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ABSTRACT: The formic acid partition coefficients in soybean
oil/water biphasic system were determined experimentally in a
Lewis cell apparatus and modeled mathematically. The effect of
different operation conditions on the mass transfer parameters was
investigated, i.e., temperature, water-to-soybean oil weight ratio,
and formic acid-to-soybean + water weight ratio. The experimental
results revealed that the temperature and water-to-soybean oil ratio
bring the most relevant influence on the partition coefficient. The
results were interpreted with an empirical mathematical model and
two thermodynamic models, UNIQUAC (Universal Quasichem-
ical) and NRTL (Non-Random Two Liquid). This investigation
has relevance for the epoxidation of vegetable oils via the
Prilezhaev concept. The approach can also be extended to other
carboxylic acids, too.

1. INTRODUCTION
Epoxidized Vegetable Oils (EVOs) have been largely employed
to synthesize substances of interest as biolubricants, plasticizers,
polyurethanes, and polymers.1−9 Nevertheless, despite the high
research interest in new synthesis pathways,10−19 both the
industrial production as well as the laboratory practice still rely
on the Prilezhaev reaction concept. The reaction is performed in
a biphasic system, where the polar phase, aqueous solution, is
brought in contact with an apolar one, either a vegetable oil or its
derivatives. The epoxidation synthesis takes place through a few
series of steps, depicted in Figure 1.
First, a carboxylic acid reacts in the aqueous phase in the

presence of either a homogeneous or heterogeneous acid
catalyst with hydrogen peroxide to a percarboxylic acid. Next,
the percarboxylic acid migrates from the aqueous phase to the
organic phase, where it reacts with the double bonds present in
the fatty acid chains of the triglyceride to epoxide. Then,
carboxylic acid migrates back to the aqueous phase and reacts
again with hydrogen peroxide, restarting the reaction cycle. Side
reactions occur in the reaction system as well, such as
decomposition of the organic peracid, and ring opening of the
epoxy groups.20−25 Thus, in the epoxidation process via the
Prilezhaev reaction method, a percarboxylic acid, generally
formed in situ from a carboxylic acid, is employed as an oxidizing
agent thanks to its higher solubility/partition in the organic

phase with respect to the hydrogen peroxide. Commonly, either
acetic acid is used as a carboxylic acid. In the present paper,
formic acid will be used, as the shorter the alkyl chain the faster is
the percarboxylic acid formation,26,27 thus leading to a
shortening of the reaction times. In this scenario, the mass
transfer from one phase to the other for both the carboxylic acid
and its corresponding peracid might play a crucial role in the
epoxidation process, and its impact is affected by the mass
transfer coefficient and the phase equilibrium. The physical
property that quantifies how a chemical component is
partitioned into two either immiscible or hardly miscible phases
is the partition coefficient (m), which is typically defined as the
concentration ratio of the ith compound in each phase.
Therefore, a rigorous mathematical modeling of such a system,
namely, epoxidation via the Prilezhaev concept, needs several
parameters to be evaluated, among others the partition
coefficient. Thus, when it is possible, the experimental
determination of some of these parameters is highly preferable
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and convenient, as it decreases the number of adjustable
parameters to be estimated simultaneously in mathematical
modeling. The correlation between the adjustable parameters is
suppressed, leading to a more reliable set of parameters.
Generally, in the mathematical treatment of the epoxidation
system using a biphasic approach, where the partitions of the
compounds in the immiscible phases is considered, the partition
coefficients have been mainly estimated28,29 or predicted
through the use of an online calculator, namely, SPARC.30−34

Generally, the experimental determination of the partition
coefficients in the epoxidation system has been carried out
seldomly. Operating conditions similar to the ones used in the
reaction conditions have been applied, and the effects of
temperature, component ratio, and composition on the
partitioning ratio have been evaluated.35−40 Rangarajan et al.38

determined the partition coefficient of acetic acid in a soybean
oil/water system. The mixture was at first vigorously mixed for a
certain time and then allowed to separate for a time as long as the
mixing one. Sinadinovic-́Fisěr and Jankovic3́5 measured the
acetic acid partition coefficient in soybean oil/water using the
same experimental procedure as Rangarajan et al.38 A wider
range of temperature was investigated (i.e., from 20 to 80 °C),
and the experimental data were used for predicting the partition
coefficient through the use of Universal Quasichemical
(UNIQUAC) as the thermodynamic model. A similar study
was made from the same research group evaluating similar
operating conditions but in the epoxidized soybean oil/water
system.39 From the comparison between these two inves-
tigations, it turned out that the acetic acid concentration at the
equilibrium conditions increases in the oil phase in the presence
of epoxidized soybean oil. A higher concentration in the oil
phase in the presence of epoxidized oil was obtained also by Wu
et al.40 in the study of the formic acid partitioning ratio in a
soybean-epoxidized soybean oil−water system. According to the
authors, this observation is related to the presence of polar
groups, namely, the epoxy group and the hydroxyl group,
byproduct from the ring opening of the epoxy group which
enhanced the solubility of a polar compound in the organic
phase. Recently, Jankovic ́ et al.41 determined the partitions of
acetic acid in a system containing linseed oil, epoxidized linseed
oil, water, and hydrogen peroxide. Once again, the experimental
data were used for predicting the partition coefficient with the
use of a thermodynamic model.

