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Abstract Dependency of the liquid-liquid equilibrium
constant for acetic acid (A) in a system of epoxidized
soybean oil-acetic acid-water from temperature and
composition was experimentally determined. To estimate
the liquid-liquid equilibrium constant for acetic acid
(Ka), the interaction parameters of the Wilson, NRTL
(non-random two liquid) and UNIQUAC (universal quasi
chemical) models for the activity coefficient were cal-
culated by fitting the experimental values of the equi-
librium constant for acetic acid. The Marquardt method
was used to fit the data. In spite of all applied simpli-
fications, small deviations of the calculated values from
those experimentally determined indicate the adequacy of
all three models for the prediction of the liquid—liquid
equilibrium constant for acetic acid. Comparison of the
experimentally determined values of the equilibrium
constant for acetic acid in the investigated system with
those reported in the literature for the system with soy-
bean oil, shows that the value of the liquid-liquid
equilibrium constant for acetic aid in the system of
epoxidized soybean oil-acetic acid—water is about 1.5
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times higher than in the system of soybean oil-acetic
acid—water for the same temperature and similar com-
position. For the investigated conditions, the influence of
the changing of the oil phase composition on the equi-
librium constant for acetic acid is more prominent than
the influence of the temperature or the total acetic acid
content in the system.
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List of symbols

A Acetic acid

ay Activity of component k

d Measure of deviation from the certified NaOH
concentration

En Gram equivalent of acetic acid

ESO Epoxidized soybean oil

FA Fatty acid

G NRTL model binary interaction parameter

gh,0 Mass fraction of water in the oil phase sample

Ka Liquid-liquid equilibrium constant for acetic acid

keso Correction for ESO titration

l Number of (CH=CH) groups in the ESO

pseudo-component molecule

M;, M; Molecular mass of component j, i.e. k (g/mol)

m Number of (CHOCH) groups in the ESO
pseudo-component molecule

my Total mass of component & (g)

ma Total mass of acetic acid (g)

m' Mass of the sample of phase i (g)

my Mass of acetic acid in phase i (g)

mi, m; Mass of component j, i.e. k, respectively,

in phase i (g)
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N Concentration of NaOH solution (gE/L) Introduction
NE Total number of experimental points

NG Total number of groups in ESO
pseudo-component molecule

NP Number of model parameters

NR Number of experiment repetitions

n Number of (CHOH-CHCOOCH;) groups in ESO
pseudo-component molecule

o Number of moles of the oil phase

OF Objective function

p Number of (CH,) groups in the ESO pseudo-
component molecule

0O, Area parameter of group g

qEso Area parameter of ESO

R Universal gas constant

R, Alkyl chain fragment of fatty acid in TG after the
double bond converted to an epoxy ring

R, Residue of TG without R; after the double bond
converted to an epoxy ring

R? Coefficient of determination

R, Volume parameter of group g

TESO Volume parameter of ESO

SO Soybean oil

s Sample standard deviation

T Temperature (K)

Uj i Adjustable binary parameter for components j

and k in the mixture (J/mol)

V;, Vi Molar volume of the component j, i.e. k (cm3/
mol)

Vieon  Volume of NaOH solution consumed for titration
of the sample of phase i (mL)

Vg Number of g group species in ESO pseudo-
component molecule

w Number of moles of the water phase

Xy Molar fraction of acetic acid in phase i

xi Molar fraction of component j in phase i

]

Greek letters

o Non-randomness parameter in the NRTL model
7% Activity coefficient of acetic acid in phase i

7 Activity coefficient of component & in phase i
A Wilson model binary interaction parameter

tix  UNIQUAC model binary interaction parameter

Superscripts
i Phase
o Oil phase

w  Water phase

Subscripts

A Acetic acid

ESO Epoxidized soybean oil

J.k Components of the mixture
SO  Soybean oil
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Epoxidation of unsaturated fatty acid derivatives such as
vegetable oil TG is carried out on an industrial scale.
Epoxides of many kinds of vegetable oils are well known
commercially. They are used directly as plasticizers and
stabilizers for PVC, as paint and coating components,
lubricants, but also as intermediates for alcohols, glycols,
alkanolamines, olefinic compounds and polymers (such as
polyurethanes, polyesters and epoxy resins) production due
to the high reactivity of the oxirane ring [1-3]. Today, for
the production of epoxides, of all vegetable oils, soybean
oil (SO) is the most frequently used. Among available
technologies for the production of vegetable oil epoxides,
the epoxidation with percarboxylic acids is the most widely
used in industry. Percarboxylic acid can be pre-formed
from carboxylic acid and hydrogen peroxide but, because
of safety precautions, it is usually prepared in the reaction
mixture, by an in-situ method. As it is inexpensive and less
corrosive, peracetic acid is the most appropriate acid. The
in-situ process involves an acid-catalyzed reaction of per-
acetic acid formation in the water phase, and the reaction of
epoxy ring formation in the oil phase [4, 5]. The usage of
heterogeneous acid catalyst such as ion exchange resin,
which replaced traditional homogeneous (mainly sulphuric
acid), renders cleaner products due to the reduced extent of
acid-catalyzed cleavage of epoxy rings which is possible
during epoxidation [4-8].

The reaction system of in-situ epoxidation of SO by
peracetic acid in the presence of an ion exchange resin as
catalyst is a complex three-phase system with two main
and a few side reactions [5]. The rigorous mathematical
model of that system, besides kinetic parameters, com-
prises the thermodynamic ones, as well as parameters of
mass-transfer between the oil and water phase. The
simultaneous determination of all parameters by fitting the
experimental data for the variation of component concen-
trations with the reaction time is inconvenient, because it
demands a lot of data; incorrect, because of mutually
correlated parameters and, in the case of chemical equi-
librium constant determination for the reaction of peracid
formation, impossible, as this reaction is shifted to the right
which is due to constant consumption of peracid in the
epoxidation reaction [9]. Because of these reasons, it is
more convenient to determine the parameters using data
from experiments specified for particular phenomena. One
of the mathematical model parameters given by Rangarajan
et al. [4] is the partition coefficient for acetic acid (A)
between the oil and water phase that can be calculated from
the liquid-liquid phase equilibrium condition and known
phase densities. In the previous paper [9] we proposed an
approach for the prediction of the partition coefficient for
acetic acid between soybean oil and water, dependent on
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temperature and composition. Since, to the best of our
knowledge, no reports have yet appeared about the change
of the equilibrium constant for acetic acid, and conse-
quently its partition coefficient, during the epoxidation of
soybean oil, in the present work we determined the
dependency of the liquid—liquid equilibrium constant for
acetic acid (Kj,) in the system epoxidized soybean oil
(ESO)-acetic acid—water from temperature and composi-
tion. To predict the liquid-liquid equilibrium constant for
acetic acid in the investigated system, the interaction
parameters of some well-known models for the activity
coefficient were determined by fitting the experimental
data for the equilibrium constant.

Determination of the Liquid-Liquid Equilibrium
Constant

For the same reference state in both phases, the liquid—
liquid equilibrium condition for the investigated system is:

a =a; (1)
ie.,
xR = e (2)

where a; is the activity of component k; 7, indicates the
activity coefficient of component k; and x; is the molar
fraction of component k. The superscripts used are for the
oil (o) and water (w) phases.

The liquid-liquid equilibrium constant for acetic acid
(Kjp) is defined, according to Eq. 2, as:

() oW
Ky="A="2 (3)
XA VA
The molar fraction of component j in the phase i (x;) can
be expressed by the following equation:
. mt/M;
X = 31# (4)
> mi/My
k=1
where mj’ and m} (g) are the masses of components j and k,
respectively, in phase i; and M; and M, (g/mol) are
molecular masses of components j and k, respectively.
The experimental value of the equilibrium constant for
acetic acid (K,) can be calculated via Eq. 3, for which the
molar fractions of acetic acid are determined by Eq. 4
using the weighed masses of the oil (m°) and water (m")
phase samples, masses of the acetic acid in the oil (m$) and
water (m}y) phase, determined by NaOH titration and mass
fraction of water in the oil phase sample (g}, ) determined
by Karl-Fischer titration.
To predict the equilibrium constant for acetic acid, the
model for the activity coefficient is necessary. The activity

coefficient of component k in both phases is the function of
composition and temperature (7):

7" :f(xESO’onvxl?Izoa T) (5)
" :f(xEs@xX?xmo?T) (6)

It would be the best if some model based on the group
contribution method, such as the UNIFAC (uniquac func-
tional-group activity coefficients) [10] or ASOG (analytical
solutions of groups) [11], could be applied directly for the
activity coefficient calculation. However, the interaction
parameters of epoxy group with other groups present in the
investigated system are not given in the literature. There-
fore, in this work, the Wilson [12], NRTL (non-random
two liquid) [13] and UNIQUAC (universal quasi chemical)
[14] models for the activity coefficients were used. The
model’s application demands previous determination of the
interaction parameters for components of the system by
fitting the experimental data for liquid-liquid equilibrium.

