chem. Chem. Technol,
9(3), 325-332.
https://doi.org/10.23939 /chcht09.03.325

[23] Schmid R., Sapunov V. N. (1982). [Non-formal Kinetics:
in Search for Chemical Reaction Pathways]. Weinheim:
Verlag Chemie.

[24] Dudding, T, Wang, T. C. (2000). Base- and acid-
catalyzed interconversions of O-acyl- and N-acyl-
ethanolamines: a cautionary note for lipid analyses, J.
Lipid Res., 41(4), 657-662.
https://doi.org/10.1016/S0022-2275(20)32414-7

[25] Glavan, D., Gremasco, Y., Gomes Mantovani, A. C., Bona,
E. Killner, M., Borsato, D. (2020). Kinetic study of the
transesterification reaction by artificial neural
networks and parametric particle swarm optimization,
Fuel, 267,1172218.
https://doi.org/10.1016/j.fuel.2020.117221



https://doi.org/10.5650/jos.56.269
https://doi.org/10.1016/j.biochi.2010.01.006
https://doi.org/10.1016/j.bcp.2009.04.024
https://doi.org/10.1016/j.fuel.2015.07.046
https://doi.org/10.23939/chcht12.01.013
https://doi.org/10.5650/jos.62.427
https://doi.org/10.1016/S0022-2275(20)32414-7
https://doi.org/10.1515/tsd-2020-2328
https://doi.org/10.1016/j.chroma.2008.07.008
https://doi.org/10.1021/ol400987p
https://doi.org/10.1021/ol050773y
https://doi.org/10.1016/j.apcata.2011.03.042
https://doi.org/10.1016/j.tetlet.2011.09.102
https://doi.org/10.15587/1729-4061.2018.122938
https://doi.org/10.23939/chcht09.03.325
https://doi.org/10.1016/S0022-2275(20)32414-7
https://doi.org/10.1016/j.fuel.2020.117221

177
Journal of Chemistry and Technologies, 2023, 31(1), 167-177

[26] Melnyk, S. R, Khlibkevych, U. I, Melnyk, Y. R, [28] Cornish-Bowden A. (2017). Enthalpy-entropy

Mahorivska, H. Ya. (2021). Kinetic research and compensation and the isokinetic temperature in
modeling of benzoic acid esterification process, Journal enzyme catalysis, Biosci. 42(4), 665.
of Chemistry and Technologies, 29(4), 559-569. https://doi.org/10.1007/s12038-017-9719-0
https://doi.org/10.15421/jchemtech.v29i4.241445 [29] Liu L, Guo Q-X. (2001). Isokinetic Relationship,

[27] Exner, 0. (1997). How to get wrong results from good Isoequilibrium Relationship, and Enthalpy-Entropy
experimental data: a survey of incorrect application of Compensation. Chem. Rev., 101(3), 673-695.
regression, J. Phys. Org. Chem, 10, 797-813. https://doi.org/10.1021/cr990416z

https://doi.org/10.1002/(SICI)1099-
1395(199711)10:11<797::AID-PCA951>3.0.C0;2-K



https://doi.org/10.15421/jchemtech.v29i4.241445
https://doi.org/10.1007/s12038-017-9719-0