The present study had the goal of experimentally measuring
the partition coefficients of formic acid in a model system,
containing soybean oil and water, at different temperatures and
component proportions. The experimental apparatus was a
Lewis cell, which guarantees a well-defined interfacial area
between the two phases and allows one to analyze the
concentration of the formic acid in the aqueous phase
thoroughly along time. After the liquid−liquid equilibrium was
reached, the amount of formic acid in the organic phase was
analyzed. The experimental concentration profiles of formic acid
in the aqueous phase were used in dynamic modeling to obtain
an equation to predict the numerical value of the partition
coefficient. The equation considered all of the operating
parameters that affect the partition of formic acid between the
two immiscible fluids. The same was done by using
thermodynamic models (Non-Random Two Liquid (NRTL)
and UNIQUAC). Finally, the experimental results, in terms of
the absolute partition coefficient value, were compared with the
values obtained by using the equation from the dynamic model
developed and the value obtained from the thermodynamic
models.

2. MATERIALS AND METHODS
2.1. Materials. Soybean oil (iodine value of 124 [gI2/100

goil]) was purchased in a local food store; formic acid
(Honeywell ≥98 [wt %]), sodium hydroxide (Carlo Erba,
solid pellets), ethanol (Carlo Erba, 96% [wt %]), phenolph-
thalein (Merck), and distilled water were used without further
purification.
2.2. Liquid−Liquid Lewis Cell. The liquid−liquid Lewis

reactor consisted of a 500 mL jacketed glass reactor with an
internal diameter (ID) of 6.5 × 10−2 [m], providing to a liquid−
liquid interphase area (A) equal to 3.3 × 10−3 [m2]. The reactor
was equipped with a mechanical and magnetic stirrer to agitate
the upper (oil) and lower (aqueous) phases, respectively. The
velocity used in each experiment for both phases was kept at 50
rpm to not perturbate the liquid−liquid interphase but,
meanwhile, guarantee the homogeneity in both phases. During
each experiment, the reactor was at first filled up with the specific
amounts of water (wW) and formic acid (wFA), and next soybean
oil (wSBO), according to conditions adopted for each experiment
(Table 1), was added carefully to the top of the aqueous phase
avoiding any mixing between the two phases. Then, the system

Figure 1. Reaction scheme of vegetable oil epoxidation via Prilezhaev.
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was set at the operating temperature, and the two impellers were
switched on. Each experiment was conducted in an isothermal
mode because of the high sensitivity of the partition coefficient
to temperature. The operating conditions analyzed (Table 1)
were temperature (Tr), water-to-soybean oil mass ratio (wW/
wSBO), and formic acid-to-soybean oil + water mass ratio (wFA/
(wSBO+wW)). The parameter values were chosen as they
reproduce typical conditions for the epoxidation reaction of
vegetable oil (soybean oil).
2.3. Analysis of Formic Acid. Several samples were

withdrawn from the aqueous phase and analyzed via acid−
base titration. The collected aqueous phase (≈0.1 [g]) was at
first diluted in 10 [mL] of distilled water, and next two droplets
of phenolphthalein solution were added as the indicator. The
solution was titrated with a 0.1M standardized aqueous solution
of sodium hydroxide. The concentration of formic acid (CFA,
[mol/m3]) was determined according to eq 1

=C
C f V

wFA
NaOH NaOH NaOH sol

sample (1)

where cNaOH is the sodium hydroxide solution concentration,
fNaOH is its correction factor, VNaOH is the titrant volume needed,
ρsol is the sample solution density, and wsample is the sample
weight. A similar analysis was carried out to measure the formic
acid concentration in the organic phase (CFA,org) just at the end
of each experiment as a double-check of the real component that
migrated from the aqueous phase to the organic one. A good
match was obtained in every case. The procedure is practically
identical with the main difference being that the titration
solution was sodium hydroxide in ethanol. eq 1 was used as well
to obtain the amount of formic acid in the oil phase.
2.4. Mass Balances for the Liquid−Liquid Batch

System. The physical description of the system requires the
solution of the mass balance equations for formic acid in both
phases. As the experiments were conducted in a batch vessel, in
the absence of chemical reactions, the mass balance in the
aqueous and organic phases is defined, addressing exclusively
the mass transfer from one phase to the other. Moreover, as the
volume of each phase can be considered constant during the
experimental tests, as the sample withdrawn is not affecting
strongly the liquid volume, it is possible to describe the mass
balance in both phases with eqs 2 & 3.

