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A B S T R A C T

Mathematical models of transesterification commonly assume that oil is a mixture of triacylglycerols, where each
component has only one type of acid attached. This article aims to show how a different assumption on acid
distribution affects the results of acylglycerols fraction composition. Experiments of fish oil ethanolysis have
been performed at different enzyme loadings and ethanol concentrations, leading to enrichments from 35 % to
52 % of ω3 mass fraction in acylglycerols, by losing 12.1 % of ω3 as ethyl esters. A kinetic model is developed
assuming both all acids of the same type on each acylglycerol and all acids randomly distributed on the available
positions. The two different assumptions showed strong discrepancies on the acylglycerols fraction compositions
predictions, demonstrating how the initial fatty acids distribution is important when an accurate description of
the acylglycerols fraction is desired.

1. Introduction

ω3 polyunsaturated fatty acids (PUFAs) are nowadays the subject of
several studies and reviews, due to the various benefits that their con-
sumption can have on human health (Shahidi& Ambigaipalan, 2018). A
review made by Khorshidi et al., 2023, shows the potentials of ω3 in the
reduction of triacylglycerols (TG) levels in young children and in people
affected by hypertriglyceridemia. Another review reports their essential
role in brain functions, improving learning, memory, cognitive well-
being and blood flow in the brain (Dighriri et al., 2023). Other articles
claim an anti-inflammatory capacity that can relieve pain and improve
joint function in patients with osteoarthritis (Deng et al., 2023) and a
capacity in lowering the risk of ovarian cancer (Zhang et al., 2023).
Additional health benefits of these acids can be found in Lei et al., 2015;
Chen et al., 2022.

Although the consumption of ω3 through a balanced diet is typically
suggested, when the availability of rich-ω3 food is low, or in any other
circumstance which could affect their consumption, people may benefit
from ω3 supplements (Dighriri et al., 2023). This led to an increasing
interest in the medical and food industry on the production of edible
supplements enriched in eicosapentaenoic (EPA) and docosahexaenoic

(DHA) acids, considered by several studies the responsible of the health
benefits (Lei et al., 2015). Fish oil (by tuna, anchovies, sardines, cod
livers, menhadens, trout or salmons) is the main source for these
enriched products. The enrichment process of those oils allows to obtain
a higher concentration of ω3 reducing the content of other fatty acids,
such as saturated fatty acids, that have been identified as one of the
potential causes of obesity, hyperlipidaemia and atherosclerosis (Dong
et al., 2023).

For these reasons, there is an undeniable interest in the research to
find sustainable solutions for the fish oil enrichment process. Conven-
tional enrichment process is the extraction of fish oil from fish waste by
mincing, heating and centrifugation to separate the dried fish proteins
from the oil (Fiori et al., 2014). Fish oil is then a mixture of TGs, and to
separate the fatty acids it is necessary to detach them from the glycerol
backbone, typically through transesterification with ethanol in the
presence of an alkali catalyst, allowing an almost total conversion of the
acids in ethyl ester (EE) form (Fiori et al., 2017). Ethyl esters can be then
separated from each other through several technologies, such as mo-
lecular distillation, urea precipitation, supercritical fluid chromatog-
raphy, supercritical fluid fractionation or a combination of them (Fiori
et al., 2017). Another ω3-enrichment process that is gaining an
increasing interest is the enzymatic route (Jain et al., 2023; Marsol-Vall
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et al., 2022; Torres et al., 2002), where a lipase is able to detach selec-
tively saturated and monounsaturated fatty acids from the glycerol
backbone, leaving an acylglycerols fraction enriched in ω3 acids. This
can be obtained through hydrolysis, producing free fatty acids (FFAs), or
though alcoholisis (with ethanol or methanol), detaching acids as EEs or
methyl esters (MEs). There are mainly two reasons for the interest in the
enzymatic route: a product with PUFA in acylglycerols fraction, that
could increase their bioavailability compared to having them as FFAs or
EEs (Yang et al., 2020), and the simplicity to separate EEs (or FFAs) from
the acylglycerols fraction. In this case, a separation is possible using
polymeric membranes (Ghasemian et al., 2017). Enzymatic route
coupled with membrane separation, from fish oil up to an enriched ω3
mixture, is currently under development in the European Union’s fun-
ded project MACBETH, part of the Horizon 2020 program (Macbeth
Project, 2019).

In this scenario, it is also increased the necessity of reliable mathe-
matical models to describe the kinetics of the enzymatic reactions.
Among the different enzyme-kinetic mechanisms developed (Ulusu,
2015), the ping-pong bi-bi mechanism (with some variations such as
considering the ethanol/water concentration constant or including the
inverse reactions) is the most commonly used (Gog et al., 2012). Ping-
pong bi-bi mechanism is a non-sequential mechanism that assumes the
presence of two stable forms of the enzyme. The enzyme bounds with the
acylglycerol (ping) and detach the fatty acids going to an acylated form,
while the lower acylglycerol is released (pong). Then, ethanol is boun-
ded to the acylated enzyme (ping), which produces the ethyl esters that
is then released (pong), ending up again with the enzyme in its original
nonacylated form. The history of the kinetic models for reactions similar
to the ones investigated in this work is reported in Table 1. The rate
equation for this mechanism is derived analytically in the work of

Nomenclature

MM Molar mass [g/mol]
x Molar fraction [− ]
N Number of total types of fatty acids detected [− ] or, in UD,

number of different TG or DG types specified by subscript k
conversion Fraction of acids converted into EE form [− ]
t Time [h]
C Concentration [mM]
ε Residual [mM]
SSR Sum of the squared residuals [mM2]
R2 Coefficient of determination [− ]
SST Total sum of squares [mM2]
y Mass fraction [− ]
OE Oil enrichment [− ]
TR Target recovery [− ]
PI Performance index [− ]
rr Reaction rate [mM/h]
P Probability of detachment [− ]
m Mass of enzyme beads loaded [gbeads / 50 mLsol]
k Reaction rate specific for unitary enzyme beads loading

[(50 mLsol)/(mM•h•gbeads)]
a Coefficient in the exponent for the mathematical fitting

expression of ϑ

Greek symbols
ϑ Reaction rate per unit concentrations of the reactants [1/

(mM•h)]
ν Stoichiometric coefficient [− ]
ψTG
DG Boolean variable to state if a specific DG can be obtained by

a specific TG
ψDG
MG Boolean variable to state if a specific MG can be obtained

by a specific DG
δ Higher acylglycerol in the UD to obtain the lower

acylglycerol z

Subscripts
oil Relative to the fish oil
i Relative to a specific fatty acid i
gly Relative to glycerol
H Relative to atomic hydrogen
EtOH Relative to ethanol
exp Experimental
avg Average value
EPA Relative to EPA
DHA Relative to DHA
EPA+ DHA Relative to the enrichment of both EPA and DHA

TG,DG,MG,EE In the simple model, relative to a component (not to
its acids as in the case of superscripts) in that specific ester
form

G Relative to a generic acylglycerol
HG Relative to a generic higher-acylglycerol
LG Relative to a generic higher-acylglycerol
f Relative to the forward reaction
b Relative to the backward reaction
d Relative to the inhibition term
k Relative to a specific ester form in the simple model (k =

TG,DG,MG,EE)
z Relative to a generic component in the UD
formed Relative to moles formed in the chemical reactions
consumed Relative to moles consumed in the chemical reactions
j In the model with UD, acid that should be detached from

component δ to make z
enzy Relative to the enzyme beads
q Relative to ethanol volumetric fraction q
R Fatty acid, in graphical representations

