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A B S T R A C T

A mathematical model was developed to analyze an exothermic liquid–liquid reaction system using

epoxidation of oleic acid by peroxyformic acid formed in situ as an example. Kinetic and thermal

parameters were included, mass transfer parameters were eliminated from the model and evaporation/

condensation was taken into account. A calorimetric semi-batch reactor under isoperibolic mode was

used in the experimental work. Different initial aqueous-phase concentrations of H2O2 [6.5–8.8 mol/l],

water [44–45 mol/l], molar flow rate of formic acid [0.02–0.54 mol/min], initial reaction temperature

[50–70 8C] and amount of organic phase [34–46 wt.%] were studied. A non-linear regression method was

used to estimate kinetic (e.g., rate constant at average temperature and activation energy) and thermal

parameters (e.g., reaction enthalpy) of the epoxidation and ring-opening reactions. The standard reaction

enthalpy changes were estimated to be �116 kJ/mol for epoxidation reaction and �50 kJ/mol for the ring

opening.

� 2014 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The world consumption of lubricants is estimated to be 40
million tons per year, used in very different areas from car engines
to office chairs. As in fuel industry, the majority of lubricants are
petroleum-derived. Even though depletion of crude oil will
increase the price of petroleum raw material, the reason to use
bio-lubricants instead of petro-based one is mainly environmental.
Indeed, several studies have shown that 30–40% of lubricants
escape into the environment through such routes as spills, leaks
and evaporation [1]. For these reasons, research has been focused
on an inexpensive, non-toxic and renewable source of lubricants,
i.e., bio-based lubricants. At present, the cost of bio-based lubricant
Abbreviations: EOA, epoxidized oleic acid; FA, formic acid; OA, oleic acid; PFA,

peroxyformic acid.
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is higher than petro-based lubricants, but compared to mainte-
nance and energy costs, it is a minor factor (Fig. 1) [2].

The production of bio-lubricant is based on the use of vegetable
or animal oils, and several ways of synthesis exist: esterification or
transesterification as biodiesel, selective hydrogenation, or epoxi-
dation of the oils by peroxycarboxylic acids. The latter route of
production follows the philosophy of Green Chemistry, because
there is no production of waste such as glycerol or the use of
explosive reactants such as hydrogen. Epoxidized vegetable oils
can also be used for different purposes, such as intermediates for
polymer synthesis, as plasticizers or as scavenger during the
synthesis of PVC. Compared to petroleum-derived products, they
present several advantages: low toxicity and biodegradability.

There are several ways of synthesis of epoxidized vegetable oils
[3–6], but the use of peroxycarboxylic acids, e.g., peroxyformic or
peroxyacetic acids, is the most efficient and greener way [3]. It is a
liquid–liquid reaction system, where the peroxycarboxylic acid is
formed in situ from the carboxylic acid and hydrogen peroxide.

The literature review concerning the kinetics of vegetable
oil epoxydation is quite vast. However, one should differentiate
between the studies carried out under isothermal and
hed by Elsevier B.V. All rights reserved.
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Nomenclature

A heat transfer area [m2]

Cp constant-pressure heat capacity [J/K]

C̄P constant-pressure heat capacity per mol [J/mol/K]

ĈP constant-pressure heat capacity per mass [J/kg/K]

Ea activation energy [J/mol]

H enthalpy [J]

H̄ molar enthalpy [J/mol]

DHo
r standard reaction enthalpy [kJ/mol]

DHv heat of vaporization [J/mol]

Kc equilibrium constant, based on concentrations

KT thermodynamic equilibrium constant, based on

activities

KWATER equilibrium molar ratio of water

KFA equilibrium molar ratio of formic acid

KPFA equilibrium molar ratio of peroxyformic acid

k rate constant [l2/mol/s]

kdecomp decomposition rate constant [s]

m mass [kg]

ṅ flow of the amount of substance [mol/s]

P pressure

Qf volumetric flow rate [l/s]

Q̇c electrical calibration [W]

Q̇ heat transfer rate [W]

Q̇ex heat flux exchanged with the reactor jacket [W]

Q̇loss heat flux lost through the top of the reactor [W]

R gas constant [J/K/mol]

R2 coefficient of explanation [%]

ri reaction rate [mol/l/s]