=
C

t
J

d

d
FA,aq

FA,aq (2)

=
C

t
J

d

d
FA,org

FA,org (3)

The two-film theory of Whitman was considered at the liquid−
liquid interphase42 where the limitations to the diffusion from
one phase to another are limited in the boundary layers in each
phase. Starting from this assumption, it is possible to write the
molar flux equations for formic acid in each phase.

=
*i

k
jjjjjj

y

{
zzzzzzJ k a C

C

mFA,aq FA,aq sp FA,aq
FA,org

(4)

= *J k a C C( )FA,org FA,org sp FA,org FA,org (5)

Here, kFA,i is the formic acidmass transfer coefficient in the phase
“i”, and asp is the specific area, equal to the ratio between the
reactor cross-section area (A) and the volume in the phase “i”
(Vi), as described in eq 6.

=a
V
A

i
sp

(6)

The partition coefficient (m) is defined as the ratio between the
concentration of formic acid at the interphase in the organic
phase divided by the formic acid concentration at the interphase
in the aqueous phase, according to eq 7.

=
*
*m

C

C
FA,org

FA,aq (7)

Considering the steady-state condition at the interphase
between the formic acid molar flux to and from the organic
phase, the balance reported in eq 8 can be assumed valid

=J V J VFA,aq aq FA,org org (8)

from which it is possible to calculate the formic acid
concentration at the interphase in the organic phase (CFA,org* )
in agreement with eq 9.

* =
+

+
C

k a V C k a V C

k a V
k a V

m

FA,org
FA,aq sp aq FA,aq FA,org sp org FA,org

FA,org sp org
FA,aq sp aq

(9)

In order to solve the system of ordinary differential equations
(ODEs) (2) & (3), the value of the mass transfer coefficients
(kFA,i) and the partition coefficient (m) must be obtained by
parameter estimation analysis based on the experimental data.
The partition coefficient was considered dependent on both
temperature and volume ratio, according to eq 10.

= + +
i
k
jjjjjj

y
{
zzzzzzm a bT c

V

V

d

1 aq

org (10)

According with experimental evidence obtained in the present
work, as well as in the following works available on the
literature,43,44 partition coefficients have shown a strong
influence on the phase volumetric ratio. Supporting this data
as well as the used equation, namely, 10, it is possible to refer to
Cratin45 where, by considering the chemical potential of a
compound portioned between two immiscible phases which
behave ideally, it is possible to obtain the partition coefficient as
a function of the ratio between the molar volumes of the two
phases.
Concerning the mass transfer coefficients, we considered the

mass transfer coefficients in both phases equal. Supporting this
approximation, one can consider the viscosities of the two fluids.
Indeed, in the temperature range investigated, the viscosities of

Table 1. Experimental Conditions Were Adopted during the
Tests

Experiment
Tr

[°C]
wW/
wSBO

wFA/
(wW +
wSBO) Experiment

Tr
[°C]

wW/
wSBO

wFA/
(wW +
wSBO)

1 30 1.00 0.03 9 70 0.33 0.03
2 30 0.50 0.03 10 30 1.00 0.05
3 30 0.33 0.03 11 30 0.50 0.05
4 50 1.00 0.03 12 50 1.00 0.05
5 50 0.50 0.03 13 50 0.50 0.05
6 50 0.33 0.03 14 70 1.00 0.05
7 70 1.00 0.03 15 70 0.50 0.05
8 70 0.50 0.03
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the aqueous phase and the organic phase are slightly different.
Ultimately, the concentration of formic acid in the organic phase
([FA]org) was set equal to zero as time zero condition.
2.5. Numerical Strategies. The system of ODEs (2) & (3)

was solved with MatLab R2022b as software using the ode23s
built-in function. The parameter estimation activities were
conducted by using the deterministic minimization algorithm
lsqnonlin. For each parameter, the confidence interval at 95%was
calculated with the nlparci built-in function. Finally, the
covariance matrix (V) and the correlation matrix (Corij) were
evaluated to check the correlations between the adjustable
parameters, according to eqs 11 and 12.

=V s JJ( )ij
2 1

(11)

Here, s denotes the standard deviation of residues, and J and J′
are the Jacobian matrix and its transpose, respectively. The
elements of the correlation matrix are evaluated according to eq
12.