Superscripts
EE Relative to fatty acids in ethyl ester form
TG Relative to fatty acids in triacylglycerol form
^ Experimental value, measured
DG Relative to fatty acids in diacylglycerol form
MG Relative to fatty acids in monoacylglycerol form

Abbreviations
PUFA Polyunsaturated fatty acids
TG Triacylglycerol
EPA Eicosapentaenoic acid
DHA Docosahexaenoic acid
EE Ethyl ester
ME Methyl ester
FFA Free fatty acid
KPI Key performance indicator
GC-FID Gas chromatography – Flame ionization detector
FAME Fatty acid methyl ester
SSR Sum of the squared residuals
SST Total sum of squares
DG Diacylglycerol
MG Monoacylglycerol
OE Oil enrichment
TR Target recovery
PI Performance index
ODE Ordinary differential equation
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Malcata et al., 1992, and considers a high number of parameters which
can easily lead to overparameterization. For this reason, they proposed
two simplified versions in which deacylation or acylation steps were
considered as rate-limiting, ending up with simplified formulations of
the model that showed the best fitting of the results. These simplifica-
tions can be derived using a method proposed by Cha, 1968 and derived
from the method proposed by King & Altman, 1956. In the work of Cha,
rate-limiting steps are identified in the enzyme-catalysed reactions,
assuming other reaction steps in near-equilibrium conditions. This
simplified formulation of the ping-pong bi-bi mechanism is a general-
ization of the original Michaelis-Menten mechanism, presented in a now
classic article in 1913 (Michaelis & Menten, 1913) and recently trans-
lated by Johnson & Goody, 2011. In a more recent work of Torres et al.,
this simplified model of Malcata et al., 1992 was adapted to fish oil
transesterification, showing that the backward reaction should be also
considered (Torres et al., 2003). Moreover, it has been concluded that a
simple first order power law in the reactants concentrations can be ac-
curate enough to describe the process. This is also the approach selected
for this work. The model ends up to be also the same used in the work of
Bucio et al., 2015, but without using the assumption of constant ethanol
concentration, since here the ethanol to oil ratio is several times lower
than the one investigated in that work. Another version of the reaction
rate equations, also investigated in the article of Torres et al., 2003,
includes the inhibition term at the denominator, where the presence of
other TGs could affect the enzyme ability do detach a specific acid. Also
this formulation was investigated in this work, but results showed no
significant improvement with respect to the formulation without inhi-
bition term, as can be seen in supplementary materials.

It is a common assumption in scientific literature about modeling of
enzymatic reaction to consider the TGs constituted by a glycerol back-
bone and three equal fatty acids (e.g. triolein, tripalmitin, etc.…). This
assumption is related to the fact that usually several acids can be
detected and their possible combinations on the glycerol backbone
would lead to a severely high number of compounds. However, this
point is typically not properly discussed, nor it is its influence on the
model predictions. Kinetic models are fitted on the experimental mea-
surements of EEs detached, while the acids initial distribution can affect
the composition of the acylglycerols fraction. This work aims to show
how different assumptions on the initial fatty acids’ distribution on the
TGs available positions affect the modeling predictions on the acylgly-
cerols fraction. The reaction investigated is fish oil transesterification
with ethanol, using a selective lipase (CAL-A). Experiments are per-
formed at different enzyme loadings and ethanol concentrations, to
evaluate their influence on the reaction rates - as done in other articles
for fish oil methanolysis (Jiang et al., 2023), fish oil ethanolysis using a
simplified model (Bucio et al., 2015) and for kinetics of biodiesel pro-
duction using ethanol (Calabrò et al., 2010) - and to optimize the Key
Performance Indicators (KPIs), as defined in this article. A mathematical
macro-kinetic model of the enzymatic reaction is fitted and validated on
the experimental data. The model is used to properly quantify the
selectivity of the enzyme, showed as different rate of release of the
different acids in the oil, and to mathematically predict how the reaction
rates change with enzyme loading and ethanol concentration. The ki-
netic model is developed in two variations: the former assumes, as
typically in literature, same type of acid attached to any TG molecule.
The latter, on the other hand, assumes a uniform distribution of the acids

Table 1
Reaction rates of the kinetic models in literature for transesterification reactions.

Reference Reaction Kinetic Model comments

Malcata
et al.,
1992

Hydrolysis of
butteroil

rri =
θ1⋅CG

1+ θ2⋅CG + θ3⋅C2G

General equation
of the ping-pong
bi-bi mechanism
with backward
reaction
neglected

rr =
θ1⋅CG

1+ θ2⋅CG

Simplification
(based on Cha’s
method) when
deacylation is
controlling and
backward
reaction
neglected

rr = θ1⋅CG

Simplification
(based on Cha’s
method) when
acylation is
controlling and
backward
reaction
neglected

Lessard &
Hill,
2000a

Hydrolysis of
butteroil

rr = θ1⋅CG

Acylation
controlling and
backward
reaction
neglected

rr =
θ1⋅CG

1+ θ2⋅CG

Deacylation
controlling and
backward
reaction
neglected

Lessard &
Hill,
2000b

Hydrolysis of
butteroil rri =

θ1,i⋅CG

1+
∑N

i=1 θ2,i⋅CG

Deacylation
controlling and
backward
reaction
neglected in
multi-response
kinetics

Torres
et al.,
2003

Ethanolysis
of fish
(menhaden)
oil

rri = θ1,i⋅CG,i⋅CETOH

Acylation
controlling and
without
backward
reaction

rri = θ1,i⋅CHG,i⋅CETOH −

θ2,i⋅CLG,i⋅CEE

Acylation
controlling

rri =
θ1,i⋅CHG,i⋅CETOH − θ2,i⋅CLG,i⋅CEE

1+
∑N

i=1 θ3,i⋅CHG,i

Deacylation
controlling, in
multi response
kinetics

Torres
et al.,
2004

Ethanolysis
of borage oil

Same as in Torres et al., 2003

Bucio
et al.,
2015

Ethanolysis
of fish (tuna
and sardine)
oil

rrTG = − θ1,f ⋅xTG + θ1,b⋅xDG⋅xEE
rrDG = θ1,f ⋅xTG − θ1,b⋅xDG⋅xEE −
θ2,f ⋅xDG + θ2,b⋅xMG⋅xEE
rrMG = θ2,f ⋅xDG − θ2,b⋅xMG⋅xEE −
θ3,f ⋅xMG + θ3,b⋅xGly⋅xEE
rrEE = θ1,f ⋅xTG − θ1,b⋅xDG⋅xEE +
θ2,f ⋅xDG − θ2,b⋅xMG⋅xEE + θ3,f ⋅
xMG − θ3,b⋅xGly⋅xEE
rrGly = θ3,f ⋅xMG − θ3,b⋅xGly⋅xEE

Acylation
controlling.
Ethanol
concentration not
included in the
equations.

This work Ethanolysis
of fish oil

Eqs. (9), (10), (11)

As in Torres
et al., 2003, with
acylation
controlling

Equations in supplementary
materials

As in Torres
et al., 2003, with
deacylation
controlling. In
supplementary
materials.

Eqs. (18), (19), (20)
Uniform
distribution of

Table 1 (continued )

Reference Reaction Kinetic Model comments

the fatty acids
assumed in the
initial
composition.
Acylation is
controlling.
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on the available positions on the TG. The results of the two model var-
iations are compared, showing how this assumption strongly affects the
acylglycerols fraction composition predicted by the model.

2. Materials and methods

2.1. Materials

An immobilized formulation of candida antarctica lipase A (CAL-A)
was chosen, and it was provided by Chiral Vision B.V. (The
Netherlands). Fish (mainly anchovy) oil was provided by Solutex Corp
(Spain), and it is a semi-refined oil, obtained by refining and bleaching
raw oil. In this process, most of free fatty acids had been removed, and it
was then determined through size-exclusion chromatography that more
than 96 % of the acids are in the form of TGs. Therefore, in the oil model
it is assumed for simplicity that all acids are, at the beginning, in form of
TGs (an acid can be found attached to a TG, or attached to a diac-
ylglycerol (DG) or to form a monoacylglycerol (MG). In all these cases,
the acid is said to be in the acylglycerols fraction, since all these com-
ponents are esters of glycerol. Lastly, it can be found as EE, which are
esters of ethanol). Fish oil mass fractions has been determined through
GC-FID analysis and is reported in Table 2. In the analyses, also traces of
margaric acid (C17:0) and erucic acid (C22:1) have been detected:
however their amount in the mixture was approximately 1.5 % of the
total moles, thus it has been chosen to neglect them, in order to save
computational time, and the other compounds fractions have been
scaled up to 100 % maintaining the same relative fractions.

From the oil composition it is possible to determine the average
molar mass of the fish oil. It is calculated as in eq. (1), where i represents
the fatty acid, xi its molar fraction, MMEE

i its molar mass in the EE form
and N is the number of fatty acids detected in the mixture (13 in this
case). It resulted a molar mass of 307.42 g/mol.

MMEE
oil =

∑N

i=1
xi⋅MMEE

i (1)

However, the molar mass of the oil in TG form is different from the
molar mass of the oil assuming all the acids in EEs, mainly because one
mole of TG is made up by three moles of EEs and a glycerol backbone.
According to the transesterification reaction, it is possible to calculate
the molar mass of the oil (assuming 100 % TG form) using eq. (2).

MMTG
oil =

(
MMGly − 3⋅MMH

)
+ 3⋅

(
MMEE

oil − (MMEtOH − MMH)
)

(2)

Fish oil molar mass turns out to be 876.115 g/mol. The density of the
selected fish oil is assumed equal to 930 g/L, while ethanol density
resulted equal to 791 g/L at sampling conditions. These values have
been used to calculate the molar concentrations of oil and ethanol in the

experiments, while the total mixture volume (50 mL in all cases) is
assumed to be constant at reaction temperature and throughout the
process.

2.2. Experimental procedure

The experiments were carried out in batch mode on a 50 mL oil
sample. First, the enzyme immobilized formulation was weighted and
transferred into the flask. Fish oil was added and after five minutes of
induction time ethanol, with different concentrations in different ex-
periments, was added to the mixture. The reaction temperature was set
to 40 ◦C. Samples were taken at defined time intervals and derivatized
for analysis. Therefore, each sample was diluted with ethanol so that the
ethanol oil ratio was set to 80:20. 100 μL samples of this solution were
divided into a 10 μL sample for the EE analysis and a 90 μL sample for
total fatty acid content analysis. The 10 μL EE sample was diluted with
330 μL of ethanol to prepare the final sample for GC analysis. The 90 μL
sample for total fatty acid content analysis was diluted with 410 μL of
ethanol, sulfuric acid mixture (21 μL 95 % sulfuric acid and 389 μL
ethanol) and was shaken at 1000 RPM at 60 ◦C for 180 min. Afterwards
the solution was neutralized with 100 mg sodium carbonate and
centrifuged to remove solid particles. After centrifugation, the sample
was diluted 1:10 with ethanol to get the final sample for the GC analysis.
GC-Analysis was performed on a Shimadzu Nexis 2030 with an FID
detector. The column used for peak analysis was a FAME column from
Agilent with a length of 100 m, film thickness 0.25 μm and an inner
diameter of 0.25 mm. Nitrogen was used as carrier gas with a linear
velocity of 27.3 cm/s. The injector was at 270 ◦C, while the detector was
set to 300 ◦C. 1 μL of sample was injected with a 10:1 split ratio.

With this experimental procedure, it has been possible to measure,
over time, the total acids amount and composition in each sample and
the acids amount and composition in the EE form. The total amount of
acids still attached to the acylglycerols can be therefore find from their
difference. Amount of acids in EE form is used as basis for the model
fitting and further validation.

2.3. Methodology

2.3.1. Experimental activity
The performed experiments aim at investigating the effect of ethanol

concentration (between 7 % and 15 %) and of enzyme amount (from 0.5
to 5 g of beads) on the selective conversion of the different acids to EEs.
Boundaries have been selected based on preliminary tests to avoid a
reaction too fast or too slow, in case on enzyme, and to avoid negligible
conversion (too low ethanol) from one side or phase separation (too
much ethanol) on the other side.

Experiments 1 to 5 aim to investigate the effect of ethanol volumetric
fraction (maintaining constant the enzyme amount and total mixture
volume), while experiments 6 to 9 the effect of the enzyme beads
loading (maintaining constant the ethanol volumetric fraction and the
total mixture volume). Experiments 10 to 13 have been run to validate
the kinetic model, with a new batch of both fish oil and enzyme, two for
ethanol dependance (10 and 11) and two for enzyme dependance (12
and 13). A table where experiments conditions are summarized is
available in supplementary materials.

In these experiments, the conversion of each acid in the mixture,
defined as the ratio between the concentration of EEs of this specific acid
CEE
i (t) over the total concentration of that acid in the mixture, in eq. (3),

has been measured. To use the number of moles or the molar concen-
trations is in this case equivalent, since it is assumed that volume is
constant throughout the reaction.

conversioni(t) =
CEE
i (t)

CTG
i (t) + CDG

i (t) + CMG
i (t) + CEE

i (t)
(3)

Table 2
Fish oil composition in terms of fatty acids.

Acid name Acid
index i

Acid
code

Mass
fraction

Mole
fraction

Molar Mass
as EE

(− ) (− ) (− ) (%) (%) (g/mol)
Myristic 1 C14:0 9.06 10.87 256.42
Palmitic 2 C16:0 19.29 20.85 284.47
Palmitoleic 3 C16:1 11.30 12.30 282.46
Stearic 4 C18:0 3.55 3.49 312.53
Oleic 5 C18:1

cis9
8.98 8.89 310.51

Octadecenoic 6 C18:1
cis11

3.72 3.67 310.51

Linoleic 7 C18:2 1.33 1.32 308.49
Linolenic 8 C18:3 0.88 0.89 306.48
Arachidic 9 C20:0 3.83 3.45 340.58
Eicosenoic 10 C20:1 0.72 0.66 338.56
EPA 11 C20:5 20.91 19.45 330.50
DPA 12 C22:5 2.26 1.94 358.55
DHA 13 C22:6 14.15 12.20 356.54
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2.3.2. Key performance indicators
Total conversion of fatty acids into EE form is defined in eq. (4). The

conversion is important to understand how the overall reaction is pro-
ceeding, even if does not provide information about the enrichment
process. It is analogous to the conversion of a single acid defined in eq.
(3), but is relative to all the acids in the mixture.

conversion(t) =

∑N

i=1
CEE
i (t)

∑N

i=1

(
CTG
i (t) + CDG

i (t) + CMG
i (t) + CEE

i (t)
)

(4)

Second indicator is called Oil Enrichment (OE) and it aims to eval-
uate the enrichment of the acylglycerols fraction in EPA and DHA
compared to their mass fraction in the initial oil. OE is defined in eq. (5),
where y represents the mass fraction, and it is a function of time.