T temperature

U overall heat transfer coefficient [W/m/K]

QHCOOH volumetric flow rate of formic acid [l/s]

VR reaction volume [l]

X conversion

Greek letters

b proportionality factor [J/s/atm]

vij stoichiometric coefficient

r mass density [kg/l]

v objective function

t residence time

Subscripts and superscripts

add addition

ave average

aq aqueous phase

decomp decomposition

eq equilibrium state

f feed flow

FAD formic acid dissociation

het heterogeneous

hom homogeneous

in input

j component j

org organic phase

out output

perh perhydrolysis

ref reference state

R.O. ring opening

O initial

* interfacial value

S. Leveneur et al. / Journal of the Taiwan Institute of Chemical Engineers 45 (2014) 1449–14581450
non-isothermal conditions. To the best of our knowledge, only the
group of Santacesaria et al. [7,8] has proposed a complete model
coupling the energy and mass balances for this system.

A kinetic model was developed by coupling mass and energy
balances, but avoiding the use of mass transfer parameters and
taking into account the evaporation/condensation of aqueous
phase. A calorimetric reactor was designed and operated in semi-
batch under isoperibolic mode. A model molecule representing
vegetable oils was used: oleic acid. Indeed, the structure of this free
fatty acid is present in several vegetable oils.

2. Experimental

2.1. Apparatus and experimental procedures

The experiments were carried out in the experimental
apparatus described in a previous article of our group, Leveneur
et al. [9]. The reactor set-up is shown in Fig. 2.

In a first step, water, hydrogen peroxide and oleic acid were
added together into the reactor. As the desired temperature was
reached, a first calibration step, i.e., by the Joule effect, was carried
out to measure the heat capacity of the reaction mixture and the
overall heat transfer coefficient through the jacket. Then, a
preheated solution of formic acid was added through a dosing
pump. A last calibration was made at the end of the reaction.

To prevent any contamination, which initiate the catalytic
decomposition of peroxide species, all parts of the reactor system
being in contact with the reaction solution were washed with
hydrochloric acid, followed by another washing, with a phosphate-
free detergent solution.

Table 1 introduces the experimental matrix
Different reaction enthalpies are involved in the system. To take

into account all the thermal effects, even the lowest one, a micro-
calorimeter was used. An isothermal micro-calorimeter, namely
C80 SETARAM, was used. This calorimeter uses the Calvet design
detector in which a sample and reference cells are totally
surrounded by an array of thermocouple detectors allowing for
Fig. 1. Relative lubricant, energy and maintenance costs.



Fig. 2. Schematic representation of the experimental setup.
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the measurement of all heat evolved. Membrane Mixing Cells
made in Hastelloy were used (Fig. 3). Two different compartments
were separated by a PTFE membrane. This measurement was
performed to measure the enthalpy of the ring opening reaction,
thus the upper compartment was filled with water and formic acid
and the lower one with epoxidized oleic acid. In the reference cell,
the upper part was filled with water and the lower one with
epoxidized oleic acid. When the desired temperature was reached
and the heat flow was stable, the membrane was drilled by the
stirrer and agitation was started.

2.2. Analytical methods

Samples were withdrawn from the reaction mixture by a plastic
syringe (to avoid contamination of the solution by trace of metals),
then separation of the organic phase from the aqueous phase was
done by centrifugation. The concentration of hydrogen peroxide
was determined by titration using a standard solution of
ammonium cerium sulphate (0.1 N) [10]. The concentration of
oxirane was determined by the method of Jay using a 0.1 M
perchloric acid in acetic acid [11].

3. Results and discussion

3.1. Mechanism

Fig. 4 shows a simplified mechanism of the different reactions
occurring during the epoxydation of oleic acid by peroxycarboxylic
acids [7,8,12–21]. In a first step, peroxyformic acid is formed in situ

by formic acid perhydrolysis. Then, peroxyformic acid transfers to
the organic phase to epoxidize the oleic acid double bond. Ring
opening occurs between epoxidized oleic acid and water from the
Table 1
Experimental matrix.

Reaction temperature 50–70 8C
Rotation speed 370–650 rpm

Initial organic compound [wt.%] 34–46%

ṅFA 0.02–0.54 mol/min

[H2O2]0,aq 6.5–8.8 mol/l

[H2O]0,aq 44–48 mol/l

[Oleic acid]0,org 3.15 mol/l

Time of addition 2–40 min
aqueous phase at the interface [7]. According to several authors
[7,8,12–21], the solubility of hydrogen peroxide in the organic
phase is negligible.

Campanella et al. [12–21] have studied different mechanisms of
ring opening. It appears that this reaction is complex, because
different nucleophilic agents can be involved, i.e., water, hydrogen
peroxide, formic or peroxyformic acids. For the sake of simplicity,
only the ring opening reaction due to the hydroxonium ions was
considered [7]. As illustrated by Fig. 5, the activation of oxirane by
protons is the first step of the ring opening reaction.

3.2. Kinetic equations

The peroxyformic acid synthesis was described by a previous
article of our group [9]. Two main reactions occur in the aqueous
phase, formic acid perhydrolysis and peroxyformic acid decompo-
sition, respectively. The rate equations are shown below:

rperh ¼ kperh: HCO2H½ �aq: H2O2½ �aq �
1

KC
HCO3H½ �aq: H2O½ �aq

� �
(1)

rdecomp ¼ kdecomp: HCO3H½ �aq (2)

where KC is the equilibrium constant of the perhydrolysis reaction,
which has been determined in a previous article of our group [9].
Fig. 3. Schematic view of the C80 cells.



Fig. 4. Simplified mechanism for fatty acid epoxidation.
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In the organic phase, epoxidation and ring opening proceed
simultaneously. The rate equations for the organic phase are
summarized below:

-Epoxidation:

rEp ¼ kEp: HCO3H½ �org: oleic acid½ �org (3)

-Ring opening:

rR:O: ¼ kR:O:: Epoxide½ �org: H3Oþ
� �

org
(4)

By taking into account rapid phase equilibria, the rate
expressions for the epoxidation and ring opening can be rear-
ranged to:

rEp ¼ kEp: PFA½ �org: OA½ �org ¼ kEp: OA½ �org:
PFA½ �aq

KPFA

¼ k
0

Ep: OA½ �org: PFA½ �aq (5)

rR:O: ¼ kR:O:: Epoxide½ �org:
H3Oþ
� �

aq

KH3Oþ

¼ k
0

R:O:: Epoxide½ �org: H3Oþ
� �

aq
(6)

where KPFA ¼ PFA½ �aq= PFA½ �org is the distribution coefficient of
peroxyformic acid between the aqueous and organic phase, and
KH3Oþ ¼ H3Oþ

� �
aq
= H3Oþ
� �

org
is the distribution coefficient of

hydroxonium ions.
Fig. 5. Ring opening reactions.
3.3. Modeling of semi-batch reactor

3.3.1. Influence of agitation speed

Preliminary experiments indicated that a minimum agitation
speed of 370 rpm was necessary to ensure complete backmixing of
both phases. To reveal the effects of the agitation speed, similar
experiments were carried out at different speeds ranging from 370
to 650 rpm. Fig. 6 depicts the effect of the agitation speed on the
hydrogen peroxide conversion.

It can be noticed that the effect of agitation speed is negligible
for speeds exceeding 500 rpm, and thus one can neglect any mass
transfer limitation due to rotating speed. Thus, kinetic experiments
were performed at 650 rpm.

3.3.2. Energy balance

The temperatures of the aqueous and organic phases were
equal because of vigorous stirring. Thus, the system can be
described with a single energy balance:

mR:ĈPR:
dTR

dt
¼ �ðrperh:DHRperh þ rdecomp:DHRdecompÞ:Vaq

� ðrEp:DHREp þ rR:O::DHRR:O:Þ:Vorg þ U:A:ðT j

� TRÞ � qloss due to evaporation

þ HCOOH½ �feed:QHCOOH:C̄P;HCOOH:ðT j � TRÞ (8)
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where ĈP is constant-pressure specific mass-based heat capacity,
mR is the mass of the reaction system, rR is the mass density of the
reaction system, HCOOH½ �feed is the concentration of formic acid in
the feed stream, QHCOOH is volumetric flow rate of formic acid and
C̄P;HCOOH is the formic acid constant-pressure heat capacity per mol
equal to 95.4 J/mol/K.

According to Ulbrich et al. [22], the heat loss through the top of
the reactor is mainly due to the evaporation of the reaction
mixture. Some of the vapor produced may condense at the cold
cover and cold droplets flow back to the reactor. This can be
considered to be the major contribution to heat losses. The heat
losses can be assumed to be proportional to the total vapor
pressure of the system:

qloss due to evaporation ¼ b �
X

x jP j (9)

where b is a constant, xj and Pj are the molar fraction and the vapor
pressure of component j, respectively.

The vapor pressure can be estimated from the Clausius–
Clapeyron equation:

PðT1Þ ¼ PðT2Þexp
DHv

R
:

1

T1
� 1

T2

� �� �
(10)

where DHv is the heat of vaporization, R the general gas constant,
PðT1Þ and PðT2Þ, the vapor pressure at temperature T1 and T2,
respectively. Because water and formic acid are the most volatile
compounds, thus only their evaporation was considered (Fig. 7).

From a previous work of our group [9], the coefficient b was
found to be equal to 3.36 J/s/atm. The evaporation is mainly due to
the aqueous part, thus b was kept at 3.36 J/s/atm in the model.

3.3.3. Mass balance for aqueous and organic phases

In the aqueous phase, mass balance of compound (i) is written as:

ṅi;aq;in þ
X

ni jVaq:raq; j ¼
dni;aq

dt
þ Ni:A (11)

By introducing the following simplified notations:
V̇aq ¼ dVaq=dt, a ¼ ðAÞ=VT, a�1 ¼ t=taq, t ¼ VT=Qaq and
taq ¼ Vaq=Qaq, mass balance for the aqueous phase becomes:

Cfeed;i:V̇aq þ
X

ni j:Vaq:raq; j ¼ Vaq:
dCi;aq

dt
þNi:a:VT þ Ci;aq:V̇aq

, Cfeed;i þ
X

ni j:taq:raq; j ¼ taq:
dCi;aq

dt
þNi:a:t þ Ci;aq

,
dCi;aq

dt
¼
X

ni j:raq; j �
Ni:a

a
þ
ðCfeed;i � Ci;aqÞ

taq

9>>>>>>=
>>>>>>;

(12)
By introducing b�1 ¼ VT=Vorg, mass balance for the organic
phase becomes:

dCi;org

dt
:Vorg ¼ Ni:a:VT þ Vorg:

X
ni j:rorg; j

,
dCi;org

dt
¼ Ni:

a:VT

Vorg
þ
X

ni j:rorg; j

¼
Ni:a

b
þ
X

ni j:rorg; j ¼
Ni:a

1 � a
þ
X

ni j:rorg; j

9>>>>>>>>=
>>>>>>>>;

(13)

One should notice that a þ b ¼ 1.
Eq. (12) can be rewritten to:

a:
dCi;aq

dt
¼ a:

X
ni j:raq; j � Ni:a þ a:

ðCfeed;i � Ci;aqÞ
taq

(14)

and Eq. (13) can be written as:

ð1 � aÞ:
dCi;org

dt
¼ Ni:a þ ð1 � aÞ:

X
ni j:rorg; j (15)

Addition of Eqs. (14) and (15) leads to:

a:
dCi;aq

dt
þ ð1 � aÞ:

dCi;org

dt
¼ a:

X
ni j:raq; j þ ð1 � aÞ:

X
ni j:rorg; j

þ a:
ðCfeed;i � Ci;aqÞ

taq
(16)

By using the same methodology as described in an article of our
group [23], mass transfer coefficient of peroxyformic acid in
aqueous was estimated by using Calderbank and Moo-Young
correlation and diffusion coefficient of peroxyformic acid in
organic phase was estimated by using the correlation of Scheibel.
The Hatta number was found to be lower than 1 so interfacial mass
transfer can be assumed to be rapid. Thus, the concentrations in the
aqueous and organic phases can be directly related by Ki ¼
i½ ��aq= i½ ��org� ð i½ �aq= i½ �orgÞat the equilibrium

and Eq. (16) becomes:

dCi;org

dt
¼ ða:Ki þ 1 � aÞ�1

: ða:
X

ni j:raq; j þ ð1 � aÞ:
X

ni j:rorg; jÞ þ a:
ðCfeed;i � Ki:Ci;orgÞ

taq

� �
(17)

In the same way, mass balance in the aqueous phase can be
written as:

dCi;aq

dt
¼ a þ 1 � a

Ki

� ��1

: ða:
X

ni j:raq; j þ ð1 � aÞ:
X

ni j:rorg; jÞ þ a:
ðCfeed;i � Ci;aqÞ

taq

� �
(18)

The benefit of the treatment presented above is that the system
can be described either using the aqueous or organic phase
concentrations and the distribution coefficients, and the use of
mass transfer parameters is avoided. The compounds in the
aqueous phase are water, hydrogen peroxide, formic and
peroxyformic acids. The compounds in the organic phase are oleic
acid, epoxidized oleic acid and diol oleic acid.

For the sake of simplicity, one can suppose that
KFA; KPFA; KW and KHp! 1 and KOA; KEp and KHy! 0. Thus, applica-
tion of Eqs. (17) and (18) gives the mass balances for the different
compounds as summarized below:

dCFA;aq

dt
¼ �rperh þ

1 � a
a

:rEp þ
ðCfeed;i � CFA;aqÞ

taq

� �
(19)

dCW;aq

dt
¼ rperh þ rdecomp �

1 � a
a

rR:O: �
CW;aq

taq

� �
(20)

of Chemical Engineers 45 (2014) 1449–1458 1453



Table 2
Thermal parameters of the reactor.

Tinitial [K] 323.15 333.15 343.15

Before addition ĈPR ½J=g=K� 3.04 2.04 2.03

End of reaction ĈPR ½J=g=K� 2.55 1.70 1.84
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dCHP;aq

dt
¼ �rperh �

CHP;aq

taq

� �
(21)

dCPFA;aq

dt
¼ rperh � rdecomp �

ð1 � aÞ:rEp

a
� CPFA;aq

taq

� �
(22)

dCOA;org

dt
¼ �rEp (23)

dCEp;org

dt
¼ rEp � rR:O: (24)

dCHy;org

dt
¼ rR:O: (25)

3.4. Experimental determination of UA and Cp

The same procedure was used to determine the overall heat
transfer coefficient UA and the heat capacity Cp [9]. By using the
electrical calibration, i.e., the Joule heating, it was possible to
determine experimentally the parameters UA and Ĉ p j. Eq. (8)
becomes:

VR:rR:ĈPR:
dTR

dt
¼ �

X
i

ri:DHRi:VR þ C jf :Q f :C̄ p j:ðTf � TRÞ

þ Q̇loss þ Q̇ex þ Q̇c (26)

where Q̇c is the electrical calibration performed before and at the
end of the experiments. The calibration was performed in the
absence of chemical reactions, in the absence of reactant feeding
and in a temperature range, where evaporation can be neglected.
Thus, the model becomes

mR:ĈPR:
dTR

dt
¼ U:A:ðT j � TRÞ þ Q̇C (27)

Fig. 8 illustrates temperature evolution from a calibration
experiment. Based on the data, it is possible to determine UA and
ĈPR. Table 2 shows typical values of ĈPR at different reaction
temperatures.

The specific heat capacity was supposed to evolve linearly with
the yield of epoxidized oleic acid (YEOA):

ĈPR ¼ a � YEOA þ ðĈPRÞ0 (28)

where a is a coefficient determined from the experimental data.
Fig. 8. Temperature evolutio
The coefficient UA depends on temperature, viscosity and heat
surface exchange area (linked to the feed ratio and addition time).
For the sake of simplicity, it was supposed to vary linearly with the
conversion of hydrogen peroxide (which depends on the concen-
tration of formic acid):

UA ¼ d � XH2O2
þ ðUAÞ0 (29)

where d is a coefficient determined from the experimental data.
This parameter varies from 3 to 6.5 W/K.

3.5. Ring-opening reaction study

In the epoxidation reaction system, thermal effect due to ring-
opening reaction is lower than epoxidation one. Thus, some
complementary experiments are needed.

3.5.1. Kinetic study

To diminish the number of estimated parameters, a separate
kinetic study dedicated to ring-opening reaction was performed.
Experiments were carried out in the same reactor set-up, but only
epoxidized oleic acid was used in the organic phase.

Table 3 introduces the experimental matrix.
Experimental results showed that the ring-opening reaction

was mainly due to the presence of formic acid. It was observed that
the reactor temperature was constant, thus one can consider this
reaction system under isothermal conditions.

Thus, one can neglect the energy balance and only the following
ODEs should be considered:

dCFA;aq

dt
¼
ðCfeed;i � CFA;aqÞ

taq

� �
(30)

dCEp;org

dt
¼ �rR:O: (31)

dCHy;org

dt
¼ rR:O: (32)

The ODEs 30–32 were solved numerically by a special software
MODEST [24]. The objective function v was minimized by using
n during an experiment.



Fig. 9. Fit of the model to the experimental points.
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Simplex and Levenberg–Marquardt algorithms. The objective
function for the concentrations was defined as v ¼

P
ðCi � C

^
iÞ

2

,
where Ci is the experimental concentration and C

^
is the estimated

concentration obtained from the model. The concentrations of FA
from the aqueous phase and concentration of epoxidized oleic acid
EOA from the organic phase were included in the objective
function with equal weights.

The temperature dependences of the rate constants were
described by a modified Arrhenius equation:

k ¼ kaveexp
�Ea

R

1

T
� 1

Tave

� �� �
(33)

where kave ¼ Ae�ðEa=RTaveÞ, Tave is the average temperature of the set
of experiments. The goal of this modification was to minimize the
correlation between the frequency factor and the activation energy
during the parameter estimation.

The coefficient of determination of the model is defined as
follows:

R2 ¼ 1 �
P
ðCi � ĈiÞ

2

P
ðCi � C̄iÞ

2
(34)

where C̄i is the mean value of the observed concentration. The
coefficient of determination of this model exceeded 95%, showing a
very good correspondence between the experimental and calcu-
lated values (Fig. 9). Table 4 gives the estimated and statistical data
for the parameters.
Table 3
Experimental matrix for ring-opening reaction.

Reaction temperature 50–70 8C
Rotation speed 650 rpm

Initial organic compound [wt.%] 40–46%

ṅFA 0.02–0.24 mol/min

[H2O2]0,aq 0

[H2O]0,aq 5.55

[Epoxidized oleic acid]0,org 1.9–2.4

Time of addition 4–25 min
Due to the slow kinetics of this reaction, the temperature mode
became isothermal in our experimental conditions. However, the
enthalpy of ring-opening reaction is not negligible, and it was
estimated in the following model.

3.5.2. Thermal study

As observed previously, a degradation study carried out under
our experimental conditions has shown that the system was
isothermal. This does not mean that the reaction is not exothermic
neither than one can neglect its enthalpy of reaction. In order to
check the magnitude of this parameter, C80 SETARAM calorimeter
was used.

Fig. 10 represents the evolution of heat as a function of time in
case of the ring opening of epoxidized oleic acid at 50 8C.
Fig. 10. Heat profiles for the ring opening of epoxidized oleic acid at 50 8C.



Table 4
Estimated and statistical data at Tave = 340 K for the ring-opening reaction.

Estimated Standard error Standard error %

kR.O [l/mol/s] 0.90 � 10�5 0.69 � 10�6 7.6

Ea,R.O. [J/mol] 34,000 6700 19.6
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By integrating the graph of Fig. 10, one can get the amount of
heat released by the reaction, Qr (J). To get the enthalpy of reaction,
one should divide Qr by the reaction extent, j. After 15 h of
reaction, all the epoxidized oleic acid was converted. The enthalpy
of ring opening for the epoxidized oleic acid was estimated to be
�50 kJ/mol. This value can be assumed to be constant over a range
of temperature.
Fig. 11. Fit of the model to the 
3.6. Modeling and statistical results

As described in the previous section, the ODEs 19–25 and 26
were solved numerically by a special software MODEST [24]. The
objective function v was minimized by using Simplex and
Levenberg–Marquardt algorithms. The objective function for the
concentrations was defined as v ¼ wi

P
ðyi � y

^
iÞ

2

, where y is the
experimental observable (concentration or temperature) and ŷ is
the estimated observable obtained from the model. