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Abstract

The liquid-liquid equilibrium constant for acetic acid in a quinary system olive oil-epox-
idized olive oil-acetic acid—hydrogen peroxide—water was experimentally determined for
temperatures and component ratios relevant for in situ epoxidation of plant oils. The
values have the constant range from 1.52 to 2.73. To predict the equilibrium constant for
acetic acid, the experimental data were correlated with UNIQUAC (universal quasi chem-
ical) and NRTL (non-random two liquid) activity coefficient models. For simplified calcul-
ation of the phase equilibrium the insolubility of olive oil and epoxidized olive oil in the
water, as well as insolubility of water and hydrogen peroxide in the olive oil and epoxidized
olive oil, was assumed. The root mean square deviation (RMSD) of the experimental and
calculated values of the liquid—liquid equilibrium constant for acetic acid is 0.1910 for the
UNIQUAC model and 0.1815 for the NRTL model. For rigorous flash calculation, when the
partitioning of all components between the phases was assumed, the RMSD for the NRTL
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Percarboxylic acid, such as performic or peracetic
acid, is a common oxidizing agent in a large scale pro-
duction of epoxidized plant oils. The percarboxylic acid
is generated in situ through the acid catalyzed reaction
of corresponding organic acid with hydrogen peroxide
in an aqueous solution. A soluble mineral acid, usually
sulfuric acid, or an acidic cation exchange resin can be
used as a catalyst for this reaction [1,2]. Depending on
applied catalyst, the reaction system of epoxidation is
either two- (oil-water) or three-phase (oil-water—ion
exchange resin) system. Thus, it is important to obtain
the liquid-liquid equilibrium data for modeling and
optimization of the epoxidation process. A rigorous
two- or three-phase model of the epoxidation reaction
system should include a partition coefficient for organic
acid [3-6]. The coefficient is dependent on a liquid—
—liquid equilibrium constant for organic acid and molar
densities of the phases [7-9]. A few authors investi-
gated partitioning of formic acid or acetic acid between
the oil and water phases of the epoxidation reaction
system. Rangarajan et al. determined experimentally
the partition coefficient for acetic acid in a soybean oil-
acetic acid-water system at 313 and 333 K [3]. On the
basis of experimental data for the liquid-liquid equilib-
rium constant for acetic acid, Sinadinovié-Fiser and Jan-
kovic¢ calculated the partition coefficient for acetic acid
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in the soybean oil-acetic acid—water system at tempe-
rature range of 293—-353 K [7]. Campanella et al. deter-
mined the partition coefficient for formic acid/acetic
acid in the soybean oil-formic acid/acetic acid—water
system at 313 K [8]. A presence of epoxidized plant oil
in the system was taken into account when the liquid-
liquid equilibrium constant for acetic acid was inves-
tigated for the epoxidized soybean oil-acetic acid—
—water system [9]. In aforementioned works, neither
the changing of the oil phase composition during the
reaction of epoxidation, i.e., different ratios of plant oil
and epoxidized plant oil, nor the presence of hydrogen
peroxide in the system was considered. In this work,
however, the temperature and composition depen-
dency of the liquid-liquid equilibrium constant for ace-
tic acid (Ka) in a system containing five reaction com-
ponents was investigated. To predict the liquid—liquid
equilibrium constant for acetic acid in an olive oil (00)-
—epoxidized olive oil (EOO)-acetic acid (A)-hydrogen
peroxide (HP)—water (W) system, the interaction para-
meters of the UNIQUAC (universal quasi chemical) [10]
and NRTL (non-random two liquid) [11] models for the
activity coefficient were determined by fitting the
experimental data obtained for the equilibrium cons-
tant at different temperatures and compositions. The
results of simplified and rigorous calculation of the
phase equilibrium were compared.
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Determination of the liquid—liquid equilibrium
constant

For the same reference state in two phases, L; and
L,, the liquid-liquid equilibrium condition for com-
ponentj is:

7)/71 XL—; — ﬁz X;z (1)

where }/IL is the activity coefficient of component j in
phase L; and ij- is the mole fraction of component j in
phase L.

The mole fraction of component in the phase L can
be expressed by the following equation:

L_ m/L'/Mj

Xj =Nc
L
2 mi /M
k=1

where mJL» and m,t (g) are the masses of component j
and k, respectively, in phase L; M;and M, (g/mol) are
molecular masses of component j and k, respectively;
and NC is the number of components in the system.

According to Eq. (1), the liquid-liquid equilibrium
constant for acetic acid (K,) in investigated oil-water
system is defined as:

(2)

W XO
K, J_A:_a (3)
Ya  Xa
where used superscripts are for water (w) and oil (o)
phases.

The experimental value of the liquid-liquid equilib-
rium constant for acetic acid can be calculated via Eq.
(3) using mole fractions (x; ).

The predicted value of the equilibrium constant for
acetic acid can be obtained also via Eq. (3) using activity
coefficients ( ﬁ ). The activity coefficient of component
j is the function of phase composition (x]L-) and tempe-
rature (7). For investigated system, the coefficients are
defined as:

7} = £(*G0r o0, X3, Xp 00 T) (4)

W w w w w w
Vi :f(XOO'XEOO'XA'XHP'XW'T) (5)

For the calculation of the equilibrium constant, in
this work the UNIQUAC and NRTL models for the acti-
vity coefficient were used. Their interaction parameters
were determined by fitting the experimental data for
the liquid-liquid equilibrium.

The UNIQUAC binary interaction parameter (7) is
expressed as [10]:

“Yjk

7, =e Rl (6)
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where v, (J/mol) indicates an adjustable binary para-
meter for components j and k in the mixture; and R is
the universal gas constant.

The NRTL binary interaction parameter (G;,) is given
as [11]:

Yjk

G =e FT (7)

A value of the non-randomness parameter (a) of
0.2, which was used in this work, is recommended for
the partially miscible liquids [11].

EXPERIMENTAL

Materials and chemicals

Olive oil, product of the Urzante, S.L., Spain, was
purchased in supermarket. Glacial acetic acid (>99.8%)
was bought from Sigma-Aldrich, Germany, while 30
wt.% aqueous hydrogen peroxide solution, hydrobro-
mic acid and isopropyl alcohol (min 99.5%) were
ordered from J.T. Backer, Netherlands. An acid form of
sulfonated polystyrene-type cation exchange resin
Amberlite IR-120H from Sigma-Aldrich, USA, was used
as a catalyst. Alfapanon, Serbia, was a supplier of the
aqueous solutions of potassium permanganate (0.1 N),
sodium hydroxide (0.1 N) and sodium thiosulfate (0.1
N), while sulfuric acid (p.a.), iodine (p.a.) and bromine
(p.a.) were purchased from Centrohem, Serbia. Potas-
sium iodide (extra pure), benzene (p.a.) and chloroform
(min 98.5%) were purchased from LachNer, Czech Rep-
ublic.

Epoxidation procedure

The epoxidation of olive oil was carried out in bulk
with peracetic acid formed in situ according to the
method reported in the literature [12]. Mole ratio of oil
unsaturation:acetic  acid:hydrogen  peroxide  was
1:0.5:1.5. The amount of cationic ion exchange resin
Amberlite IR-120H used as catalyst was 20 wt.% of ace-
tic acid and hydrogen peroxide solution weight. Olive
oil (250 g), glacial acetic acid and catalyst were intro-
duced into a 500 mL three-neck round-bottom flask
placed in a water bath and equipped with magnetic
stirrer, thermometer, reflux condenser and dropping
funnel. The 30% aqueous hydrogen peroxide was drop-
wise charged into the reaction mixture at temperature
of 32311 K within half an hour. The stirring speed of
1000 rpm was constant. After addition, the tempera-
ture of the reaction mixture was increased to 348 K and
maintained within £1 K next 8 h. After removing of the
ion exchange resin by filtration, cooled product was
centrifuged. Separated oil phase was washed with
water (313 K) until pH 7. Water was evaporated at 323
K under the vacuum (about 30 kPa). Stock of epoxidized
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olive oil was obtained by blending products of 8 epoxi-
dation runs.

Equilibration procedure

The liquid—-liquid equilibrium constant for acetic
acid in the system olive oil-epoxidized olive oil-acetic
acid—hydrogen peroxide—water was experimentally
determined by equilibrating the system components at
four temperatures employing seven compositions. A
500 mL three-neck round-bottom flask with weighed
masses of olive oil (mgg), epoxidized olive oil (Mgoo),
acetic acid (m,), 30% aqueous solution of hydrogen
peroxide (m,qup) and water (my) was equipped with
condenser, thermometer and magnetic stirrer. Compo-
sitions of investigated mixtures are given in Table 1.
The mixtures were equilibrated in a thermostatic water
bath at 293, 308, 323 and 338 (1) K for an hour under
the constant stirring of 1000 rpm. Without stopping the
stirring, six samples of about 10 mL were withdrawn
from the mixture and centrifuged (20 min, 1000 rpm).
The samples in centrifugation tubes were again ther-
mostated at particular temperature for 20 min. Three
samples were used to determine the content of volatile
matter in the oil phase. The weighed, in grams, por-
tions of the oil (m*°) and water (m*") phase of other

Vo =

)

m*>° (1_ O, mp )(htt)omoo (1_ gy’ ) +he0oMeoo (1_ oy

tralization titration with 0.1 N NaOH, whereas the mass
fractions of hydrogen peroxide in the oil (@j,) and
water (@}, ) phase were determined by the perman-
ganometric titration with 0.1 N KMnQ,. The fractions of
component j were calculated according to the following
expressions:

o (Vto _Vt(,)cor )NtEj
W) = (8)
1000m*
wo VNEN (9)
7 1000m*™

where V?and V" (mL) are the volumes of titration
solution t consumed for titration of the samples of the
oil and water phase, respectively; N, (gE/L) indicates
the normality of titration solution t; E; (g/gE) is the
mass of component j gram equivalent, which for acetic
acid is Ex = M,, while for hydrogen peroxide is
Eqp =Myp /2; and n is the number of aliquots. V.,
(mL) is the volume of titration solution t consumed, in
the case of NaOH titration, for the neutralization of the
free fatty acids and, in the case of KMnO, titration, for
the oxidation of the minor components in the oil phase
sample. It was calculated as follows:

t,cor FOO )

moo(l_aﬁo)"‘mmo(l_a’w
three samples were titrated to determine the mass
fractions of acetic acid and hydrogen peroxide. Samp-
ling of the phases from latter three centrifuge tubes
simulated triple determination of the liquid-liquid
equilibrium constant for acetic acid.