The Wilson binary interaction parameter (A;;) is given
by the following expression [12]:

Vi 4k

AjA,k = Vje RT (7)

where V; and V (cm3 /mol) are the molar volumes of the
components j and k, respectively; u;; (J/mol) indicates
adjustable binary parameter for components j and k in the
mixture; and R is the universal gas constant.

The NRTL binary interaction parameter (Gj,) is
expressed as [13]:
Gix = e "% 8)
where o indicates the non-randomness parameter which
introduces the difference between the interaction energy of the
central molecule with the molecules of its own kind and that
with the molecules of the other kind. Typically, a is set to 0.2,
0.3,0.4 or 0.47, depending of type of liquid mixture; a value of
0.2 is recommended for the partially miscible liquids [13].

Finally, for the UNIQUAC model, the expression for the
binary interaction parameter (t;;) is given as [14]:
T = € 9)

Since the masses of epoxidized soybean oil, acetic acid
and water in the investigated system are known it is
possible to determine the molar fraction of acetic acid in
the oil (x3) and water (x}}) phase, necessary for calculation
of K5 according to the Eq. 3, by solving the system of
Egs. 2, 5 and 6 together with the following relations for the
component mass balance:

nmy W
M Ox) + W] (10)

and summation equations:
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3 3

=1 and Y =1 (11)
1

where O and W indicate the numbers of moles of the oil
and water phase, respectively.
The total mass balance is defined as follows:

k=

o+w=y 2% (12)

If the solubility of water in epoxidized soybean oil is
neglected and the immiscibility of oil and water is
assumed, the following equations are defined: myy o =
Mmeso = 0i.e. x,0 = Xgso = 0. In that case, the calculation
of K, is simpler and proceeds as follows. Knowing the
mass of epoxidized soybean oil and water in the system,
and the total mass of partitioned acetic acid (mm,), which is
the sum of the acetic acid masses in the oil and water
phase:

ma :moA+mX (13)

it is possible, by substituting Eq. 13 and Eqgs. 4-6 in 2, to
establish a non-linear equation with one unknown variable
my:

X (30, T) = ¥4 (33, 0. 7) = 0 (14)

which can be solved by the modified Newtonian method as
in this work. The interaction parameters of the applied
model for the activity coefficient were in our work varied
according to the Marquardt method [15] to minimize the
particular objective function.

Experimental Procedures
Materials

Epoxidized soybean oil with an experimentally measured
residual iodine number of 5.77, an epoxy oxygen content of
6.81%, an acid value of 0.26, a hydroxyl value of 8.68 and
a density of 0.992 g/cm? at 20 °C was kindly provided by
“Tarkett” Backa Palanka, Republic of Serbia. The mois-
ture content of ESO was measured as 0.2%. Glacial acetic
acid (>99.5%) was purchased from J.T. Baker, USA and a
0.1 N NaOH solution from “Zorka Pharma” ad §abac,
Republic of Serbia.

Methods
The Hanus method for the iodine number [16], the stan-
dard HBr-acetic acid method [17] for the epoxy oxygen

content, the AOCS Cd 3a-63 method for the acid value
[18] and the ASTM D4274-05 procedure for the

&\ Springer ANOCS &

determination of the hydroxyl value [19] were used in this
work. The moisture content of ESO was determined
according to the gravimetric AOCS Ca 2c¢-25 method
[20].

The liquid-liquid equilibrium constant for acetic acid
in the system epoxidized soybean oil-acetic acid—water
was determined for three mixtures at four temperatures
(Table 1). The components of the mixture i.e. the
weighed mass of epoxidized soybean oil, acetic acid and
water were placed in a 3-neck 500-mL round-bottom
flask equipped with a mechanical stirrer, thermometer
and condenser. The mixture was equilibrated at the
desired temperature in a thermostatized bath, under
constant stirring (1,000 rpm), for 60 min. Then, the
sample was taken and phases were separated by short
centrifugation. The weighed samples of the oil and water
phase were titrated by 0.1 N NaOH to determine the
masses of acetic acid in particular phase. Titrations were
done in triplicate.