OE(t) =
yglyceridesEPA+DHA(t)
yoil TGEPA+DHA

(5)

The initial mass fraction of EPA and DHA has been measured from oil
composition, and is 35.06 %, where EPA is 20.91 % and DHA is 14.15 %,
as shown in Table 2. This value is the constant OE denominator. The
numerator of OE can be computed by calculating how many moles of
EPA and DHA are attached to a glycerol backbone (so are in TG, DG or
MG form), as reported in eq. (6). Molar masses of all acids as EEs can be
found in Table 2, while molar concentrations over time are outputs of
the model.

Another important parameter to be taken into account is related to
the fact that, as time passes, even if the enrichment increases over time,
more and more EPA and DHA go to the EE fraction. Since they are not in
the final mixture of acylglycerols, it represents a loss. To evaluate this
effect, a KPI called Target Recovery (TR) is defined, in eq. (7), as the
ratio between EPA and DHA moles in acylglycerols and their total
amount in the fed oil.

TR(t) =
CTG
EPA(t) + CDG

EPA(t) + CMG
EPA(t) + CTG

DHA(t) + CDG
DHA(t) + CMG

DHA(t)
Coil TG
EPA + Coil TG

DHA

= 1 −
CEE
EPA(t) + CEE

DHA(t)
Coil TG
EPA + Coil TG

DHA
(7)

A value, for example, of 90 % means that 90 % of the total moles of
EPA and DHA are still in the acylglycerols fraction, while 10 % have
been detached and converted to EEs.

To consider both the effects together, an index called Performance
Index (PI) is defined as the product between oil enrichment and target
recovery.

PI(t) = OE(t)⋅TR(t) (8)

The process optimization aims at maximizing the PI as function of
time and of ethanol fraction.

3. Mathematical modeling

3.1. Generalities on the kinetic models

In this work, the assumed set of reaction is the following:

TG+C2H5OH↔DG+EE (R.1)

DG+C2H5OH↔MG+ EE (R.2)

MG+C2H5OH↔C3H5(OH)3 +EE (R.3)

where the detailed reaction description of each acid involved in these
reactions depend on the assumptions of the distribution of the TGs in the
fish oil, as it will be presented in sections 3.2 and 3.3. Two different
approach are here considered and investigated: the Selective Distribu-
tion (SD) model, as presented in section 3.2, in line with what can be
found in literature, assumes that only acids of the same type are attached
to a specific acylglycerol; the Uniform Distribution (UD) model, pro-
posed in section 3.3, assumes that acids are randomly distributed on the
TGs. The goal is to assess how the resulting distribution of the target ω3

in the product is affected by the assumptions on the acids’ distribution in
the reactants (i.e. TGs). An example to show the difference between the
two models is reported in Fig. 1, considering for simplicity only 3 acids
involved (while in this case study there are 13). It is worth mentioning
that in both models it is assumed that the acid position in the acylgly-
cerol (e.g., center or side in a TG) has no influence on the enzyme ability
to detach it, as is reported in literature that CAL-A has no particular
regioselectivity (Akanbi & Barrow, 2017; He et al., 2016).

3.2. Selective distribution in the kinetic model

SD distribution makes the strong assumption that all the acids
attached to a certain acylglycerol (TG and DG) are the same type of acid.
In this case, the molar concentration of each acid in the oil, at the reactor
inlet, corresponds exactly to the molar fractions of the different TGs. It is
possible to associate to each acid the corresponding ester, which can
then be identified with the subscript i to a specific acid. Since there are
13 acids in the investigated oil (N = 13), the components involved will
be 13 TGs, 13 DGs, 13MGs, 13 EEs, ethanol and glycerol, for a total of 54
components. The generic acylglycerol of interest can be identified by the
letter k. The notation adopted to represent the concentration of a
component is Ci,k, representing the concentration of the component in
the ester form k with attached the acid i. Then, for example, C1,DG
identifies the (molar) concentration of DG formed with myristic acid
(that is, glycerol backbone with two myristic acids attached). It is worth
mentioning that this notation differs from the other notation previously
used in the definitions of KPIs, that is Ck

i . The latter represents the
concentration of the fatty acid i that can be found in the acylglycerol k.
Using the same example, CDG

1 is the concentration of myristic acid that
can be found in DG form. It can be easily stated that CDG

1 = 2⋅C1,DG, since
there are two moles of myristic acid per mole of DG. In case of a TG, the
coefficient is 3, while for a MG and an EE is 1, so numerically there is no
difference (even if there is conceptually).

Following the previous section, the reaction rates of the reaction R.1,
R.2 and R.3, for each involved acid, are defined in eqs. (9), (10) and (11)
with a second order kinetic. Absolute values of the stoichiometric

yglyceridesEPA+DHA(t) =
(
CTG
EPA(t) + CDG

EPA(t) + CMG
EPA(t)

)
⋅MMEE

EPA +
(
CTG
DHA(t) + CDG

DHA(t) + CMG
DHA(t)

)
⋅MMEE

DHA

∑13

i=1

(
CTG
i (t) + CDG

i (t) + CMG
i (t)

)
⋅MMEE

i

(6)
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coefficient νi,k is always equal to 1, unless the component Ci,k is not
involved in the reaction: in this latter case it is equal to zero and reaction
rate cannot then be defined.

rri,R.1(t) =
1

⃒
⃒νi,k,R.1

⃒
⃒
⋅
dCi,k(t)
dt

⃒
⃒
⃒
⃒
R.1

= ϑi,f ,R.1⋅Ci,TG(t)⋅CEtOH(t) − ϑi,b,R.1⋅Ci,DG(t)⋅Ci,EE(t) (9)

rri,R.2(t) =
1

⃒
⃒νi,k,R.2

⃒
⃒
⋅
dCi,k(t)
dt

⃒
⃒
⃒
⃒
R.2

= ϑi,f ,R.2⋅Ci,DG(t)⋅CEtOH(t) − ϑi,b,R.2⋅Ci,MG(t)⋅Ci,EE(t) (10)

rri,R.3(t) =
1

⃒
⃒νi,k,R.3

⃒
⃒
⋅
dCi,k(t)
dt

⃒
⃒
⃒
⃒
R.3

= ϑi,f ,R.3⋅Ci,MG(t)⋅CEtOH(t) − ϑi,b,R.3⋅CGly(t)⋅Ci,EE(t) (11)

In these equations, ϑi represents the reaction rate for unit concen-
trations of the reactants, for the forward f and the backward b reactions
of each reaction R.1, R.2 and R.3. In this analysis, it is assumed that these
parameters, related to the ability of the enzyme to detach a certain acid,
are not dependent on the ester form involved. In other words, it is
assumed that the enzyme has the same ability to detach a specific acid
from a TG, from a DG or from a MG. Mathematically, it means that
ϑi,f ,R.1 = ϑi,f ,R.2 = ϑi,f ,R.3 = ϑi,f and ϑi,b,R.1 = ϑi,b,R.2 = ϑi,b,R.3 = ϑi,b. The
parameters ϑi,f and ϑi,b are fitted, for each component, based on the
experimental data.

Once calculated the rate equations, the model solves the material
balances for all the components involved by solving the following or-
dinary differential equations’ (ODE) system through the function ode45
in Matlab®. Eq. (12) represents the material balance for the 52 esters,
while (13) and (14) the material balances for ethanol and glycerol
respectively. Together they form a system of 54 ODEs. The Cauchy’s
problem can be solved by imposing the concentrations at time t = 0,
which are known from oil composition and experimental conditions.

dCi,k(t)
dt

= νi,k,R.1⋅rri,R.1(t) + νi,k,R.2⋅rri,R.2(t) + νi,k,R.3⋅rri,R.3(t) (12)

dCEtOH(t)
dt

= −
∑N

i=1
rri,R.1(t) −

∑N

i=1
rri,R.2(t) −

∑N

i=1
rri,R.3(t) (13)

dCGly(t)
dt

=
∑N

i=1
rri,R.3(t) (14)

The parameter νi,k represents the stoichiometric coefficient of the
component made by acid i in the ester form k specific to a certain re-
action, and it can be +1 if the component is a product, − 1 if it is a
reactant and 0 if is not involved in that reaction.

3.3. Uniform distribution in the kinetic model

The model proposed in section 3.2 is a first step to describe the fish
oil ethanolysis. It is however based on a strong assumption, typically
assumed also in the scientific literature, that only one type of acid can be
attached to any specific ester. This is very unlikely to happen in the real
world and could lead to an overestimation of the TG fraction, thus
underestimating DG and MG fractions, even if correctly fitted on EEs
data. This risk of a wrong description of the acylglycerols fraction is
conceptually presented through an example in the supplementary ma-
terials. On the other hand, to understand how the fatty acids are
distributed on the different TGs can be experimentally difficult and
inconvenient, especially in case there are many different fatty acids in
the mixture.

Therefore, the approach proposed in this article is to investigate the
differences that can be obtained assuming a uniform distribution of the
fatty acids, among the available positions in the fish oil TGs. Since there
is a different (but precise) number of moles of acid of each type, the
amount of each TG produced will be dependent on the quantity of each
acid. The molar fraction of each possible TG is calculated in Matlab®, by
randomly distributing a vast number of fatty acids molecules (with the
same molar fraction as in the feed) in three different positions with
uniform distribution, using the rand function.

The UD leads to a larger number of TG types, and it is surely more
complex than the SD. However, it is also more likely that the UD rep-
resents the reality better than the strong assumption of the SD.

In the UD, the number of possible combinations of acids in TGs, DGs
and MGs can be found from eqs. (15), (16) and (17) respectively, ac-
cording to the reactions defined in section 3.1.

NTG =
(N+ 2)!
3!⋅(N − 1)!

(15)

NDG =
(N+ 1)!
2!⋅(N − 1)!

(16)

Fig. 1. difference between SD and UD assumptions in the kinetic model. Example of distribution of three fatty acids (R1, R2 and R3) on the available positions of the
TGs in the fish oil before reaction. It is assumed that position on the TG has no influence (combinations are considered instead of dispositions).
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NMG = N (17)

where N is the number of fatty acids. In this case, with 13 acids, it turns
out that there are 455 different TGs and 91 DGs, while of course 13 MGs
and 13 EEs, since there is only one acid attached. Including ethanol and
glycerol, it leads to a system of 574 ODEs to be solved over time.
However, the computational effort due to higher number of equations is
not the only additional complexity compared to the SD. In this model, it
should be considered that a certain TG can lead only to some specific
DGs, and, among the possible DGs that can be obtained, the amount of
each type of DG depends on the acids initially attached and to the
probability of detaching each one of these acids. To describe this pro-
cess, the mathematical problem is formulated as follows.

Reaction rates are similar to the ones presented in eqs. (9), (10) and
(11). However, this time it is not possible to refer to the component Ci,k,
since there is no more correspondence between acid and component.
The reaction rates are here referred to the overall concentration of the
acid type i in a certain ester form Ck

i . This leads to eqs. (18), (19) and
(20):

rri,R.1(t) =
dCEE

i (t)
dt

⃒
⃒
⃒
⃒
R.1

= ϑi,f ⋅CTG
i (t)⋅CEtOH(t) − ϑi,b⋅CDG

i (t)⋅CEE
i (t) (18)

rri,R.2(t) =
dCEE

i (t)
dt

⃒
⃒
⃒
⃒
R.2

= ϑi,f ⋅CDG
i (t)⋅CEtOH(t) − ϑi,b⋅CMG

i (t)⋅CEE
i (t) (19)

rri,R.3(t) =
dCEE

i (t)
dt

⃒
⃒
⃒
⃒
R.3

= ϑi,f ⋅CMG
i (t)⋅CEtOH(t) − ϑi,b⋅CGly(t)⋅CEE

i (t) (20)

In this context, the definition of reaction rate represents the deriva-
tive of the concentration of acids i in the form k. It is then a measure of
all the acids of type i detached from the glycerol backbones of the
different acylglycerols where they came from.

To evaluate the material balances a further assumption is needed: it
is assumed that the enzyme does not discriminate if a specific acid is
attached with different acids, and then all the fatty acids of a specific
type have the same probability to be detached. It consequently follows
that if a component has 3 EPA attached, then it has three times the
probability that EPA will be detached from that component compared to
the probability that it is detached from a component with only one EPA.
To evaluate from which components are them detached, a probability of
detachment Pkz,i function is defined as in eq. (21) for all the components.
Such function assumes that the probability to detach one specific acid i
from one generic component z is proportional to the number of that acid
attached to that specific component Ci,z over the total number of acids of
the same type i attached to all the components that are in the same ester
form. If, for example, there is a TG with two EPAs and one oleic acid, its
probability function for EPA (to know which percentage of EPA de-
tached, given by its reaction rate, are detached from this component)
can be calculated from the concentration of EPA in that component (that
is, two times the concentration of the component itself) over the total
concentration of EPA attached to all the TGs.

Pkz,i(t) =
Ck
i,z(t)

∑
all z in kCk

i,z(t)
(21)

Material balances for TGs, EEs, ethanol and glycerol can already be
stated:

dCTG
z (t)
dt

= −
∑N

i=1
PTGz,i (t)⋅rri,R.1(t) (22)

dCEE
z (t)
dt

= rri,R.1(t)+ rri,R.2(t)+ rri,R.3(t) (23)

dCEtOH(t)
dt

= −
∑N

i=1
rri,R.1(t) −

∑N

i=1
rri,R.2(t) −

∑N

i=1
rri,R.3(t) (24)

dCGly(t)
dt

=
∑N

i=1
rri,R.3(t) (25)

Eq. (22) represents the material balance for TGs, which are 455
components. To evaluate how changes the concentration of each
component in TG form CTG

z , for all the acids, the amount of each acid
detached can be found by multiplying the reaction rate of that acid in
reaction R.1 (which represents the total number of acids detached from
all TGs) multiplied by the probability function of that acid in that
component (which represents the percentage of acid detached allocated
to that component). The probability is zero if the acid i is not present on
the considered component z. In eq. (23) there is a correspondence be-
tween z (the component) and i (the acid), since only one acid forms the
specific EE. Then of course, it should be used the reaction rate of the acid
that is the same acid which forms the ethyl ester z.

To evaluate the material balances for components in DG and MG
forms, an additional parameter is introduced. While the number of acids
detached from each component in this form can be calculated as previ-
ously done for TGs, the DGs formed at each step depend on the compo-
nents obtained from the previous detachment of acids from the TGs. The
same can be said for MGs. The material balances can be represented as:

dCDG
z (t)
dt

=
dCDG

z,formed(t)
dt

−
dCDG

z,consumed(t)
dt

(26)

dCMG
z (t)
dt

=
dCMG

z,formed(t)
dt

−
dCMG

z,consumed(t)
dt

(27)

where the amount that is consumed can be calculated for DGs as already
made for TGs. For MGs it is not necessary to use the probability function,
since its values are always equal to 1 (there is only one acid associated to
each MG).

dCDG
z,consumed(t)

dt
=

∑N

i=1
PDGz,i (t)⋅rri,R.2(t) (28)

dCMG
z,consumed(t)

dt
=

∑N

i=1
rri,R.3(t) (29)

The amount of each component that is formed from the detachment
of an acid from the upper-order acylglycerol can be calculated by
introducing the parameter ψTG

DG. This parameter is introduced to math-
ematically state the possibility to obtain a specific DG starting from any
specific TG. ψTG

DG is 1 if the considered DG can be produced starting from
the considered TG, 0 otherwise. The acid that should be detached from
the TG to make the DG z is identified with the letter j. It can be stated
then:

dCDG
z,formed(t)
dt

=
∑

all TGs δ

ψTG
DG⋅rrj,R.1(t)⋅PTGδ,j (t) (30)

In other words, for each TG it is checked if that component can or
cannot form the DG of interest, and then it is estimated howmany moles
of acid j (the one to be detached from that TG to make the DG of interest)
are detached. The same idea can be applied to the formation of MGs, this
time considering DGs as the components to start from.

dCMG
z,formed(t)
dt

=
∑

all DGs δ

ψDG
MG⋅rrj,R.2(t)⋅PDGδ,j (t) (31)

With eqs. (30) and (31) the material balances can be completed. Eqs.
(22) to (31) can be combined in a system of 574 ODEs. Together with
their initial values, which are known from the experimental conditions
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of the mixture fed (amount of ethanol, amount and composition of oil of
the specific experiment), the Cauchy’s problem can be solved.