Methods

To characterize the olive oil and epoxidized olive oil,
a standard gravimetric method for the moisture and
volatile matter content [13], the Hanus method for the
iodine number and standard HBr—acetic acid method
for the epoxy oxygen content [14] were applied. All
analyses were done in triplicate.

The mass fraction of hydrogen peroxide in the
hydrogen peroxide aqueous solution (aﬁgHP) was
determined by permanganometric titration with 0.1 N
KMnOQO,.

The mass fraction of water, acetic acid and hyd-
rogen peroxide in the oil phase (aﬁ\/,A,HP) of the equi-
librated mixtures was determined in triplicate accord-
ing to the standard gravimetric method for the mois-
ture and volatile matter content in plant oils [13],
assuming that acetic acid and hydrogen peroxide eva-
porate together with water.

The mass fractions of acetic acid in the oil (@, ) and
water (@) ) phase were determined by the neu-

(10)

where hi, and hiy, (mL t/g oil) are corrections for
the titration of olive oil and epoxidized olive oil,
respectively, determined experimentally for both tit-
ration solutions as 0.025 mL NaOH/g OO, 0.125 mL
NaOH/g EOO, 0.0199 mL KMnO,/g OO and 0.0189 mL
KMnO,/g EOOQ; a)@o and w&?oindicate the moisture
content in the olive oil and epoxidized olive oil, res-
pectively.

Calculation of the liquid-liquid equilibrium constant
for acetic acid using the experimental data

The value of the liquid—liquid equilibrium constant
for acetic acid was calculated on the basis of Egs. (2)
and (3).

For calculation of the mole fractions of acetic acid in
the oil and water phase, Eq. (2), the masses of the
system components were calculated using the mass
balance equations and the experimental data i.e. the
mass fractions of acetic acid and hydrogen peroxide in
both phases and the mass fraction of water, acetic acid
and hydrogen peroxide in the oil phase. The calculation
proceeds as follows.

Experimentally determined mass fractions of acetic
acid and hydrogen peroxide were used to calculate the
masses of these components in the equilibrated phases:
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my = wym° (11)
my = awy'm"” (12)
Mg = &fpm’ (13)
Myp = @ipm™ (14)

where m® and m" (g) are the masses of the oil and
water phases in equilibrium, respectively. Assuming the
insolubility of oils in the water phase and knowing
weighed masses of olive oil and epoxidized olive oil, as
well as measured content of moisture in both oils, the
masses of olive oil (md,) and epoxidized olive oil
(mgoo ) in the oil phase are:

Mo =Moo (1—afy’) (15)
Moo :mEoo(l_a'\ﬁ?o) (16)

The mass balance of the oil phase is defined as fol-
lows:

o o o o o o
m= =Mgg + Mggg + My +Myp +Myy, (17)

When Egs. (11) and (13) are substituted in (17), the
mass of water in the oil phase (my, ) can be calculated
as:

m\?\,=m°(1—aﬁp—a),f\’)—m§oo—mgo (18)

The total mass of water in the system, which par-
titions between the oil and water phase, is the sum of
weighed water and water introduced into the system
with hydrogen peroxide solution, olive oil and epox-
idized olive oil:

aqHP

00
mW+maqHP(1_a4-|P )+mooww +
£00

_ 0 w
TMego @By~ =My, + My,

(19)

where @2 is the mass fraction of hydrogen peroxide

in the hydrogen peroxide solution. Therefore, the mass
of water in the water phase ( my, ) is:

agHP

w 00
mw—mw"'maqHP(l_@-iP )+moo%/ +

(20)
FOO
+Mego @y — My

The calculation of the mass of each phase in equi-
librium was performed as follows. The mass of the oil

phase in equilibrium can be calculated as:

o o
o _ Moo +Meoo

5 (21)
1-ay pnp

while following expression for the mass of the water
phase in equilibrium:
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mW
m'=—-" (22)
1-ap -y
can be derived when Egs. (12) and (14) are substituted
in the equation that describes the mass balance of

equilibrated water phase, assuming already accepted
insolubility of oils in the water phase:

m" =my +my +mip (23)

In order to check the agreement of weighed and
experimentally determined contents of acetic acid and
hydrogen peroxide, both partitioned between the sys-
tem phases, an average relative error ARE (%) was
calculated as follows:

100 NEP| mOSP 4 mWexP _ el
ARE=—3%" |-~ T (24)
NEP ;5| me

where NEP is the number of experimental points for
the liquid—liquid equilibrium constant determination;
m?® and m}"*® are the experimentally determined
masses of component j in oil (o) and water (w) phase,
respectively, for experimental point p; and m}'fsig is the
weighed mass of component j for experimental point p.

RESULTS AND DISCUSSION

The olive oil was characterized with an experiment-
ally measured iodine number (/Ngg) of 80.30 and the
moisture content of 0.02 wt.%. For epoxidized olive oil
were determined the epoxy oxygen content (EO) of
4.41 wt.%, the residual iodine number (INggo) of 0.36
and the moisture content of 3.40 wt.%. Therefore, the
conversion of olive oil double bonds was 99.5% and the
selectivity of epoxidation was 91.9%.

For the following fatty acid composition of olive oil:
9.0% palmitic, 6.1% stearic, 77.9% oleic, 6.3% linoleic
and 0.7% linolenic acid, the molecular mass of 878.3
g/mol was calculated according to equation:

NFA
Moo =3 D MeyXea +Mg —3M,, (25)
FA=1
where NFA is the number of fatty acids in the olive oil
triglycerides; xr, is the mole fraction of particular fatty
acid in the olive oil triglycerides; and Mg (g/mol) indi-
cates the molecular mass of glycerol. The accepted
fatty acid composition of the olive oil corresponds to
the experimentally determined iodine number.

The molecular mass of epoxidized olive oil of 934.0
g/mol was calculated via following mole balance of
olive oil’s double bond (D) partial conversion to epoxy
group (E) and hydroxyl acetate group (HA), assuming
that hydroxyl acetate is generated as the only side pro-
duct during the epoxidation of olive oil [15,16]:
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Np,00 =Np,e00 + Ne,eoo + Naeoo (26)

where Np oo is the number of moles of double bond per
mole of olive oil; Np eoo, Neeoo and Nyaeoo are the num-
bers of moles of residual double bond, epoxy group and
hydroxyl acetate, respectively, per mole of epoxidized
olive oil. By expressing Npoo as a function of iodine
number of olive oil, as well as Np goo and Nggoo as func-
tions of residual iodine number and epoxy oxygen con-
tent in epoxidized olive oil, respectively, the quantity of
the hydroxyl acetate group can be written according to
Eg. (26) as follows:

INOOMOO _ INEOOMEOO _ EO MEOO

(27)
2004, 2004, 2004,

NHA,EOO =

where A, and Ap are the atomic masses of iodine and
oxygen, respectively. Since the molecular mass of
epoxidized olive oil can be expressed as enlarged
molecular mass of olive oil due to formed epoxy group
and hydroxyl acetate group, it can be calculated as:

Meoo =Moo + NeeooAo + Nuaeoo (Ao +Ma) (28)

After expressing Negoo as the function of EO and
substituting Eq. (27) in Eqg. (28), the equation for cal-
culation of the molecular mass of epoxidized olive oil
used in this work is established:

Meoo =
Moo [1+INgo (A +M, )(2004) 7] (29)

14 E£0 M, (1004,) " +INeog (Ag +M, )(2004)

The mass fraction of hydrogen peroxide in the hyd-
rogen peroxide aqueous solution (af,gHP) was deter-
mined as 0.288.

Experimental values of the liquid-liquid equilibrium
constant

The mass fraction of water, acetic acid and hydro-
gen peroxide as the volatile matter in the oil phase, as
well as the mass fractions of acetic acid and hydrogen
peroxide in the oil and water phase, are given in Table
1 as the average values of three experimental deter-
minations.

Table 1. Compositions of equilibrated mixtures and experimentally determined mass fraction of water (W), acetic acid (A) and hyd-
rogen peroxide (agHP), a)f,’v anp- in the oil phase, mass fractions of acetic acid ( a)g ) and hydrogen peroxide ( aﬁp ) in the oil phase,
as well as mass fractions of acetic acid ( wy ) and hydrogen peroxide ( @5 ) in the water phase; OO: olive oil, EOO: epoxidized olive oil

- 3
Mixture |7<- 00 Evgzghed r':ass (”Z:I-?P W oINS wn afip [0S p
01 308 0.00 36.78 4.65 5.03 11.86 0.0664 0.0282 0.00303 0.171 0.0671
323 0.00 36.88 4.65 5.03 11.86 0.0777 0.0307 0.00297 0.170 0.0672
338 0.00 36.77 4.66 5.03 11.85 0.0673 0.0300 0.00343 0.171 0.0665
02 308 0.00 36.80 2.67 10.04 7.56 0.0872 0.0195 0.0105 0.102 0.140
323 0.00 36.78 2.67 10.05 7.55 0.0621 0.0179 0.00763 0.102 0.139
338 0.00 36.80 2.68 10.04 7.55 0.0588 0.0175 0.00743 0.101 0.137
03 293 8.75 27.58 2.66 5.02 11.87 0.0319 0.0134 0.00137 0.111 0.0722
308 8.76 27.60 2.66 5.02 11.86 0.0443 0.0135 0.00247 0.109 0.0699
323 8.77 27.61 2.66 5.02 11.85 0.0424 0.0144 0.00240 0.109 0.0735
338 8.75 27.58 2.66 5.04 11.87 0.3160 0.0135 0.00200 0.110 0.0721
04 293 17.52 18.41 2.67 10.04 7.54 0.0518 0.0132 0.00433 0.114 0.140
308 17.55 18.39 2.66 10.05 7.55 0.0510 0.0134 0.00453 0.114 0.145
323 17.50 18.39 2.66 10.06 7.56 0.0484 0.0126 0.00410 0.111 0.142
338 17.57 18.40 2.66 10.04 7.55 0.0307 0.0116 0.00337 0.111 0.142
05 293 17.55 18.40 6.68 5.12 12.07 0.0360 0.0225 0.00113 0.243 0.0634
308 17.52 18.39 6.67 5.02 11.85 0.0980 0.0409 0.00503 0.249 0.0624
323 17.51 18.40 6.67 5.02 11.91 0.0481 0.0274 0.00173 0.248 0.0637
338 17.50 18.43 6.66 5.02 11.86 0.0314 0.0238 0.000967 0.245 0.0616
06 293 26.29 9.21 4.65 15.22 3.25 0.0207 0.0139 0.00230 0.180 0.191
308 26.33 9.23 4.66 15.09 3.42 0.0243 0.0141 0.00290 0.183 0.193
323 26.28 9.12 4.66 15.14 3.28 0.0239 0.0148 0.00277 0.178 0.193
338 26.26 9.21 4.65 15.07 3.24 0.0325 0.0142 0.00233 0.179 0.190
o7 293 35.08 0.00 6.66 18.84 0.00 0.0206 0.0152 0.00177 0.242 0.214
308 35.05 0.00 6.65 18.84 0.00 0.0192 0.0155 0.00177 0.243 0.218
323 35.04 0.00 6.66 18.83 0.00 0.0197 0.0152 0.00177 0.243 0.218
338 35.06 0.00 6.65 18.84 0.00 0.0200 0.0154 0.00177 0.243 0.212
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The total masses of acetic acid and hydrogen per-
oxide in the system were determined with an average
relative error (Eq. (24)) of 2.15 and 2.12%, respectively.
Since these masses were calculated via the mass
balance equations using experimental data determined
by five analytical methods, namely method for gravi-
metric determination of the volatile matter content in
the oil phase and four titration methods for determin-
ation of acetic acid and hydrogen peroxide contents in
both phases, the obtained average relative errors have
to be considered as the total error of all analytical mea-
surements.

The olive oil-epoxidized olive oil-acetic acid—hydro-
gen peroxide-water system was equilibrated at four
temperatures for seven compositions. The tempera-
tures, as well as mixture compositions, were varied in
the range that is significant for the epoxidation of plant
oils. The molar ratio of components was selected as to
simulate variation of component concentrations in the
epoxidation system with reaction time. However, as
the oil phase of the mixtures without olive oil, namely
mixtures O1 and 02 in Table 1, became solid during the
equilibration at 293 K, only 26 values of the liquid-
liquid equilibrium constant for acetic acid were deter-
mined. For investigated conditions, these values range
from 1.52 to 2.73 and they are presented in Table 2.
The defined trend of dependency of the liquid-liquid
equilibrium constant for acetic acid neither from tem-
perature nor from composition of examined mixtures
of the olive oil-epoxidized olive oil-acetic acid—hydro-
gen peroxide-water system was observed.

Simplified calculation of the liquid-liquid equilibrium
constant

A simplified approach for the calculation of the
liquid—liquid equilibrium constant for acetic acid is
based on the assumptions that only acetic acid is par-
titioned between two liquid phases of the epoxidation
reaction system and that olive oil and epoxidized olive
oil are insoluble in the water. This is described with the
following constrains for the masses of components j in
phase L:

mg, =my, =0 (30)
mdo = Mgoo =0 (31)

Therefore, the activity coefficients of acetic acid in
both phases are expressed as following functions:

78 = £(*G0rX00,X3.T) (32)

7 = £ (XG0 200 XN T) (33)

As aforementioned, the mass of acetic acid in the
system is partitioned between the oil and water phases:
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my =mg +my (34)

By substituting Egs. (2), (32) and (33) in (1), a non-
-linear equation with one unknown variable (my') is
established:

F(my ) =x272 —xiny =0 (35)

In this work, Eq. (35) is solved by the modified
Newton method.

Rigorous calculation of the liquid-liquid equilibrium
constant

To check the accuracy of the simplified approach, a
rigorous flash calculation of the phase equilibrium was
performed. For such calculation it is assumed that all
components are partitioned between the system
phases. The activity coefficients of all components are
expressed via Egs. (4) and (5). Using the components’
and total mass balance equations, after appropriate
substitutions, the mole fraction of the oil phase (¢) in
the investigated system has to be determined from the
following non-linear equation:

NC

Z#z 1 (36)

j=1 1+(/’(K/ _1)

where z; indicates the mole fraction of component j in
the system; and K; is the liquid—liquid equilibrium cons-
tant for component j in the system. The Newton
method was applied to solve Eq. (36).

Modeling of activity coefficients for acetic acid

Due to lack of the interaction parameters for epoxy
group with other groups present in the investigated
system, none of the models based on the group con-
tribution method for direct calculation of the activity
coefficient, such as the UNIFAC (uniquac functional-
group activity coefficients) and ASOG (analytical sol-
ution of groups) models, were applied in this work.
Consequently, the UNIQUAC and NRTL models for the
activity coefficient were used to correlate the liquid-
liquid equilibrium constant for acetic acid with tem-
perature and composition.

The UNIQUAC structural parameters r; and gj, which
are the van der Waals volume and area of the molecule
of component j relative to those of a standard seg-
ment, respectively, were calculated using the UNIFAC
LLE (liquid—liquid equilibrium) group contribution data
[27]:

B=> VR, (37)
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Table 2. Comparison of experimentally determined values of the liquid—liquid equilibrium constant for acetic acid (K,) in the system
olive oil-epoxidized olive oil-acetic acid—hydrogen peroxide—water and those calculated by simplified and rigorous approach when
the UNIQUAC and NRTL models for the activity coefficient were applied

Calculated
T/K Mixture Experimental Simplified Rigorous
UNIQUAC NRTL NRTL
293 01 - - - -
02 - - - -
03 2.637 2.247 2.259 2.311
04 1.657 1.706 1.729 1.726
05 1.908 1.907 1.853 1.791
06 2.031 1.768 1.859 1.808
o7 1.561 1.669 1.714 1.685
308 01 2.212 2.267 2.195 2.108
02 1.936 1.982 2.132 2.034
03 2.115 2.324 2.365 2.322
04 1.725 1.816 1.772 1.819
05 1.542 1.866 1.862 1.867
06 1.836 1.819 1.828 1.837
o7 1.672 1.599 1.629 1.649
323 o1 2.115 2.308 2.249 2.242
02 2.353 2.154 2.213 2.275
03 2.346 2.456 2.512 2.534
04 1.706 1.964 1.872 1.904
05 1.871 1.865 1.900 1.941
06 2.034 1.844 1.813 1.848
o7 1.609 1.584 1.590 1.602
338 01 2.376 2.383 2.322 2.342
02 2.438 2.369 2.334 2.444
03 2.731 2.640 2.689 2.629
04 2.213 2.147 2.008 1.983
05 2.323 1.895 1.956 1.998
06 1.515 1.905 1.842 1.855
o7 1.626 1.596 1.571 1.552
Objective function, S 0.9485 0.8566 0.7951
NE 0.1910 0.1815 0.1749
Root mean square deviation, RMSD = Z(K,‘f,l-c —K,‘i’f,—p)2
i=1
NE |, calc _ ,ex 7.23 7.30 7.24
Average relative deviation, ARE (%) :@z M
=
0.1418 0.1438 0.1414

NE
1
Average absolute deviation, AAD :Ez K&K —Kp P
i=1

NG
0= vy,Q (38)
g=1

where NG is the total number of group species in the
system; v is the number of groups of type g in the
molecule of component j; and R, and Qg are the para-

meters related to the volume and area of group g,
respectively. In order to calculate the structural para-
meters from the literature data, the molecule of hydro-
gen peroxide was presented with two hydroxyl groups,
whereas the olive oil and epoxidized olive oil, each
considered as one pseudo-component, were presented
with the following molecular structures, respectively:
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(CH2COO0)3CH(CH,)s(CH=CH)(CHs)s,
[(CH,COO0);(CH)4(CH,),(CH=CH)fand
(FCH,0),(OH),(CH3C0OO0),(CHs)s.

Since the structural parameters for epoxy group are
not available in the literature, an ether group of cyclic
ethers, FCH,0, was included into the pseudo-com-
ponent molecule of epoxidized olive oil instead. The
coefficients in the pseudo-component molecules b, c,
d, f, | and y were accepted as 40.904, 2.778, 3.9559,
0.0134, 2.5733 and 0.1913, respectively, on the basis of
the iodine numbers, epoxy oxygen content and fatty
acid composition of the olive oil and epoxidized olive
oil. Although the number of groups in a molecule is
usually defined with an integer within UNIFAC model,
the decimal numbers have been successfully used for
coefficients in the pseudo-component molecules of
plant oils when the liquid-liquid equilibrium of the sys-
tems similar to the system investigated in this work
was studied [7,9]. The calculated values of rop and goo
parameters are 38.867 and 31.529, respectively,
whereas the values of rggp and ggoo parameters are
40.0194 and 33.1965, respectively.

Binary interaction parameters of both NRTL and
UNIQUAC activity coefficient models were determined
by minimization of the following objective function S:

NE 2
5= (ke - K37 (39)
i=1

where NE is the number of experiments; and K and

KT are calculated and experimentally determined
values, respectively, of the liquid—liquid equilibrium
constant for acetic acid for the experiment i. The
Marquardt method was applied to minimize the object-
ive function [18]. Therefore, the fitting of interaction
parameters was based on the algorithm with two
loops. The outer loop is the minimization of the object-
ive function, and inner loop is either the simplified or
the rigorous calculation of the liquid-liquid equilibrium
constant for acetic acid. The determined interaction
parameters for simplified and rigorous calculations are
given in Tables 3-5.

Table 3. Interaction parameters u; (J/mol) of the UNIQUAC model for activity coefficient applied within the simplified calculation of K,

Component Olive oil Epoxidized olive oil Acetic acid Hydrogen peroxide Water
Olive oil 0 -1170.159 6072.516 - -
Epoxidized olive oil -2670.553 0 -504.9471 - -
Acetic acid —2399.01 5145.97 0 -8082.141 —4950.184
Hydrogen peroxide - - 3865.073 0 -8162.745
Water - - 15163.77 1847.888 0

Table 4. Interaction parameters u; (J/mol) of the NRTL model for activity coefficient applied within the simplified calculation of K,

Component Olive oil Epoxidized olive oil Acetic acid Hydrogen peroxide Water
Olive oil 0 23.00308 —6792.634 - -
Epoxidized olive oil 5154.96 0 —2190.579 - -
Acetic acid 1638.673 -5827.824 0 -18728.77 -11964.42
Hydrogen peroxide - - 35188.14 0 —22226.66
Water - - 24023.41 19073.41 0

Table 5. Interaction parameters u; (J/mol) of the NRTL model for activity coefficient applied within the rigorous calculation of K,

Component Olive oil Epoxidized olive oil Acetic acid Hydrogen peroxide Water
Olive oil 0 10764.7 239.1269 —9235.735 —-88.59006
Epoxidized olive oil -6781.327 0 1949.265 34458.26 —472.6696
Acetic acid -1795.675 -1056.141 0 4409.27 9341.472
Hydrogen peroxide 16563.09 123.3846 1710.127 0 -3772.03
Water 17447.25 36863.31 -1869.315 7440.163 0

Comparison of activity coefficient models and types of
calculation

The values of the liquid-liquid equilibrium constant
for acetic acid calculated using determined interaction
parameters of UNIQUAC and NRTL models for the
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activity coefficient are presented in Table 2 for both
types of calculations.

The simplified approach for calculation of the liquid-
liquid equilibrium constant for acetic acid shows good
agreement with experimental data since the relative
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mean square deviations (RMSD) for both UNIQUAC and
NRTL activity coefficient models are low, namely
0.1910 and 0.1815, respectively. The rigorous calcul-
ation was performed applying only NRTL model for
activity coefficient as it showed slightly better correl-
ation in the case of simplified calculation. Although the
number of adjustable parameters is higher for rigorous
than for simplified calculation, 20 compared to 12, the
predicted values of the equilibrium constant are simi-
lar, i.e., the RMSD for rigorous calculation is 3.64%
lower than for simplified. This implies that the appli-
cation of proposed simplified calculation of the liquid-
liquid equilibrium constant for acetic acid is acceptable.

As previously mentioned, the applicability of differ-
ent activity coefficient models for describing the liquid-
liquid equilibrium in the systems relevant for epoxid-
ation of plant oils was reported in the literature. Thus,
for the system soybean oil-acetic acid-water, the ori-
ginal and three modified UNIFAC models, as well as the
UNIQUAC model, were used to correlate the liquid-
liquid equilibrium data by assuming the immiscibility of
soybean oil and water. For such system, the UNIQUAC
model was significantly more accurate than other
models [7,8]. The UNIQUAC model was also more ade-
guate than modified UNIFAC model for describing the
equilibrium of the system soybean oil-formic acid-
water [8]. To estimate the liquid-liquid equilibrium
constant for acetic acid in the epoxidized soybean oil-
acetic acid-water system, the Wilson, NRTL and
UNIQUAC models were used to correlate the experi-
mental data. In spite of all simplifications, the con-
clusion was that all three models are adequate to pre-
dict the equilibrium constant for acetic acid. However,
according to the analysis of ARE, the most successful
prediction of the liquid-liquid equilibrium constant for
acetic acid in the investigated system was obtained
with UNIQUAC model when partial miscibility of epoxi-
dized soybean oil and water was assumed [9]. Under
the conditions applied in the present investigation, the
adequacy of both NRTL and UNIQUAC models for
prediction of the liquid-liquid equilibrium constant for
acetic acid in the olive oil-epoxidized olive oil-acetic
acid-hydrogen peroxide—water system is confirmed,
although the computationally less demanding NRTL
model slightly better correlates the experimental equi-
librium data.

CONCLUSION

The liquid-liquid equilibrium constant for acetic
acid in the system olive oil-epoxidized olive oil-acetic
acid-hydrogen peroxide—water was experimentally
determined and successfully estimated under condi-
tions of temperature and component ratios significant
for the process of plant oil epoxidation with peracetic
acid generated in situ. The experimentally determined

values of the constant are better correlated when NRTL
than when UNIQUAC model for the activity coefficient
was applied, under the accepted simplifications regard-
ing the partitioning and solubility of particular compo-
nents in the system phases. When the NRTL model was
used within the rigorous flash calculation of the equi-
librium, slightly better fitting was achieved than with
simplified calculation. Since the values of the liquid-
liquid equilibrium constant for acetic acid predicted by
simplified and by rigorous calculation are comparable,
the usage of proposed simplified approach can be
recommended when establishing the mathematical
model that describes the reaction system for epoxid-
ation of plant oils.
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List of symbols

A Acetic acid
ALAo Atomic mass of iodine i.e. oxygen, respectively
agHP  Hydrogen peroxide aqueous solution

b Number of (CH,) groups present in OO and
EOO pseudo-component molecules

c Number of (CH=CH) groups present in OO
pseudo-component molecule

D Double bond

d Number of (CH) groups present in EOO
pseudo-component molecule

E Epoxy group

E; Mass of component j gram equivalent (g/gE)

EO Epoxy oxygen content (wt%)

EOO Epoxidized olive oil

f Number of (CH=CH) groups present in EOO

pseudo-component molecule
G« NRTL binary interaction parameter for
components j and k in the mixture
hSo , hioo Correction for titration of OO and EOQO,
respectively, with titration solution t (mL
t/g oil)
HA Hydroxyl acetate group
HP Hydrogen peroxide

IN; lodine number of component
K; Liquid—liquid equilibrium constant for compo-
nentj

KRE KR Calculated, ie., experimentally determined
value of K,, respectively, for experiment j

/ Number of (FCH,0) groups present in EOO
pseudo-component molecule

M;, My Molecular mass of component j, ie., k, res-
pectively (g/mol)

m; Weighed mass of component (g)

m°m" Mass of the oil, i.e. ,water phase, respectively,
in equilibrium (g)
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m]L»,m,ﬁ Mass of component j i.e. k, respectively, in

ms,L

L
mbexP

ip

N
ND,OO

Np,eo0,
NE eoo,
Nia,e00
NC

NE
NEP
NFA

NG
00

Zj

phase L (g)

Mass of the sample of phase L (g)
Experimentally determined mass of compo-
nent j in phase L for experimental point p (g)
Weighed mass of component j for experi-
mental point p (g)

Number of aliquots

Normality of titration solution t (gE/L)

Number of moles of double bond per mole of
olive oil

Number of moles of residual double bond,
epoxy group i.e., hydroxyl acetate, respect-
ively, per mole of epoxidized olive oil

Number of components in the system

Number of experiments

Number of experimental points

Number of fatty acids in the olive oil trigly-
cerides

Total number of group species in the system
Olive oil

Area parameter of group g

Area parameter of molecule of component j
Universal gas constant

Volume parameter of group g

Volume parameter of molecule of component
J

Objective function

Temperature (K)

Adjustable binary parameter for components j
and k in the mixture (J/mol)

Volume of titration solution t consumed for
titration of the sample of phase L (mL)
Correction volume of titration solution t con-
sumed for titration of the oil phase sample
(mL)

Water

Mole fraction of fatty acid FA in the olive oil
triglycerides

Mole fraction of componentjin phase L
Number of (OH) groups, as well as number of
(CH3COO) groups present in EOO pseudo-
component molecule

Mole fraction of component j in the system

Greek letters
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Non-randomness in the NRTL
model

Activity coefficient of componentj in phase L
Number of groups of type g in the molecule of
component j

UNIQUAC binary interaction parameter for
components jand k in the mixture

Mole fraction of the oil phase

Mass fraction of component j in phase L

parameter

o™ Mass fraction of hydrogen peroxide in the
hydrogen peroxide solution
aﬁ,o,aﬁ\,oo Moisture content in 0O, ie., EOO, res-

pectively

@y, op Mass fraction of water, acetic acid and hyd-

rogen peroxide in the oil phase

Superscripts

L Phase

o Qil phase

w Water phase

Subscripts

A Acetic acid

agHP  Hydrogen peroxide aqueous solution
D Double bond

E Epoxy group

EOO Epoxidized olive oil

G Glycerol

HA Hydroxyl acetate group

HP Hydrogen peroxide

00 Olive oil

w Water
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1ZVvOD

KONSTANTA RAVNOTEZE TECNO-TECNO SIRCETNE KISELINE U SISTEMU MASLINOVO ULJE-EPOKSIDOVANO

MASLINOVO ULJE-SIRCETNA KISELINA-VODONIK-PEROKSID-VODA

Milovan R. Jankovi¢, Olga M. Govedarica, Snezana V. Sinadinovi¢-Fiser, Jelena M. Pavli¢evi¢, Vesna B. Teofilovic,

Nevena R. Vukic

Tehnoloski fakultet, Univerzitet u Novom Sadu, Bul. cara Lazara 1, 21000 Novi Sad, Srbija

(Naucni rad)

Epoksidovanje biljnih ulja se industrijski izvodi perorganskom kiselinom formi-
ranom in situ iz odgovarajuce organske kiseline i vodonik peroksida u prisustvu
kiselog katalizatora. Kada se kao homogeni katalizator primenjuje neka mineralna
kiselina, reakcioni sistem epoksidovanja ulja je dvofazni (ulje—voda), dok pri pri-
meni heterogenog katalizatora, kakva je kisela jonoizmenjivacka smola, pomenuti
sistem je trofazni (ulje-voda—katalizator). Pri postavljanju pouzdanog matema-
tickog modela koji opisuje ovaj visefazni reakcioni sistem, a za potrebe optimi-
zovanja procesa epoksidovanja biljnih ulja, neophodno je uzeti u obzir raspodelu
sircetne kiseline izmedu uljne i vodene faze. U ovom radu je konstanta fazne
ravnoteZe tecno-tecno sircetne kiseline u kvinarnom sistemu maslinovo ulje—epo-
ksidovano maslinovo ulje—sirc¢etna kiselina—vodonik peroksid—voda odredena eks-
perimentalno za temperature u opsegu 293—-338 K i za razli¢ite odnose kompo-
nenata. Odnos komponenata u ispitivanim smeSama je odabran tako da odgovara
uslovima izvodenja epoksidovanja, ali i da simulira promenu odnosa kompo-
nenata u sistemu usled odigravanja reakcija. Za uslove ispitivanja, eksperimen-
talno odredene vrednosti konstante ravnoteze se kre¢u u opsegu 1,52-2,73. U
cilju izraCunavanja konstante ravnotezZe siréetne kiseline, eksperimentalne vred-
nosti konstante su korelisane UNIQUAC (universal quasi-chemical) i NRTL (non-
-random two liquid) modelima za koeficijent aktivnosti. Binarni interakcioni para-
metri ovih modela su odredeni primenom metode Marquardt-a za fitovanje eks-
perimentalnih podataka. Pri uproS¢éenom proracunu, u kom je usvojeno da se
maslinovo ulje i epoksidovano maslinovo ulje ne rastvaraju u vodi, kao i da se
voda i vodonik peroksid ne rastvaraju u maslinovom i epoksidovanom maslinovom
ulju, standardno odstupanje je 0,1910 za UNIQUAC i 0,1815 za NRTL model. Pri
rigoroznom flash proracunu, u kojem je pretpostavljeno prisustvo svih kompo-
nenata u obe faze, standardno odstupanje za jedino primenjeni NRTL model je
0,1749. Kako je ovo odstupanje manje za samo 3,64% od standardnog odstupanja
postignutog pri uproséenom proracunu, kada se primenjuje isti model za koefi-
cijent aktivnosti, upotreba uproséenog proracuna je prihvatljiva za modelovanje
reakcionog sistema epoksidovanja biljnih ulja.

Klju¢ne reci: Ravnoteza tecno-tecno e
Sir¢etna kiselina e Biljno ulje ® Epoksido-
vanje
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