The masses of acetic acid in the oil (/73 ) and water (m})
phase, in grams, were calculated as:

NAEA (Viaon — m°keso)

0 — 15

A = 771,000 — NdEakeso (15)
NV dEa

W NaOH 16

A 1,000 (16)

where N (gE/L) is concentration of NaOH; V{,,y and
VReon (ML) indicate the volumes of NaOH solution used
for titration of the samples of the water and oil phase,
respectively; d is the measure of deviation from the
certified NaOH concentration; E, is the gram equivalent
of acetic acid; m°® (g) is the weighed mass of the oil
phase sample; and kggo is the correction for the titration
of ESO in the absence of acetic acid, determined as
0.047 mL NaOH/g ESO. The NaOH titration of ESO in
the absence of acetic acid was performed in quadrupli-
cate to verify if there were any minor components within
the ESO that could skew the titration. To check the
accuracy of the titration approach for the determination
of the masses of acetic acid in the oil and water phase,
the control experiments were done. Some ESO samples
“spiked” with a known concentration of acetic acid, and
some samples of known acetic acid—water composition,
were titrated using NaOH. Karl-Fischer titration
was used to determine the presence of water in the oil
phase samples. Titration was performed with a coulo-
metric Aquameter KFM 1000 S instrument (BAUR,
Austria).

The mass measurement of ESO was done by APCI-FT-
MS analysis. The APCI-MS spectra were obtained with an
LTQ-Orbitrap Spectrometer (Thermo Scientific, USA).
The spectrometer was operated in the positive mode
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Table 1 Experimentally determined equilibrium molar fractions of acetic acid in the system epoxidized soybean oil-acetic acid—water
Temp (°C) Mixture® Mass fraction Molar fraction of A Standard deviation of molar Total mass of A (g)
of water in oil in oil and water phase® fraction of A in phases® 3 3
phase sample® Weighed Determined
g(ﬁzo X3 X\ S Sy ma mi(p
35 M1 0.0358 0.1455 0.0623 0.0031 0.0006 21.97 21.42
M2 0.0288 0.2146 0.0908 - - 32.88 32.08
M3 0.0218 0.3044 0.1199 0.0018 0.0008 44.03 44.47
50 Ml 0.0304 0.1595 0.0629 0.0007 0.0002 21.97 21.79
M2 0.0252 0.2348 0.0921 0.0030 0.0008 32.88 32.93
M3 0.0199 0.3130 0.1189 0.0024 0.0013 44.03 44.20
65 M1 0.0252 0.1695 0.0614 - - 21.97 21.32
M2 0.0216 0.2350 0.0931 0.0035 0.0018 32.88 32.84
M3 0.0181 0.3216 0.1173 0.0018 0.0003 44.03 43.69
80 Ml 0.0197 0.2030 0.0579 0.0022 0.0008 21.97 20.91
M2 0.0179 0.2537 0.0894 0.0044 0.0001 32.88 31.88
M3 0.0162 0.3423 0.1101 0.0034 0.0008 44.03 41.81
RMSD® 0.856
AAD' 0.625
ARE® (%) 2.00

4 M1, M2 and M3 mixtures of epoxidized soybean oil, acetic acid and water were of the following composition given in grams: 150.23, 21.97
and 80.02; 150.06, 32.88 and 80.10; and 150.52, 44.03 and 80.40, respectively

® Determined by Karl-Fischer titration

o 1

NR NR
< . — 0 w1 W :
Average value of three measurements, calculated as: x§ = NR Z]x A, and x{ = NR § le ,j Where is
j= j=

0 w
A oY,

0 M, W
Xy = A andxAj:,,

. .
o 1-g0 Ly
OV ( HZO) A "o Mp " Miy0

,
Mp " Mgso "My,0

m

~—A—— and where m ; and my ; were calculated by Eqgs. 15 and 16. NR is number of experiment
A" A : :

repetitions, which was three for all experimental points, except for points M2 at 35 °C and M1 at 65 °C when NR was one

NR

2 NR
a . : . . L . .
Sample standard deviation S = \/ NES > (xfw. — x’A) where is x, = NR ;—51 Xaj

=

exp

NE
¢ Root mean square deviation, RMSD = ﬁz; <mA.,v - mA7i>
=

exp

NE
f Average absolute deviation, AAD = ﬁzl ‘mA.,- —my;
i=

exp
A

NE
& Average relative error (%), ARE = 71{?% >
i=1

mai—m
A

m,

(1 spectrum s~ ! mass range 200-2,000) with a nominal

mass resolving power of 60,000 at m/z 400 (with a scan rate
of 1 Hz) with automatic gain control to provide high-
accuracy mass measurements within 2 ppm deviation
using an internal standard Bis(2-ethylhexyl)phthalate of
mfz = 391.284286. The spectrometer was equipped with a
Surveyor HPLC system (Thermo Scientific, USA) con-
sisting of LC-Pump, UV detector (4 = 254 nm) and
autosampler (injection volume 10 pL). Nitrogen was
employed as both the sheath (40 arbitrary units) and aux-
iliary (4 arbitrary units) gas. The compounds were detected
after direct injections into a flow (500 pL min~') of
methanol (+0.1% formic acid).

Results and Discussion
Experimentally Derived Values of Molar Fractions

The molar fractions of acetic acid in the oil (x3) and water
(x}) phase determined by NaOH and Karl-Fischer titrations
of phase samples and calculated by Egs. 15, 16 and 4, as
well as a comparison of the weighed total mass of acetic
acid (my) and the total mass of acetic acid (m,") calculated
on the basis of titrations, are given in Table 1. The molar
fractions of acetic acid in the water phase (x}}) increased,
with an increasing total acetic acid content in the system,
but mainly decreased with raising of the temperature. In the

&) Springer AOCS &
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oil phase the molar fractions of acetic acid (x3) increased,
while the mass fractions of water (g3,) decreased, with an
increase of total acetic acid concentration in the system and
temperature too. It would be intuitive that the presence of
more polar acetic acid in the oil-rich phase would increase
partitioning of less polar water to this phase; however,
under the conditions of this investigation, it displaces the
water. The solubility of water in epoxidized soybean oil
determined by Karl-Fischer titration was 5.75% mass, and
in the presence of acetic acid the water content in the oil
phase was in the range of 1.62-3.58% mass.

The determination of the total mass of acetic acid by
titrations was performed with an average relative error
(ARE) of 2%. This value is in the range of the ARE values
of 2.17% and 0.89% achieved in quadruplicate control
experiments for determination of the masses of acetic acid
in the oil and water, respectively.

Estimation of Molecular Mass
for Epoxidized Soybean Oil

In Eq. 4 the necessary but unknown molecular mass of
ESO was estimated using the values of the epoxy oxygen
content, the iodine number of ESO, and the hydroxyl value,
all three experimentally measured, as well as the adjusted
average fatty acid (FA) composition of SO. Since the ESO
was purchased and SO was not available for experimental
analysis, the average FA composition of SO taken from the
literature [21] was adjusted so that the calculated values of
iodine number, epoxy oxygen content and hydroxyl value
of ESO corresponded to the measured values. The adjusted
average FA composition of SO was accepted as follows:
12.34% palmitic, 5.0% stearic, 25.0% oleic, 51.66% lino-
leic, and 6.0% linolenic acids. As the experimentally
measured hydroxyl value indicated the presence of
hydroxyl groups in ESO, it was assumed that some side
reactions such as epoxy ring cleavage occurred during the
production of ESO. A range of possible side reactions
during in-situ epoxidation is as follows [5, 8]:

HO OCOCH;
CH;COOH [
R;-CH-CH-R, a)
OH OH
H,0 [
———> R,-CH-CH-R, b)
o (¢}
N\ H* Il
R;-CH-CH-R, R;-C-CH,-R, o (17)
OH OCOOCH;
CH;COOS%H |
R;-CH-CH-R, d)
OH OOH
H,0, | |
——> R,-CH-CH-R, €)
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where R; is alkyl chain fragment of fatty acid in TG
after double bond converted to epoxy ring and R, is
residue of TG without R; after double bond converted to
epoxy ring.

