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The enrichment of fats with omega-3 polyunsaturated acids increases the nutritive value
of fats and makes them more health promoting by boosting the immune system and
reducing blood coagulability, the level of neutral lipids and the risk of coronary heart
disease and atherosclerosis. That is why it is important to develop scientific basis of the
synthesis of these lipid systems. There have been created the mathematic model of kinetics
of enzymatic glycerolysis of triacylglycerols enriched with omega-3 polyunsaturated fatty
acids, enabling quantitative and qualitative assessment of the reaction composition. For
the mathematic modeling of the process, a system of nonlinear differential equations has
been created which describes the change in the content of the resulting substrates and
reaction products through time. To determine acylglycerol composition of the reaction
systems, the high temperature gas-liquid chromatography method was used. The simulation
was performed using Mathcad 15 environment via the identification of the parameters of
the model by means of a random multivariable search algorithm being called a method of
complexes, in the course of which the errors between experimental and model data were
minimized. The Runge—Kutta method with a variable step of the fourth order of accuracy
was used as a numerical procedure for differential equations modelling. As a result of the
calculations, the numerical values of the constants of direct and reverse reactions rates and
the corresponding equilibrium constants were determined. Based on the received constants
of homogeneous substrates mixtures the values of thermodynamic parameters and activation
energies of the studied process have been calculated. The conclusions have been drawn
about the contribution of each reaction, occurring during biocatalytic glycerolysis of
triacylglycerols, to the process under consideration.

Keywords: glycerolysis, biocatalysis, triacylglycerol, omega-3 polyunsaturated fatty acid,
method of complexes.

Introduction

The development of new techniques of
production of health promoting foods, that are aimed
at protecting and preserving human health, is one of
the current social issues in these latter days [1]. Up-
to-date scientific practice in the field of healthy
nutrition shows that regular consumption of food
compounds reducing the level of neutral fat in the
blood prevents atherosclerosis-related diseases such
as coronary heart disease, myocardial infarction,
hyperlipidemia and obesity [2]. Thus, the innovative
direction in the development of the fat and oil
industry is the production of fatty foods enriched
with diacylglycerols containing acyls of omega-3
polyunsaturated fatty acids. These acids constitute a
part of phospholipids of all cell membranes, that

ensure impulse transmission and receptors
functioning, and are precursors in the synthesis of
lipid mediators, which are crucial for the regulation
of a number of physiological processes. Additionally,
omega-3 fatty acids boost the immune system and
reduce blood coagulability, the risk of coronary heart
disease and atherosclerosis. They are involved in the
early stages of inflammatory process being able to
fight inflammation without suppression of the
immunodefences and slowing wounds healing [3].
Today, chemical glycerolysis of fats, which are
the mixtures of acylglycerols, such as triacylglycerols,
with the substances of lipid and non-lipid nature, is
the main diacylglycerols production technique. The
course of reaction is influenced at high temperatures
(over 200°C) by alkaline catalysts: calcium or sodium
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hydroxides [4]. A low yield of final product, the
irreversible loss of the part of catalyst, and the
difficulty of its removing from the reaction are the
disadvantages of the process. Another drawback is a
sufficiently high temperature that increases energy
consumption and causes the destruction of thermo
labile fatty components, such as acylglycerols
containing omega-3 polyunsaturated fatty acids.
Biocatalytic process allows preventing these
disadvantages. However, the kinetics of this process
has not been adequately investigated.

The paper is aimed at a comprehensive study
and analysis of kinetics and thermodynamics of
biocatalytic glycerolysis of triacylglycerols enriched
with omega-3 polyunsaturated fatty acids, targeted
at the synthesis of corresponding diacylglycerols.

Experimental

Linseed oil, the triacylglycerols of which
contain polyunsaturated a-linolenic omega-3 acid,
was chosen as the model triacylglycerols containing
acyls of polyunsaturated acids [5].