3.4. Model fitting

In the experimental activity, the concentration of each fatty acid i,

named Ĉ
EE
i (t), has been measured over time, typically through 10

samples along 23 h. The residual of acid i at time t, called εi(t), is defined
as the difference between the value of the concentration predicted by the
model CEE

i (t) – that is equivalent to CEE
z (t) in the UD - and the experi-

mental measurement Ĉ
EE
i (t). For both SD and UD, the concentrations of

all acids over time are determined once set their initial values and the
parameters ϑi,f and ϑi,b for all the involved fatty acids.

The kinetic model parameters ϑi,f and ϑi,b have been fitted by mini-
mizing the Sum of the Squares Residuals (SSR) of all the experimental
points of all acids. Definition of SSR is reported in eq. (32). This residual
minimization has been performed in Matlab® using the function fmin-
con. In other words, the software provides the values of ϑi,f and ϑi,b of all
acids that minimizes sum of the squared residuals for all acids for all the
experimental point, making then a global minimization.

SSR =
∑texp

t=0

∑N

i=1
ε2i (t) =

∑texp

t=0

∑N

i=1

(
CEE
i (t) − Ĉ

EE
i (t)

)2 (32)

However, the fitting of 26 parameters (13 for the ϑi,f and 13 for the
ϑi,b) together can be complex from a computational point of view and
with considerable risk of overparameterization. Thus, a simplified
approach has been used in this work. Based on preliminary experimental
results, it has been noticed that some acids showed the same conversion
(or a fixed percentage of the conversion of another acid) over time. This
was verified for all the experiments performed. Based on this observa-
tion, the components were grouped in five classes with similar conver-
sion trend and for each class the most abundant component was selected
to describe the conversion of the entire class. This approach reduces the
degree of complexity of the problem, requiring to fit only 10 parameters
(2 for 5 acids). These representative components – C16:0, C16:1, C18:1
cis11, EPA, DHA - are approximately 70 % of the total acids moles of the
mixture. The concentration of the other 8 components (C14:0; C18:0;
C18:1cis9; C18:2; C18:3; C20:0; C20:1; C22:5) is computed by the
model, starting from the parameters ϑi,f and ϑi,b of the five components
fitted. More details on the grouping procedure and on its impact on the
overall results is reported in supplementary materials, and one example
of the fitting result for one experiment can be seen in Fig. 2.

Once fitted the parameters, the quality of the fitting is evaluated
using the R2 index, also called coefficient of determination, calculated
according to the definition in eq. (33).

R2 = 1 −
SSR
SST

(33)

where SST is defined as in eq. (34), and is the Total Sum of the Squares
(SST), which is defined as the overall sum of the squared difference
between experimental results and the average of the experimental re-

sults specific to a component Ĉ
EE
i,avg, given by the sum of all concentra-

tions of acid i over time divided by the number of experimental points.

SST =
∑texp

t=0

∑N

i=1

(
Ĉ
EE
i (t) − Ĉ

EE
i,avg

)2
(34)

The comparison between values of R2 resulting from the fittings of
SD and UD can be found in Fig. 5.

4. Results and discussion

Once defined materials and methods in section 2 and the mathe-
matical models in section 3, in this section both experimental and

modeling results are presented and discussed. Since the fitting of the SD
and the UD are based on the same data, the generalities on experimental
results and system behavior are presented in the SD section only, while a
comparison between the two approaches is reported in the description of
UD.

4.1. SD in the kinetic model

4.1.1. Trends of concentrations and key performance indicators in one
experiment

Typical trends of the EE concentrations, divided per fitted acids, are
reported in Fig. 2. The lines represent the model prediction obtained
once the values of ϑi,f and ϑi,b have been fitted for the specific experi-
ment, while the marker the experimental measurements. The top figure
represents the typical profile of the concentrations of the ethyl esters of
the five fitted acids over time. It appears clear how the enzyme detaches
preferably short-chain acids and leaves EPA and DHA attached, there-
fore their concentration as EEs is low. As time passes, some components

Fig. 2. Trends of concentrations of EEs of different fatty acids over time in
experiment 8, divided between the fitted components (top) and the other
components which conversion is calculated from the fitted ones (middle). On
the bottom, trend of KPIs for experiment 8.
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(C16:0, C18:1 cis11) reach a peak and then concentration decreases.
This is due to re-attachment to the EEs to their acylglycerols, since also
the inverse reaction is occurring. At the center, the trend of the other 8
components is shown: the concentrations are based on the values of ϑi,f

and ϑi,b that are not directly fitted, as for the main components, but are
calculated as a fixed percentage of the ϑi,f and ϑi,b of the fitted compo-
nents. The goodness of this prediction allows to validate a posteriori the
assumption stated in section 3.2 to fit only five main components in
order to save computational time. The considerations on their trends are
the same as for the fitted components. It is also possible to compute and
plot the KPIs, defined in section 2.3.2. The resulting trends over time are
presented at the bottom of Fig. 2.

The easiest trend to explain is the one of TR, representing the ratio
between the ω3 moles still attached to the glycerol backbone, and the
total amount of ω3 in the mixture (so, the numerator plus the amount of
ω3 in EEs). Its value starts from one, since at the beginning all acids are
in TG form, and then it continuously decreases as more ω3 are detached.
The other parameter, OE, represents the ratio between the mass fraction
of ω3 in the acylglycerols fraction and the mass fraction in the initial oil.
As shown in Fig. 3 (bottom), it increases at the beginning, reaches a
maximum and then slowly decreases. The reason for this trend, which is
also followed by the PI, is that at the beginning the enzyme detaches
selectively most of the acids, which concentration as EEs increase
steeply. After a while, due to the high number of EEs available in the
mixture, they start to recombine and to form acylglycerols. In Fig. 2, for
example, this is the case for C16:0, C14:0 and C18:1 cis11. These be-
haviors lead to the presence of a maximum of the PI, which represents
the optimum time where the reaction should be stopped. Another
interesting trend is the one of total conversion, which is the percentage
of acids converted to EEs. In experiment 9, about 47.5 % of the acids are

detached over time. It is interesting the fact that overall, the conversion
reaches an equilibrium and so the number of EEs is stable over time,
after an initial transient. However, looking inside the different fatty
acids which compose the EEs fraction, they are changing proportion
over time. In other words, the different acids are rearranging themselves
on the acylglycerols available positions, while maintaining the total
number of detached acids constant.

4.1.2. Parameters fitting and model validation
The quality of the fitting on the five acids representative of the five

classes of components is expressed in terms of R2 index, as defined in
equation). Results are reported in Fig. 5, in comparison with the UD.
However, in all cases the index is above 0.9, which suggests a good
fitting.

In Fig. 3, the values of ϑi,f (left figures) and ϑi,b (right figures) in two
set of experiments on ethanol concentration (top figures) and on enzyme
beads loading (bottom figures) are reported. In the case of ethanol
fraction, the trend of both ϑi,f and ϑi,b is exponential for all components.
In case of beads loading, the trend is linear, and in particular ϑi,f and ϑi,b

are, for all components, proportional to the beads loading, due to the
proportional additional availability of active sites on the lipase. These
results allows to write the reaction rates specific for beads grams,
namely ϑi,f = ki,f ⋅menzy and ϑi,b = ki,b⋅menzy, where menzy are the grams of
beads per 50 mL of solution. To validate the model, the results of ex-
periments 10 to 13 are also reported in Fig. 3 (empty indicators).

Results of the validation show that the model can reproduce the
experimental results obtained with a new oil batch (thus with a slightly
different composition in terms of fatty acids compare to the one used for
fitting). The goodness of the prediction is verified also for values outside
the fitting range, as in the case of the experiment with 5% of ethanol and

Fig. 3. ϑi,f and ϑi,b for different ethanol volume fraction (top) and for different beads loading (bottom). Experimental data used to fit the model coefficient (black
markers, experiment #1–9) and experimental data used for validation (with markers, experiment #10–13). Model results are reported with dotted lines.
(●) C16:0 exp. for fitting; (○) C16:0 exp. for validation; (◆) C16:1 exp. for fitting; (◊) C16:1 exp. for validation; (▴) C18:1cis11 exp. for fitting; (Δ) C18:1cis11 exp.
for validation; (+) EPA exp. for fitting; (⊞) EPA exp. for validation; (■) DHA exp. for fitting; (□) DHA exp. for validation.
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the experiment with 5 g of enzyme.
Regarding ethanol trend, it should be mentioned however that the

exponential behavior does not hold for extremely low concentration
because, as already obtained by Jiang et al., 2023 for methanolysis, at
very low ethanol concentration no conversion can be obtained and the
values of ϑi,f and ϑi,b should steeply drop to zero.

Some deviations can be observed in the backward parameters in the
enzyme-related experiments. However, it is worth mentioning that their
influence on the overall fitting quality, compared to the one of the fitting
the parameters of the forward reaction, is quite limited. As shown in
Fig. 3, they resulted in general one order of magnitude lower than the
forward reaction parameters.

4.1.3. Trends of KPIs in all experiments
The effect of ethanol concentration (left) and enzyme amount (right)

on PI (top) and on conversion (bottom) is reported in Fig. 4. The effect of
enzyme beads loaded into the system, is similar to the effect of a generic
catalyst loading in a chemical reactor: the reaction time is inversely
proportional to the loading or, in other words, the conversions and KPIs
in different experiments have the same trend as functions of the variable
t/menzy. Increasing beads loading, reaction time proportionally de-
creases, while the plateau value of conversion and the peak values of PI
are the same as absolute values. Changing the enzyme amount has
therefore only an effect on reaction time.

The effect of ethanol concentration on the process requires more
considerations. Since in all cases we are working with sub-
stoichiometric ethanol (molar ratio < 3), adding ethanol to the

mixture guarantees higher conversion. This higher conversion leads also
to a slightly higher PI value, which should make the rich-ethanol cases
the most suitable. On the other hand, it is reported in literature that a
high concentration of ethanol can lead to enzyme inhibition, as for
example obtained in the ethanolysis performed by Calabrò et al., 2010.
The same effect can be observed in this work, looking at the first
experimental hours, since as the reaction goes ethanol is consumed and
inhibition less likely occurs. It is possible to observe how the initial re-
action rate - i.e. the slope of the conversion over time curve - is the same
at 7 % and 9%while it decreases progressively over this value. Although
at 13 % and 15 % it is possible to reach an overall higher PI, it takes
about 3–4 times more enzyme to complete the reaction in the same time,
for an increase in PI from 1.3 to 1.35. Where enzyme availability can be
a limiting factor for the economic of the process, an optimum can be
found using 9 % of ethanol. In this case, the peak is at 1.3 of PI, that is in
turn given by the product of OE resulting 1.48 and TR that is 87.9 %.
This corresponds to a final ω3 mass fraction in acylglycerols fraction of
52%, by detaching 12.1% of the initial moles of ω3, and therefore losing
them as EEs.

4.2. Comparison between SD and UD

In the previous paragraph, the results of the SD have been presented.
The SD is able to fit the experimental data with good accuracy and
provides a useful tool to predict the ethyl esters production over time
depending on enzyme amount and ethanol concentration. This, how-
ever, allows to properly describe the ethyl ester fraction and the overall

Fig. 4. trend of PI (top) and conversion (bottom) over time in the different experiments. On the left, ethanol influence (fitting based on experiments 1 to 5). On the
right, enzyme amount influence (fitting based on experiments 6 to 9).
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acylglycerols fraction, but with potential deviations from reality in the
compositions of the different acylglycerols. To overcome this problem
and reach a higher accuracy on the final acylglycerols composition, a
new acid distribution has been assumed in the model, as described in
section 3.3, implemented in Matlab® and used to fit the same experi-
mental data on EEs.

The general trends of concentrations and KPIs are the same as pre-
sented in the previous section, since they have been discussed as results
of the model but are actually based on the experimental measurements.
The focus of this section is mainly to underline the differences between
the UD and the SD, rather than to explain again the trends obtained.

4.2.1. UD parameters fitting
As conducted in 4.1.2 for the SD, also the UD has been fitted on the

experimental data available, representing the concentrations of EEs of
the different fatty acids over time. Likewise with the SD, five main fatty
acids have been used to fit the model, while the concentrations of the
other eight acids have been calculated based on the fitted ones. Fitting
and validation of UD model and the comparison between UD and SD
fitting and fitted parameters are reported in Fig. 5.

Results of the fitting in terms of R2 are reported at the top of Fig. 5.

All values are above 0.88, although higher computation time led to a
less-optimized solution compared to the SD. The parameters ϑi,f and ϑi,b
have been fitted for the 5 main acids.

The trends of ϑi,f and ϑi,b over ethanol concentration and over
enzyme amount have been fitted with a mathematical function (expo-
nential for ethanol and linear for enzyme) and such functions have been
used to validate the model on the experiments 10 to 13, following the
same procedure used in the SD. At the center of Fig. 5, the results of the
fitting and validation of the forward coefficients, while their mathe-
matical expressions can be found in supplementary materials. The
mathematical complexity of the model with UD is higher than the SD
one, since here 574 components are involved, together with matrixes
that assign the probabilities and the possibilities of obtaining one
component from another, as presented in section 3.3.2. For this reason,
it can be a good procedure to look for a connection between the ϑi,f and
ϑi,b of the SD and UD, in order to use the results of the SD as first-guess
values in the UD. It resulted that there is a relation between the pa-
rameters calculated with the different distributions, reported at the
bottom of Fig. 5 for the forward reactions parameters. These relations
can be easily derived for all parameters from the expressions of ϑi,f and
ϑi,b reported in and The ratios are approximately between 2 and 3, since

Fig. 5. At the top, R2 coefficient comparison between the results of the fitting of SD and UD. At the center: on the left, validation of the UD for ethanol concentrations.
On the right, validation for enzyme amount. At the bottom, ratio between ϑi,f of the SD and UD in the different experiments, with segment indicating average value.
(●) C16:0 exp. for fitting; (○) C16:0 exp. for validation; (◆) C16:1 exp. for fitting; (◊) C16:1 exp. for validation; (▴) C18:1cis11 exp. for fitting; (Δ) C18:1cis11 exp.
for validation; (+) EPA exp. for fitting; (⊞) EPA exp. for validation; (■) DHA exp. for fitting; (□) DHA exp. for validation.
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in UD the ϑ are related to the acid concentrations, while in SD they are
related to the acylglycerols concentration, with a ratio acids/acylgly-
cerols of 2 for DG and 3 for TG.

4.2.2. Discrepancies in acylglycerols fraction description
Trends of the KPIs are the same observed for the SD, despite the

minor differences that may arise from the fitting accuracy, since both
models reproduce the same experimental data. The aim of this analysis,
however, lays in the verification of how the acylglycerols fraction is
described by the two models. On the left of Fig. 6, the molar fractions of
the different esters (TGs, DGs, MGs, EEs) over time for one experiment
(exp. 6) are reported. As expected, the fraction of EEs computed by the
two models is the same, since fitted on the experimental data (white
markers in figure). For the acylglycerols (TGs, DGs, MGs), the trends
confirm and quantify what was expected: the SD, with its hypothesis that
any TGs has only acids of the same type attached, leads to an over-
estimation of the TGs in the reaction mixture compared to the UD. DGs
and MGs are instead both underestimated, keeping in mind that the total
amount of acylglycerols is the same for the two models. Such differences
are numerically important and this is evaluated taking the relative dif-
ference between predicted UD values compared to predicted SD values,
which changes over time, and assuming their median value as repre-
sentative of the discrepancy. For TG molar fraction, the median of the
relative discrepancy moving from SD to UD is 37 %, for DGs − 92 % and
for MGs − 64 %, while for EEs is 2 %. These numbers suggests that the
discrepancy between the two assumptions cannot be neglected, and that
the necessity of a more accurate model of the initial acids’ distribution,
as in the UD, should be considered when an accurate description of
acylglycerols fraction is required.

This conclusion is even stronger when looking at the ω3 fatty acids
(EPA + DHA) concentration in the different esters, needed to estimate
the enrichment of the final product if the separation between acylgly-
cerols and EEs is not 100 % selective. In case some acylglycerols will be
lost, and some EEs will remain in the final product, an accurate
description of all these fractions allows to estimate the final enrichment.
Results are again presented for one experiment, but conclusions are
qualitatively general for all the cases investigated. As clear from right
side of Fig. 6, the discrepancy is noteworthy. The total molar concen-
tration (and then the moles, since the volume is assumed to be constant)
of ω3 over time is constant and equal to the initial one (acids are only
changing ester form). Considering again the median of the relative

discrepancy between SD and UD, for TGs is 51 %, for DGs is 257 % and
for MG is 1619 %, while for fitted EEs is 2 %.

5. Conclusions

In this research, fish oil transesterification, performed thanks to a
selective lipase, has been performed to produce an acylglycerols fraction
enriched in ω3 fatty acids. A mathematical model has been used to
reproduce the experimental data, obtained measuring the ethyl esters
produced in the mixture, investigating the effects of enzyme loading and
ethanol concentration on reaction performance. Both a selective and a
uniform distributions of the acids in the fish oil have been assumed, to
investigate their influence on the acylglycerols fraction description,
which experimental determination is much more challenging due to the
very high number of acylglycerols and acids combinations.

KPIs predicted from the models, while fitted and validated on
experimental data, showed that enzyme loading has only an effect on
reaction time, while keeping the absolute values and trends of KPIs
constant. Increasing ethanol concentration, on the other hand, increases
also the maximum PI and conversion. However, above 9 % ethanol
shows an inhibition effect, where – to perform the reaction in the same
time – 4/5 times the enzyme loading is required to reach the PI peak,
while only increasing the maximum from 1.3 to 1.35. Therefore, a good
conclusion can be to operate with 9 % of ethanol. In that case, the PI
peak is found after 4.5 h with 2 g of beads, where it can increase or
decrease inversely proportional to the enzyme loading. The peak of PI is
a value of 1.3, given by the product of oil enrichment of 1.35 and a target
recovery of 87.9 %. These values correspond respectively to an ω3 mass
fraction in acylglycerols fraction of 52 % (starting from 35 % of the
initial oil) and to a loss of ω3 in the acylglycerols fraction, due to their
conversion in EEs, of 12.1 %.

The limits on the conventional assumptions of the selective distri-
bution (where only acids of the same type are attached to a specific
acylglycerol), as can be found in literature, have been pointed out, and
an alternative version of the model has been proposed, based on a uni-
form distribution of the fatty acids in the available positions on the
triacylglycerols of the fish oil. This new assumption has been used to
reproduce the same experimental data and the results of the twomodels’
assumptions have been compared. While leading to a maximum error of
2 % on EEs fitting, therefore sharing the same conclusions on overall
description of EEs and acylglycerols fraction as a whole, the descriptions

Fig. 6. On the left, comparison between mole fractions of different esters over time for experiment 6 estimated with SD and UD. On the right, comparison between
the two models of the ω3 predicted concentrations in all the ester forms.
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of the composition of the acylglycerols fraction strongly differs. In-
consistencies can be both found in the prediction of the concentration of
the different acylglycerols (TG, DG, MG), from 37 % to 92 % of absolute
relative differences, and in the consequent description of the ω3 con-
centrations in each fraction. In the latter case discrepancies reached
relative values from 51 % for TG up to over 1600 % for MGs.

The improvements in the acylglycerols fraction predictions may have
a relevant impact in the process design of ω3 enrichment, as it can be
showed through a couple of examples. The first is about the bioavail-
ability of the product: in Dyerberg et al., 2010, the authors showed that
re-esterified acylglycerols had a higher availability compared to, in turn,
free fatty acids, natural fish oil and ethyl esters. This higher bioavail-
ability was potentially attributed to the fact that re-esterified products
have also both DG and MG content (about 40 %) that could facilitate
their absorption in the intestine. In the same manner, an ω3 enriched
product containing the target acid in DG andMG fractionmay represents
a more valuable product, thus leading to the necessity to a more accurate
prediction on their content. A second example is about the second sec-
tion of the enrichment process, which is the removal of EEs, depleted in
ω3 acids. Among the various separation techniques, this can be done
using a membrane separation process. As stated in Marchetti et al.,
2014, membrane separation in nanofiltration depends on solute-solvent-
membrane interactions, which is affected by both solute diameter and
polarity. Having different polarity and diameters, TGs, DGs and MGs
may have different permeabilities, and then a correct estimation of their
amount may be fundamental in an overall process description, whether
membrane technology is used for oil enrichment (Ghasemian et al.,
2017).

From this study, it can be concluded that the SD is a powerful and
simple tool, which use is suggested every time the requirements of the
study are to understand how external conditions (temperature, ethanol
concentration, pressure, etc.) influence the ethyl-esters detachment and
composition. Nevertheless when, beyond EEs, also detailed information
on the acylglycerols fraction is needed but it is technically challenging to
perform experimental measurements to determine their amount and
their acids content, using the SD can lead to important overestimation of
the TGs fraction (and the amount of a certain component in it, accord-
ingly) and a severe underestimation of the DGs and MGs fractions. When
such information is required, a more accurate description of the acids’
distribution should be used. Since the real distribution has a very high
level of complexity, the UD has been proposed to give a more realistic
representation of the situation. The results with the UD showed the
limits of the SD description, and its usage is recommended whenever
information of acylglycerols and their composition is needed. Further
development of this study might deal with the validation of kinetics
prediction based on experimental determination of acids distribution in
acylglycerols fraction over time.
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