According the reported data in the literature [6, 7, 22—
24] the most likely side reaction that takes place during
the epoxidation is the reaction of the epoxy ring with
acetic acid (17a) that leads to the formation of some
hydroxyl acetate as by-product. Consequently, if the
epoxidation does not occur completely (when the resid-
ual iodine number of ESO is not zero) and only when
this side reaction of epoxy ring cleavage with acetic acid
proceeds, may the partially epoxidized soybean oil
with some hydroxyl acetate by-products be presented as
one pseudo-component of the following molecular
structure:

[(CH,C00),CHCOO](CH,),,(CH=CH),(CHOCH),,
(CHOH—CHCOOCHj), (CHs),

The values of p, I, m and n that indicate the numbers of
(CH,), (CH=CH), (CHOCH) and (CHOH-CHCOOCHj3;)
groups in the ESO pseudo-component molecule,
respectively, were calculated from the FA composition of
soybean oil and the iodine number, the hydroxyl value, and
the epoxy oxygen content of the epoxidized soybean oil, as
follows: 38.5, 0.22, 4.03 and 0.14, respectively. The
molecular mass of ESO was estimated as 947.6 g/mol.
On the basis of the average mass of ions present in APCI-
MS spectrum of ESO, the calculated average molecular
mass of ESO was 958.2 g/mol. However, for the
calculations, the value of 947.6 g/mol was accepted since
the applied approach for its determination comprises data
that are also used for calculation of the UNIQUAC volume
(rgso) and area (ggso) parameters. Finally, according to
Eq. 3 the liquid-liquid equilibrium constant for acetic acid
was calculated and the values are given in Table 2 as
experimental.

Thermodynamic Modeling of Activity
Coefficients for Acetic Acid

To model the liquid-liquid phase equilibrium of the system
epoxidized soybean oil-acetic acid—water by the UNI-
QUAC model for activity coefficient, the volume (rgso)
and area (ggso) parameters of ESO, which are the van der
Waals volume and area of the molecule relative to those of
a standard segment, had to be determined [14]. These
parameters were calculated by the UNIFAC method of
group contributions as the function of volume (R,) and area
(Q,) parameters of groups (g) present in the assumed ESO
pseudo-component molecule:
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Table 2 Comparison of experimentally determined values of the liquid-liquid equilibrium constant for acetic acid in the system epoxidized
soybean oil-acetic acid—water and those calculated by the Wilson, NRTL and UNIQUAC Models

Temp. (°C) Mixture® Liquid-liquid equilibrium constant for acetic acid
Experimental Calculated, Kf;‘lc
KJP SK, b Wilson NRTL® UNIQUAC®
4 par. 6 par. 4 par. 6 par.
35 M1 2.34 0.035 2.33 242 2.33 2.15 221
M2 2.36 - 2.35 242 2.34 2.35 2.38
M3 2.54 0.027 2.38 242 2.50 2.50 2.51
50 M1 2.53 0.017 2.59 2.62 2.61 2.54 2.52
M2 2.55 0.053 2.58 2.61 2.61 2.57 2.58
M3 2.63 0.048 2.58 2.61 2.61 2.62 2.61
65 M1 2.76 - 2.86 2.81 2.86 2.94 293
M2 2.52 0.011 2.81 2.80 2.83 2.79 2.79
M3 2.74 0.023 2.77 2.79 2.80 2.74 2.72
80 M1 3.50 0.012 3.13 3.00 3.08 3.34 3.38
M2 2.84 0.046 3.04 2.98 3.02 3.00 3.00
M3 3.11 0.050 2.96 2.97 297 2.85 2.82
Objective function (OF)¢ 0.328 0.411 0.347 0.261 0.241
RMSD® 0.216 0.242 0.263 0.193 0.220
R 0.725 0.656 0.709 0.781 0.798
AAD?® 0.122 0.132 0.119 0.109 0.106
ARE (%)" 4.26 4.64 4.11 3.95 3.81

4 M1, M2 and M3 mixture compositions are defined in Table 1

NR 2 NR
b o 1 exp exp exp 1 exp
Sample standard deviation, sx,, = | [\p— 2 (KA..fKA) LK = o KL
Ay NR-1 o s N s NRj:l i

¢ Results are given for the case of immiscibility of the oil and water, when the number of binary adjustable model parameters is four (4 par.), and
for the case of partial miscibility of oil and water, when that number is six (6 par.)

4 Calculated using Eq. 20

NE

2
¢ Root mean square deviation, RMSD = \/ NENPT 2 (Kf;f}.c - K

i=1

NE

2
} > (Kse—K37) NE
Coefficient of determination, R> = 1 — &L

> (KK =

i=1

NE
¢ Average absolute deviation, AAD = g Zl ‘Ki’ff — K3
p

" Average relative error (%), ARE = NE & [P

NE | gexp_ gecale
=1 A

i

Kx =N K

NG taken from the literature [25]. The R and Q values for the
TEso = ngRg (18)  epoxy group were accepted as 1.5 and 1.2, respectively,
g=l as their changing in the range of 1-2 insignificantly
NG influenced the results of the fitting. The calculated values
qEso = ngQg (19) of rgso and ggso parameters were 40.28 and 32.78,
s=1 respectively.

where NG is the total number of group species in the
ESO molecule; and v, is the number of groups of type g
in the ESO molecule. The values of R, and Q, parameters
for all group species, except for the epoxy group, were

The interaction parameters of the Wilson, NRTL and
UNIQUAC models were determined by fitting the experi-
mental values of the liquid—liquid equilibrium constant for
acetic acid given in Table 2. The Marquardt method was

&) Springer AOCS &
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Table 3 Interaction parameters

;. of the Wilson, NTRL and Component Interaction parameter u;; (J/mol)
UNIQUAC models for activity Water Acetic acid Epoxidized soybean oil
coefficient
Wilson model
Water 0 38,090 —
Acetic acid —571.5 0 8,160
Epoxidized soybean oil - —3,880 0
NRTL model (4 parameters)®
Water 0 —730.9 —
Acetic acid 30,410 0 —40.46
Epoxidized soybean oil — —120.8 0
UNIQUAC model (4 parameters)®
Water 0 10,370 —
Acetic acid —4,121 0 23,650
Epoxidized soybean oil — —2,933 0
NRTL model (6 parameters)b
Water 0 —1,489 45,290
Acetic acid 29,030 0 3,491
4 Values calculated when the Epoxidized soybean oil 3,270 —5,325 0
immiscibility of oil and water is UNIQUAC model (6 parameters)”
assumed Water 0 16,280 9,146
® Values calculated when the Acetic acid —4,307 0 7,113
partial miscibility of oil and Epoxidized soybean oil 2,430 ~3,028 0

water is assumed

applied to fit the data. The following objective function
(OF) was minimized:

NE

2
OF = (ks — K37)

i=1

(20)

where NE is total number of experimental points. The
values of the liquid-liquid equilibrium constant for acetic
acid calculated by applied models for activity coefficient
are shown in Table 2, while the interaction parameter
values are given in Table 3. For the NRTL model, only
results for the value of 0.2 for non-randomness parameter o
in Eq. 8 are presented since of all for fitting used parameter
values, namely 0.2, 0.3, 0.4 and 0.47, 0.2 gave the best
agreement of the calculated and experimentally determined
equilibrium constants. In Table 2 are presented results of
KX“IC for the Wilson, NRTL (4 parameter) and UNIQUAC
(4 parameter) models when the solubility of water in
epoxidized soybean oil is neglected i.e. the immiscibility of
oil and water is assumed, together with the results for the
NRTL (6 parameters) and UNIQUAC (6 parameters)
models when the partial miscibility of ESO and water is
accepted. The Wilson model cannot be applied in the case
of partially miscible liquids as it does not predict the sep-
aration of phases. The number of binary adjustable model
parameters is 6 in the case of partial miscibility because of
the presence of binary epoxidized soybean oil — water.

&\ Springer ANOCS &

Despite all assumptions and simplifications, the data
presented in Table 2, with an average relative error (ARE)
of 3.8-4.6%, indicate the adequateness of all three models
used in this work for prediction of the liquid—liquid equi-
librium constant for acetic acid in the system epoxidized
soybean oil-acetic acid—water under the investigated tem-
peratures and compositions.

Comparison of the Partitioning of Acetic Acid between
Water and Soybean Oil versus Epoxidized Soybean Oil

To determine the influence of changing of the oil phase
composition during the epoxidation on the equilibrium
constant for acetic acid, the comparison of the results pre-
sented in this work with those reported in the literature for
the system soybean oil-acetic acid—water should be done.
Comparison was possible since the experimental conditions
used for the system with epoxidized soybean oil are anal-
ogous to those used for the system with soybean oil, namely
temperatures are the same and mass compositions of the
mixtures M1, M2 and M3 are similar to E1, E2 and E3,
respectively. The values of the liquid-liquid equilibrium
constant for acetic acid in the system with soybean oil,
calculated on the basis of experimentally determined par-
tition coefficient data given in Table 1 in the reference [9],
are shown in Table 4. Comparison of these values with
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Table 4 Experimentally determined values of the liquid-liquid
equilibrium constant for acetic acid in the system soybean oil-acetic
acid—water

Temp. (°C) Mixture® Liquid-liquid
equilibrium constant
for acetic acid K%
35 El 1.76
E2 1.81
E3 1.49
50 El 1.73
E2 1.71
E3 1.51
65 El 1.87
E2 1.76
E3 1.42
80 El 1.93
E2 1.64
E3 1.66

4 El, E2 and E3 mixtures of soybean oil, acetic acid and water were
of the following composition given in grams: 150.00, 22.04 and
80.94; 150.39, 33.33 and 80.25; and 150.00, 44.00 and 80.00,
respectively

® Calculated on the basis of experimental data used in the reference
[9] for determination of the acetic acid partition coefficient

those given in Table 2 shows that the value of the liquid—
liquid equilibrium constant for acetic aid in the system
epoxidized soybean oil-acetic acid—water is about 1.5 times
higher than in the system with soybean oil, what would be
expected since the presence of epoxy and hydroxyl groups
within the epoxidized soybean oil would increase its
polarity relative to soybean oil, which should increase the
partitioning of a polar solute such as acetic acid to the oil-
rich phase. For the investigation conditions, it can also be
concluded for both systems, that the influence of changing
of oil phase composition on the equilibrium constant for
acetic acid is more prominent than the influence of acetic
acid total content in the system or temperature. However,
the trends for the equilibrium constant for acetic acid vs
total acetic acid mass fraction in the system and vs tem-
perature are not consistent between the systems with soy-
bean oil or with epoxidized soybean oil. With an increase in
the total acetic acid content in the system with soybean oil,
the equilibrium constant for acetic acid decreased, while the
influence of temperature cannot be generally defined. On
the other hand, with an increasing of total acetic acid con-
tent in the system with epoxidized soybean oil, the equi-
librium constant for acetic acid increased for temperatures
of 35 and 50 °C, while a minimum was observed at 65 and
80 °C. With an increase in temperature, the equilibrium
constant for acetic acid increased for all mixtures M1, M2
and M3. These changes of trends are a consequence of the
decreasing quantity of water dissolved in epoxidized

soybean oil with an increase of both total content of acetic
acid in the system and temperature.

As the epoxidation is usually carried out at a constant
temperature and with an approximately constant content of
acetic acid in the system, the change of the equilibrium
constant for acetic acid can only be the consequence of the
changing of the oil phase composition during the reaction.
Investigation of the variation of the equilibrium constant i.e.
the partition coefficient for acetic acid between the oil and
water phase during in-situ epoxidation is important for the
correct determination of the kinetic parameter values in
modeling the reaction system. Any further development of
the mathematical model of the reaction system for epoxida-
tion of vegetable oils must take these facts into consideration.

Conclusion

Under conditions of temperature and component ratios
relevant for in-situ epoxidation of soybean oil, the liquid—
liquid equilibrium constant for acetic acid in the system
epoxidized soybean oil-acetic acid—water can be success-
fully predicted by applying the Wilson, NRTL and UNI-
QUAC models used most frequently for modeling the
activity coefficients for acetic acid, despite of all the nec-
essary simplifications.

Due to the presence of epoxy and hydroxyl groups
within epoxidized soybean oil, the water is soluble to a
significant extent in this oil, unlike in soybean oil. Under
the conditions in this investigation, the more polar acetic
acid displaces the less polar water from the oil phase. As a
consequence, the equilibrium constant for acetic acid in the
system epoxidized soybean oil-acetic acid—water is only
about 1.5 times higher that in the system with soybean oil.

Modeling of the variation of the equilibrium constant for
acetic acid with changing of the oil phase composition
during epoxidation would make it possible to determine the
intrinsic kinetic parameters of the reaction system for in-
situ epoxidation of soybean oil.
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