Model mixtures contained linseed oil and
glycerol in a molar ratio of 1:1. To form a
homogeneous mixture of substrates, a mixture of
tert-butanol and tert-pentanol in a volume ratio of
1:1 was used as a solvent. Biocatalytic activity in the
glycerolysis process was investigated using the lipolytic
preparation Novozym 435 (Novozymes, Denmark).
The amount of biocatalyst was 10 wt.% relative to
the mass of substrates. The process was performed
at the temperatures of 50, 60 and 70°C for 6 hours
with constant stirring under a nitrogen layer. At
specified intervals, the samples were taken and
analyzed by a high-temperature gas-liquid
chromatography method according to AOCS Official
Method Cd 11b-91 [6]. Clarus 500 Gas
Chromatography Chromatograph (Perkin-Elmer)
was used equipped with a flame-ionization detector
(FID). Restek Rtx-65TG capillary column was used;
its geometric parameters were as follows: the length
of 30 m, the inner diameter of 0.25 mm and the
stationary phase thickness of 0.2 microns. A mixture
of 35% dimethyl and 65% diphenylpolysiloxane
(Crossbond) was a stationary phase. The temperature
program was as follows: 80°C (0 min), 10°C/min up
to 320°C (0 min), 5°C/min up to 360°C (15 min)
The injector temperature was 320°C, the detector
temperature was 370°C. Helium was a carrier gas.
The speed of carrier gas was 3 cm?/min. The split
was 1:50. The air consumption for FID was
450 cm?/min and the hydrogen consumption for FID
was 45 cm®/min. The volume of the sample was
0.5 uL. Analysis was made in two parallels. The peak
identification and calibration were performed

according to Sigma-Aldrich standards.
Mathematic modeling of the biocatalytic
glycerolysis process
Biocatalytic glycerolysis of triacylglycerols
enriched with omega-3 polyunsaturated fatty acids
is provided by the simultaneous occurrence of three
reactions as follows:

K1
TAG + GL DAG +MAG;
K1
ko
DAG + GL 2MAG;
Ko
k3
TAG +MAG 2DAG,
ks

where k;, k, and k; are the rate constants of direct
reactions, and k_,, k_,, k_; are the rate constants of
reverse reactions, correspondingly.

In the equations, the following abbreviations
are used: TAG, GL, DAG and MAG represent
triacylglycerols, glycerol, diacylglycerols and
monoacylglycerols, respectively.

To conduct mathematical simulation of the
process of biocatalytic glycerolysis of triacylglycerols
enriched with omega-3 polyunsaturated fatty acids,
a system of nonlinear differential equations was
created which describes the change in the content
of the resulting substrates and reaction products
through time as follows:

d[rAG] —k,[GL][TAG]+k_[DAG][MAG]-
~k,[TAG][MAG]+k ,[DAGT;

d[PAG] k,[GL][TAG]-k_[TAG][MAG]-
—k,[GL][DAG]+k_,[MAGT +
+2k,[TAG][MAG] -2k ,[DAGT;

% =k [GL][TAG]-k_,[DAG][MAG]+ (D
+2k,[GL][DAG]-2k_,[MAGT -
-k,[TAG][MAG]+k ,[DAGT;

d[6L] —k,[GL][TAG]+k_[DAG][MAG]-

k,[GL][DAG]+k_,[MAGT.
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The modeling was performed in the Mathcad
15 environment (Parametric Technology
Corporation) that implied identifying the parameters
of the model using an optimization method, in which
the errors between experimental and model data were
minimized [7]. The general algorithm scheme is
presented in Fig. 1.

Set initial values

v

Make a simulation modeling of the
system dynamics

v

Calculate the values of the error betweern
experimental and model data

Has the decision been
made?

[—b

Calculate new values of|
the system parameters
using a chosen
optimization method

Fig. 1. General scheme of parameters identification algorithm

The Runge-Kutta method with a variable step
of the fourth order of accuracy was used as a
numerical procedure for differential equations
modeling. The data received by means of this method
were used to calculate the target J(k) function,
actually being an error between the experimental
and model data, and was as follows:

J(k) = guxi —i(ti,xo,k)u2 ,

where x; is the system states vector value that was
received experimentally at the time t;; x(t,.x°.k) is
the system states vector value calculated using a
chosen procedure of simulation modeling at the time

(2)

t, with initial conditions x° =x, :i(to,xo,k); k is
the system parameters vector; and m is the number
of sets of experimental data.

An algorithm of random multivariable search
was used for optimization, it is called «the method
of complexes».

This method allows resolving the main issue of
optimization of nonlinear multidimensional systems,
including the one being studied, in particular
«stalling» into local optimums due to their significant
«raving». The solution is provided by the method
which makes it possible to randomly select the
hyperspace within the range and relatively initial
conditions as well as new directions of search of a
solution in the case of failure at some current
optimization step.

The following condition was used as a criterion
for iterations finish:

é\/i(J(k)i ~I(k),) <,

(3)

i=1

where J(k), is the function value being minimized,
in the center of the complex; z is the number of
tops of hyperspace; and ¢ is the solution accuracy
(e=1073).

Results and discussions

Using the program developed according to the
algorithm given in Fig. 1, the experimental data were
processed and the numerical values of the rate
constants were determined for the direct and reverse
reactions occurring during glycerolysis of
triacylglycerols enriched with omega-3 poly-
unsaturated fatty acids; their equilibrium constants
(Tables 1 and 2) at 50, 60 and 70°C under the
conditions of the substrate system homogeneity were
calculated too.

The data given in Tables 1 and 2 allow
calculating the thermodynamic parameters of the
reactions of glycerolysis of triacylglycerols enriched

Table 1

The rate constants of the reactions

The values of the rate constants at different temperatures (mole fraction "-hour™")
Reaction 50°C 60°C 70°C
direct reverse direct reverse direct reverse
ks
TAG +GL _k~: DAG +MAG 0.0761 0.0011 0.1165 0.0014 0.1752 0.0015
—1
ko
DAG + Gsz‘— 2MAG 0.0460 0.0016 0.0655 0.0017 0.1206 0.0020
-2
k3
TAG + MAG Tj 2DAG 0.0104 0.0006 0.0202 0.0009 0.0334 0.0011
3
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with omega-3 polyunsaturated fatty acids at specified
temperatures. Thus, the dependences InK=f(1/T)
(Fig. 2) were built in half-logarithmic coordinates.
Table 2

The equilibrium constants of the reactions

The values of the
Reaction equilibrium constants at
different temperatures
50°C | 60°C | 70°C
ki
TAG + GL== DAG +MAG | 69.18 | 83.21 | 116.80
K1
ko
DAG + GL== 2MAG 28.75 38.53 60.30
ko
k3
TAG + MAG == 2DAG 17.33 22.44 30.36
ks
5
4 InKi=-2891.9+(1/T) + 13.162
4 4 2 InK; =-4093.2+(1/T) + 16.002
% R*=0.9812
T 351 3
31 IW
R?=0.9961
2.5 T T T T
0.0029  0.00295  0.003  0.00305  0.0031  0.00315
UT, K"

Fig. 2. Plot of the logarithm of equilibrium constants vs. the
reciprocal of temperature: 1 — TAG + GL == DAG +MAG;
2 — DAG + GL== 2MAG; 3 — TAG + MAG == 2DAG

The dependences presented in Fig. 2 for each
reaction are governed by the straight line equations
with the corresponding slope. Thus, the numerical
values of the reaction heat (AH) can be calculated
according to the formula:

AH = —tga.-R, (4)
where tgo is the slope and R is the universal gas
constant (8.314 J mol™! K™).

The values of Gibbs energy (AG) and entropy
(AS) in the temperature range of 50 to 70°C (i.e.
323—343 K) were determined according to the
formulae (5) and (6), accordingly.
AG =—-RTInK, (5)
where K is the equilibrium constant at the
temperature T.

AH-AG
B

AS (6)

The values of the activation energies (E,) of
direct and reverse reactions in the temperature range
of 60 to 70°C (333—343 K) were calculated according
to the following formula:

— RTl TZ

kT
. = In—=,
TZ_TI

k

T

E (7)

where K, and k; are the rate constants at the
temperatures of T, and T,, respectively.

The numerical values of the thermodynamic
characteristics of the studied reactions and their
activation energies are summarized in Tables 3 and 4.

Having analyzed the data given in Tables 3
and 4, it has been concluded that all reactions are
endothermic, that is, heat absorbing. This is shown
by the positive values of the heat AH effect and
domination of the numerical values of the activation
energy in the forward direction over the
corresponding values for the reverse ones.

As the temperature for the specified reactions
rises, the AG value decreases, meaning that reaction
equilibrium sifts toward the formation of the reaction

Table 3

The thermodynamic characteristics of the reactions

React AH, AG, kJ/mol AS, kJ/(mol-K)
caction kI/mol | 50°C | 60°C | 70°c | s50°c | 60°C | 70°C
ki
TAG + GL== DAG +MAG 24.04 | -11.38|-12.24 | -13.58 | 0.11 0.11 0.11
k-
ko
DAG + GL== 2MAG 34.03 | =9.02 | -10.11 | -11.69 | 0.13 | 0.13 0.13
Ko
k3
TAG + MAG == 2DAG 2580 | —7.66 | -8.61 | =973 | 0.10 | 010 | o0.10
ks

P.O. Nekrasov, O.M. Piven, O.P. Nekrasov, O.M. Gudz, N.O. Kryvonis



ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2018, No. 5, pp. 31-36 35

products. Additionally, the second and third reactions
are hindered to a greater degree than the first one,
since the following inequality is valid: AG,<AG,<AG;.
Comparing the values of the activation energies given
in Table 4, it may be predicted that the temperature
dependence of the diacylglycerols output has a
maximum, after which there will be a decrease of
this indicator due to the fast increase of the second
reaction rate, having the greatest value of the
activation energy if compared to the first and third
ones.

Table 4

The activation energies of the reactions

. E,, kJ/mol
Reaction -
direct reverse
ki
TAG + GL == DAG +MAG 38.75 6.55
K~
ko
DAG + GL== 2MAG 57.97 15.43
)
k3
TAG + MAG == 2DAG 47.76 19.06
K3
Conclusions

1. The main characteristics of the kinetics of
biocatalytic glycerolysis of triacylglycerols enriched
with omega-3 polyunsaturated fatty acids were
determined.

2. The rate constants of the direct and reverse
reactions occurring in the reaction systems and the
corresponding equilibrium constants were calculated.

3. Based on the obtained data, the
thermodynamic parameters were calculated and the
conclusions were drawn about the contribution of
each reaction to the general processes.
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KIHETHUKA I TEPMOJIMNHAMIKA BIOKATAJTITUYHOI'O
LJIIIEPOJII3Y TPUMADWITJIINEPUHIB, 3SBATAYEHUX
OMETA-3 IIOJIHEHACUYEHUMU XUPHUMUN
KNCJIOTAMUI

11.0. Hekpacos, O.M. Ilisens, O.11. Hexpacos, O.M. [yo3s,
H.O. Kpueonic

36aeauenns rcupie omeea-3 noaiHeHacuveHUMU KUCAOMAMU
30inbuye ix xap4ogy uinumicme i pooums Oinbui KOPUCHUMU O
300p06°s NOUHU, BKAUAIUU NOKPAUWEHHS IMYHImemy, 3MeHUeH -
HSl 320pMAHHS KPO8i ma pieHs 6 Hei HelmpaavHux ainidie, a ma-
KOJIC pU3uKy KOpoHapHoi xeopobu cepys i amepockaeposy. Tomy
DO3pOOKA HAYKOBUX OCHO8 CUHME3Y 6KA3AHUX AINIOHUX cucmem €
akmyanvHor 3adauerd. B pobomi cmeoperno mamemamuury moodens
KIHemuKu gpepmeHmamueHo2o 2aiyeponizy mpuayuneniyepumis, 30a-
2ayeHux omeea-3 NOAIHeHACUMEHUMU JCUPHUMU KUCAOMAMU, KA
do3eonse 30ilicHo8amu sKiCHe Mma KinbKiCHe OUIHIOGAHHs CKAAdy
peakyiunux cymiweil. Jlna mamemamu4Hoeo MoOeA8arHs npoyecy
0y10 cKaadeHo cucmemy HeAlHIUHUX OughepeHyianbHux pieHsaHb, WO
onucyrome 3MiHy emicmy euxionux cybcmpamieé i npooykmie pe-
akyii y uaci. Ayuneniyepuroeuil ckaaod peakyitiHux cucmem eUsHa-
4aecss Memodom BUCOKOMeMNepamypHoi 2a3opiouHHoi xpomamo-
epaii. Modentosanns 30ilicHrosanocs 6 cepedosuwyi Mathcad 15 i
noaseano 6 idenmugpikayii napamempie modeni 3 GUKOPUCIMAHHAM
aneopummy 6URA0K06020 6a2amoBUMIPHO20 NOULYKY — Memody KOM-
naexcie, 8 x00i K020 NPOBOOUAACS MIHIMI3AUis NOMUAOK MidC
eKCNepUMEeHMAanbHUMU i MOOeAbHUMU OaHuMu. 5K yuceasbHy npoye-
dypy modenrosants dupepeHuianbHux pieHsHb GUKOPUCIIAHO MEeMO0
Pynee Kymma 3i 3MiHHUM KPOKOM uemeepmo2o NOpsoKy MOYHOCHI.
B pe3ynvmami 6yn0 6u3HaueHo 4ucenbHi 3Ha4eHHs KOHCMAHM WeUuo-
Kocmetl npsamux i 360pOMHUX peaKyii, a makoic 6i0N0BIOHUX KOH-
cmanm pignosaeu. Ha ocnoei ompumanux koncmanm 0as 2omoeeH-
HUX cymiwell cyocmpamie po3paxoeano mepmoOuHamivuHi napamempu
ma 3HaueHHs eHepeii axkmusayii 0s docaioncysanoeo npoyecy. 3poo-
JNI€HO BUCHOGKU NPO BHECOK KOJCHOI 3 peakuyill, w0 npomikaioms npu
biokamanimuuHomy eniueporizi mpuayuseniyepunis,  nepebie 3a-
2aAbHO0 NPOyecy y Yinomy.

KimouoBi cj1oBa: Tititieposti3; GiokaTatis; TpUaLVIITITIepyH;
oMera-3 rnojiiHeHacHMuYeHa KMCJI0Ta; METO KOMILJIEKCIB.
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The enrichment of fats with omega-3 polyunsaturated acids
increases the nutritive value of fats and makes them more health
promoting by boosting the immune system and reducing blood
coagulability, the level of neutral lipids and the risk of coronary
heart disease and atherosclerosis. That is why it is important to
develop scientific basis of the synthesis of these lipid systems. There
have been created the mathematic model of kinetics of enzymatic
glycerolysis of triacylglycerols enriched with omega-3 polyunsaturated
fatty acids, enabling quantitative and qualitative assessment of the
reaction composition. For the mathematic modelling of the process,
a system of nonlinear differential equations has been created which
describes the change in the content of the resulting substrates and
reaction products through time. To determine acylglycerol composition
of the reaction systems, the high temperature gas-liquid
chromatography method was used. The simulation was performed
using Mathcad 15 environment via the identification of the parameters
of the model by means of a random multivariable search algorithm
being called a method of complexes, in the course of which the errors
between experimental and model data were minimized. The Runge—
Kutta method with a variable step of the fourth order of accuracy
was used as a numerical procedure for differential equations modelling.
As a result of the calculations, the numerical values of the constants
of direct and reverse reactions rates and the corresponding equilibrium
constants were determined. Based on the received constants of
homogeneous substrates mixtures the values of thermodynamic
parameters and activation energies of the studied process have been
calculated. The conclusions have been drawn about the contribution
of each reaction, occurring during biocatalytic glycerolysis of
triacylglycerols, to the process under consideration.

Keywords: glycerolysis; biocatalysis; triacylglycerol;
omega-3 polyunsaturated fatty acid; method of complexes.
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