=
V

V V
Corij

ij

ii jj (12)

Finally, the agreement between the experimental and predicted
data is evaluated by statistical analysis based on the adjusted
coefficient of determination (RAdj

2)

= =

=

R n
n k

y y

y y
1

1
1

( )

( )
i
N

i i

i
N

i
Adj

2 1
2

1
2

(13)

where n denotes the number of experimental observations, k is
the number of adjustable parameters, N is the number of
experimental tests, y̅ is the average value of the experimental
observation, and yi and ŷi are the values of the experimental and
calculated observation at the ith experiment, respectively.
2.6. Thermodynamic Modeling. Two thermodynamic

models for activity coefficients were employed to adjust the
partition coefficient results: UNIQUAC (Universal Quasichem-
ical) and NRTL (Non-Random Two Liquid).46 In order to do
that, the partition coefficients calculated by the models followed
eq 14

=m
x

x
m

m

,org FA,org

,aq FA,aq (14)

where xFA,j is the molar fraction of formic acid and ρm,j is the
molar density of the j phase.
The molar densities of each phase were approximated to the

molar densities of water (for the aqueous phase) and soybean oil
(for the organic phase)

=
Mm,aq

W

W (15)

=
Mm,org

SBO

SBO (16)

in which MW and MSBO are the molar masses of water and
soybean oil, respectively, and the mass densities (ρW and ρSBO)
were expressed as a function of the temperature (Tr), based on

Figure 2. Fit of the mathematical model to the experimental data at different water-to-oil volume ratios (A) 30 [°C], (B) 50 [°C], (C) 70 [°C].
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literature data.47,48 The molar mass of soybean oil was estimated
as 862 g/mol.
A phase equilibrium relation is introduced in eq 17, in order to

correlate the molar fractions and the activity coefficients (γ) of
formic acid in each phase.46

=x xFA,aq FA,aq FA,org FA,org (17)

The substitution of eq 17 into (14) leads to eq 18.

=m m

m

,org FA,aq

,aq FA,org (18)

The Supporting Information section details the equations
employed by the models considered. In the present study,
UNIQUAC uses four adjustable parameters (characteristic
energies Δu), while NRTL works with four adjustable
parameters (characteristic energies Δg) and two parameters α
related to the nonrandomness of the mixtures that were
considered as constant values equal to 0.3.46 The adoption of
this value for the nonrandomness parameters also occurred in
similar studies in the literature.49−51

The estimation of the parameters considered the following
objective function (OF)

=
=

y yOF min ( )
i

N

i iparameters 1

2

(19)

where N is the number of experimental tests, yi and ŷi are the
values of the experimental and calculated observation of the
partition coefficients at the ith experiment, respectively.
The adjusted coefficient of determination was calculated for

both models according to eq 13.

3. RESULTS AND DISCUSSION
3.1. Results of the Partition Experiments. The first set of

experiments was devoted to the investigation of the water-to-
soybean oil weight ratio effect, keeping constant both the
temperature and formic acid-to-soybean+water weight ratio
(Table 1, entries 1−3). This set of experiments was conducted at
higher temperatures, too, at 50 and 70 [°C] to verify how the
temperature influences the partition coefficient (Table 1, entries
4−9). Finally, the formic acid-to-soybean+water weight ratio
was increased, and experiments were conducted at 30, 50, and 70
[°C] with an amount of water-to-oil weight ratio equal to 1 and
0.5, respectively (Table 1, entries 10−15).
As the total amount of water and soybean oil (in weight) was

kept constant and equal to 0.40 [kg], by decreasing the water-to-
oil weight ratio with a fixed amount of formic acid-to-soybean
+water, the concentration of formic acid in the aqueous phase
increased. Consequently, the initial concentration of formic acid
in the aqueous phase (CFA,aq) at zero time increases with a lower
water-to-oil weight ratio. Indirectly, when the water-to-oil
weight ratio is changed, the volume ratio between the two phases
changes as well.

Figure 3. Fit of the mathematical model to the experimental data at different water-to-oil volume ratios (A) 30 [°C], (B) 50 [°C], (C) 70 [°C].
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At first sight, revealed by Figures 2 and 3, it is possible to
notice how the concentration of formic acid in the aqueous
phase with time decreases from the initial concentration to a
plateau. In the first stage of the experiment, in the decrement of
the formic acid concentration, the mass transfer effect is the
main player in the process. As the system was stirred at low rate
(50 [rpm]), to guarantee homogeneity in each phase, the mass
transfer coefficient obtained from these experiments can be
considered to be the real coefficient for the water-soybean oil
system at the operating conditions adopted in the present study.
At the plateau, equilibrium conditions prevail in the system, and
the difference of the formic acid concentration between the
initial time and the plateau time is the amount which has left the
aqueous phase and migrated to the organic one.
In order to reveal how the temperature and the water-to-oil

weight ratio (indirectly volume ratio) influence the partition
coefficient, the values of the experimental partition coefficients
are displayed in parametric curves of the volume ratio and
temperature (Figures 4 and 5). Starting from Figure 4, where the
formic acid-to-soybean+water ratio is equal to 0.03 [gFA/
(gSBO+gW)] (Table 1, entries 1−9), it is easy to recognize the
linear decrement of the partition coefficient along the temper-

ature as well as the increasing of its value with the increase of the
volume ratio.
Figure 5 shows the results for the second set of experimental

results where the weight amount of formic acid was equal to 0.05
[gFA/(gSBO + gW)] (Table 1, entries 10−15). It is possible to see
that the trend in both cases remains.
The first interesting aspect to be observed from the

experimental results is the absolute value of the partition
coefficient (m) always being lower than 1, indicating the major
tendency of formic acid to dissolve in water more eagerly than in
soybean oil. The trend along the temperature decreases linearly
independent of the volume ratio. This observation is quite
unexpected compared to the empirical results obtained from
SPARC,31 as it implies that the amount of formic acid which
migrates to the organic phase increases with temperature,
despite that the solubility generally increases with temperature.
Nevertheless, the observed behavior can be explained in terms of
the relative solubility, and simply the relative solubility of formic
acid in water increases more than the solubility of formic acid in
soybean oil with temperature.
Rangarajan et al.38 andWu et al.40 reported a decrement of the

partition coefficient along with temperature measuring exper-

Figure 4. Experimental results obtained with a weight ratio of 0.03 [gFA/(gSBO + gW)]. (A) Partition coefficient along temperature in parametric curves
of volume ratio. (B) Partition coefficient along volume ratio in parametric curves of temperature.

Figure 5. Experimental results obtained with a weight ratio 0.05 [gFA/(gSBO + gW)]. (A) Partition coefficient along temperature in parametric curves of
volume ratio. (B) Partition coefficient along volume ratio in parametric curves of temperature.
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imentally the acetic acid and formic acid partition coefficient in
the water/soybean oil system, respectively. The volumetric ratio
between the two phases seems to affect the partition coefficient
more than the temperature. The related values increase by
increasing the volume ratio of the two phases; similar behavior
has been observed by other authors, too.43,44 Furthermore, the
order of magnitude obtained for the partition coefficient
experimentally determined in the present work falls in the
same range of the previous works dealing with a similar system,
namely, soybean oil, water, and a carboxylic acid.35,38,40 More
specifically, by considering the work of Wu et al.,40 where formic
acid partition coefficient in a soybean oil/water system was
experimentally determined, it is possible to notice the formic
acid partition coefficient profiles along the temperature are the
same, thus an equal temperature profile dependence Figure 6.
Concerning the partition coefficient values, they present the
same order of magnitude; the differences could be due to the
differences in the adopted experimental conditions.

From the experimental data collected by us and displayed in
the previous figures, it is possible to obtain an empirical
expression for the partition coefficient in eq 10, where the
dependence of the coefficient on the temperature is linearly
decreasing and its dependence on the volumetric ratio of the
phases is increasing. The agreement between the experimental
and calculated data is depicted in Figures 2 & 3. Figure 2 shows
how the mathematical model (continuous lines) describes the
experimental data (discrete points) for the experiments at fixed
formic acid-to-soybean+water weight ratio equal to 0.03 [gFA/
(gSBO+gW)] at different water-to-oil volume ratio (or weight
ratio, Table 1 entries 1−9). Figure 3 shows the very good

agreement but at a formic acid-to-soybean+water weight ratio
equal to 0.05 [gFA/(gSBO+gW)] (Table 1, entries 10−15). It is
possible to see that themathematical model fits the experimental
data in a very accurate way considering both the temperature
effect and the volume ratio dependency. The numerical values of
the adjustable parameters obtained from the regression analysis
are collected in Table 2, where both the 95 [%] confidence
intervals and the correlation matrix are reported.
From the values of the confidence intervals, it is possible to see

that the estimated parameters are associated with a very small
error. The correlation matrix suggests that the correlation
between the parameters is very minor. Finally, the overall
agreement between the experimental data and the calculated
value is shown in the parity plot displayed in Figure 7. The whole

set of data fall within the error boundary of 5%, and the adjusted
coefficient of determination (RAdj

2) exceeds 0.99. Thus, in
support of the parity plot also the estimation statistics indicates a
good agreement between the experimental and predicted data.
3.2. Elaboration of the Partition Coefficients. The

partition coefficients of formic acid between water and soybean
oil determined according to the procedure described in sections
2.4 and 2.6 are summarized in Table 3.
The agreement between them is illustrated in Figure 8 where

the value of partition coefficient is compared with temperature
and volume ratio when the formic acid-to-soybean+water
weight ratio is fixed to 0.03 and 0.05 [gFA/(gSBO+gW)],
respectively. The statistics is coupled also in this case, and a
coefficient of determination (R2) has been calculated and found
equal to 0.80.
Table 3 also presents the results of the fits of the

thermodynamic models UNIQUAC andNRTL to experimental

Figure 6. Experimental data sets comparison. (■)Wu et al.:40 0.06 gFA/
(gSBO + gW) and 0.64 [m3

AQ/m3
SBO]. (●) Present work: 0.05 gFA/(gSBO

+ gW) and 0.45 [m3
AQ/m3

SBO].

Table 2. Adjustable Parameters Are Estimated from Experimental Data

Correlation matrix

Parameter Value I.C. 95 [%] Unit a b c d kaq
a 1.29 0.10 [-] 1.00
b 0.19 0.03 [1/°C] 0.44 1.00
c 5.80 0.50 [-] −0.43 −0.81 1.00
d 1.22 0.05 [-] −0.63 −0.39 0.22 1.00
km 0.08 0.02 [1/min] −0.43 0.09 0.07 0.13 1.00

Figure 7. Parity plot for the empirical model results using both
experimental and calculated concentrations.
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values of partition coefficients. The adjustable parameters of
these models are summarized in Table 4, jointly with the
coefficients of determination.

Figure 9 graphically expresses the results of the thermody-
namic fits, with the partition coefficients also described as a
function of the temperature and the volume ratio. Figure 10
presents a parity plot associated with the adjustment of the
thermodynamic models.
The results from the fits of both thermodynamic models were

quite similar and successful, with high values for the coefficients
of determination: 0.99 (NRTL) and 0.97 (UNIQUAC). The
visual tendency of the fits expressed in Figure 9 also corroborates
the conclusion that both models fit very satisfactorily the data
presented here, following the tendency of the experimental data.

Table 3. Comparison between the Experimental Numerical
Values of the Partition Coefficient and Calculated Ones

Experiment HExp ± I.C. 95% AHCalc
a BHCalc

a CHCalc
a

1 (7.4 ± 0.4) × 10−2 7.4 × 10−2 7.2 × 10−2 7.4 × 10−2

2 (6.3 ± 0.3) × 10−2 4.5 × 10−2 6.0 × 10−2 6.4 × 10−2

3 (3.3 ± 0.2) × 10−2 3.2 × 10−2 3.4 × 10−2 3.3 × 10−2

4 (6.0 ± 0.3) × 10−2 5.7 × 10−2 5.8 × 10−2 5.8 × 10−2

5 (4.5 ± 0.2) × 10−2 3.8 × 10−2 4.3 × 10−2 4.6 × 10−2

6 (2.8 ± 0.2) × 10−2 2.8 × 10−2 2.8 × 10−2 2.9 × 10−2

7 (4.4 ± 0.3) × 10−2 4.7 × 10−2 4.8 × 10−2 4.2 × 10−2

8 (3.6 ± 0.2) × 10−2 3.3 × 10−2 3.7 × 10−2 3.6 × 10−2

9 (2.6 ± 0.1) × 10−2 2.5 × 10−2 2.6 × 10−2 2.6 × 10−2

10 (9.1 ± 0.6) × 10−2 7.3 × 10−2 9.5 × 10−2 9.3 × 10−2

11 (3.7 ± 0.2) × 10−2 4.5 × 10−2 4.2 × 10−2 3.8 × 10−2

12 (4.9 ± 0.3) × 10−2 5.8 × 10−2 4.5 × 10−2 4.9 × 10−2

13 (3.5 ± 0.2) × 10−2 3.9 × 10−2 3.3 × 10−2 3.4 × 10−2

14 (3.9 ± 0.5) × 10−2 4.7 × 10−2 3.7 × 10−2 3.9 × 10−2

15 (3.2 ± 0.2) × 10−2 3.3 × 10−2 2.8 × 10−2 3.0 × 10−2

a(A) MatLab; (B) UNIQUAC Thermodynamic model; (C) NRTL
Thermodynamic model.

Figure 8. Experimental and predicted value of partition coefficient for a formic acid-to-soybean + water mixture with a weight ratio 0.03 (A, C) and
0.05 (B, D).

Table 4. Binary Adjustable Parameters Are Estimated from
the Fit of Thermodynamic Models to Experimental Data

Parameter Value I.C. 95 [%] Unit

UNIQUAC
ΔuFA‑W,aq −2488 97 [J·mol−1]
ΔuW‑FA,aq 10815 636 [J·mol−1]
ΔuFA‑SBO,org −3151 54 [J·mol−1]
ΔuSBO‑FA,org 13949 74 [J·mol−1]
NRTL
ΔgFA‑W,aq −3617 129 [J·mol−1]
ΔgW‑FA,aq 14333 111 [J·mol−1]
ΔgFA‑SBO,org −3351 161 [J·mol−1]
ΔgSBO‑FA,org 12613 213 [J·mol−1]
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The literature showed that both NRTL and UNIQUACmodels
were able to correlate satisfactorily the partition coefficient
values for acetic acid in systems containing soybean oil and
water,35 and olive oil, epoxidized olive oil, hydrogen peroxide,
and water.37 Particularly, the NRTL model tends to a good
agreement with experimental data for systems that present
partially miscible substances.
The two models resulted in both positive and negative values

for the characteristic energies. It is notable that the characteristic
energies agree in terms of signal and order of magnitude for both
thermodynamic models tested, considering the same pair of

substances. The results obtained here agree substantially with
the UNIQUAC parameters from Jankovic ́ et al.,37 in which the
characteristic energy between acetic acid and water, and
between acetic acid and olive oil, are both negative (−4950
and −2399 J/mol, respectively), while the characteristic energy
between water and acetic acid, and between olive oil and acetic
acid, are both positive (15164 and 6073 J/mol, respectively).
The present results also agree with the signals of the
characteristic energies presented in the literature, only for the
organic phase: Jankovic ́ et al.37 reported, for the NRTL model,
−1796 J/mol for the characteristic energy between acetic acid
and olive oil and 239 J/mol for the characteristic energy between
olive oil and acetic acid; Sinadinovic-́Fisěr and Jankovic3́5

reported, for UNIQUAC, −5278 J/mol for the characteristic
energy between acetic acid and soybean oil and 10669 J/mol
between soybean oil and acetic acid.
Although the signals of the characteristic energies of the

NRTL and UNIQUAC models could suggest the behavior of
interactions between two different molecules compared with
two molecules of the same substance, these values need to be
interpreted carefully. For example, in the aqueous phase, there
are several possible complexes derived from interactions
through hydrogen bonds between formic acid and water
molecules, and the interaction energy between them depends
on the structure of the complex formed.52

However, the fit of the partition coefficients through models
for activity coefficient shows great importance to enable the
prediction of other thermodynamic properties related to the
studied system, as well as the possibility to insert the binary
parameters into process simulators typically used in the chemical
industry.

Figure 9. Experimental and predicted value (thermodynamicmodels) of partition coefficient for a formic acid-to-soybean+water mixture with a weight
ratio 0.03 (A, C) and 0.05 (B, D).

Figure 10. Parity plot for the thermodynamic model results using both
experimental and calculated partition coefficients.
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4. CONCLUSIONS
Experimental determination of the formic acid partition
coefficient in the soybean oil/water system was carried out in
the present work. The influence of the main parameters, the
temperature, the water-to-soybean oil weight ratio, and the
formic acid-to-soybean+water weight ratio on the partition
coefficient was investigated. The experimental results revealed a
higher solubility of formic acid in water compared to that of the
soybean oil. This behavior is pronounced at higher temperatures
where the absolute value of the partition coefficient decreased,
showing an increase of a more profound solubility in water than
in soybean oil. Conversely, by increasing the water-to-oil volume
ratio (or weight ratio), the partition coefficient increased. This
might be addressed with regard to the maximum solubility of
formic acid in soybean oil. Finally, the proportion of formic acid-
to-soybean oil+water appeared to have a minor effect. The
experimental data collected during the different sets of
experiments were successfully described by the mathematical
model proposed, and an equation to predict the partition
coefficient of the formic acid in the water/soybean oil system
was proposed. The former equation takes the effect of the
temperature and volume ratio into account. The results of both
the empirical model and the partition coefficient equation are
supported by estimation statistics. The thermodynamic models
UNIQUAC and NRTL were also applied to fit the partition
coefficient values, with estimation of binary parameters and
satisfactory fits from both models.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.iecr.3c01562.

UNIQUAC and NRTL derivation (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Vincenzo Russo− Department of Chemical Sciences, University
of Naples Federico II, IT-80126 Napoli, Italy; Laboratory of
Industrial Chemistry and Reaction Engineering (TKR), Åbo
Akademi, FI-20500 Åbo/Turku, Finland; orcid.org/0000-
0002-1867-739X; Email: v.russo@unina.it

Martino Di Serio − Department of Chemical Sciences,
University of Naples Federico II, IT-80126 Napoli, Italy;
orcid.org/0000-0003-4489-7115; Email: diserio@

unina.it

Authors
Gustavo V. Olivieri − Department of Chemical Engineering,

Escola Politécnica, Universidade de São Paulo, 05508-010 Sa ̃o
Paulo, Brazil; Department of Chemical Engineering, Centro
Universitário FEI, 09850-901 São Bernardo do Campo,
Brazil; orcid.org/0000-0001-6373-4181

Tommaso Cogliano − Department of Chemical Sciences,
University of Naples Federico II, IT-80126 Napoli, Italy;
Laboratory of Industrial Chemistry and Reaction Engineering
(TKR), Åbo Akademi, FI-20500 Åbo/Turku, Finland;
orcid.org/0000-0001-6225-6157

Ricardo Belchior Torres − Department of Chemical
Engineering, Centro Universitário FEI, 09850-901 São
Bernardo do Campo, Brazil; orcid.org/0000-0002-0791-
4775

Rosa Turco − Department of Chemical Sciences, University of
Naples Federico II, IT-80126 Napoli, Italy; orcid.org/
0000-0002-2681-4286

Tapio Salmi− Laboratory of Industrial Chemistry and Reaction
Engineering (TKR), Åbo Akademi, FI-20500 Åbo/Turku,
Finland; orcid.org/0000-0002-9271-7425

Riccardo Tesser− Department of Chemical Sciences, University
of Naples Federico II, IT-80126 Napoli, Italy; orcid.org/
0000-0001-7002-7194

Reinaldo Giudici − Department of Chemical Engineering,
Escola Politécnica, Universidade de Sa ̃o Paulo, 05508-010 São
Paulo, Brazil; Department of Chemical Engineering, Centro
Universitário FEI, 09850-901 São Bernardo do Campo,
Brazil; orcid.org/0000-0001-6544-7098

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.iecr.3c01562

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge the grant PRIN: Progetti di Ricerca di
Interesse Nazionale − Bando 2017 -prot. No. 2017KBTK93
‘‘CARDoon valorisation by InteGrAted biorefiNery (CARDI-
GAN)” of ItalianMinistero dell’Istruzione dell’Universita ̀ e della
Ricerca for the financial support. Financial support provided by
Jenny and Antti Wihuri Foundation and Academy of Finland
(Academy Professor grants 319002, 320115, and 34053) are
gratefully acknowledged. This work was also supported by the
Sa ̃o Paulo Research Foundation (FAPESP, grant Nos. 2019/
00298-7 and 2022/01982-0).

■ NOTATION
A = Lewis cell cross-section area, [m2]
a, b, c, d = Adjustable parameters
asp = Specific interfacial area [m2/m3]
C*i,j = Concentration compound “i” at the interphase in the
phase “j”, [mol/m3

j]
Ci,j =Concentration compound “i” in the phase “j”, [mol/m3

j]
fNaOH = Correction factor, [-]
Gi‑k,j = Binary parameter between the compounds “i” and “k”
in the phase “j”, [-]
m = Partition coefficient [-]
ID = Internal diameter of the Lewis cell, [m]
Ji,j = Compound “i” molar flux in the phase “j”, [mol/(m3

j ×
min)]
kFA,i = Formic acid mass transfer coefficient in the phase “i”,
[m/min]
li, qi, q’i, ri = Parameters related to the size and surface area of
the molecules of the compound “i”, [-]
Mi = Molar mass of compound “i”, [kg/mol]
wi = Mass weigh of compound “i”, [kg]
R = Universal constant for gases, [J/(mol × K)]
Tr = Reactor temperature, [°C or K]
Vi = Volume of phase “i”, [m3]
xi,j = Molar fraction of the compound “i” in the phase “j” [-]

■ GREEK LETTERS
αi‑k,j = Binary parameter associated with the nonrandomness
between the compounds “i” and “k” in the phase “j”, [-]
γi,j = Activity coefficient of the compound “i” in the phase “j”,
[-]
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Δui‑k,j, Δgi‑k,j = Characteristic energies between the com-
pounds “i” and “k” in the phase “j”, [J/mol]
θi,j, θ’i,j = Area fractions of the compound “i” in the phase “j”,
[-]
ρi = Phase “i” density, [kg/m3]
ρm,i = Phase “i” molar density, [mol/m3]
τi‑k,j =Binary parameter between the compounds “i” and “k” in
the phase “j”, [-]
Φi,j = Segment fraction of the compound “i” in the phase “j”,
[-]

■ STATISTICAL PARAMETERS
Corij =Correlationmatrix of the adjustable parameters “i” and
“j”
J = Jacobian matrix
k = Number of adjustable parameters
n = Number of experimental observation
N = Number of experimental tests
OF = Objective function
R2 = Coefficient of determination
R2

Adj = Adjusted coefficient of determination
s = Standard deviation
Vij = Covariance matrix of the adjustable parameters “i” and
“j”
y̅ = Average value of the experimental observation
ŷi = Value of the calculated observation during the experiment
“i”
yi = Value of the experimental observation during the
experiment “i”
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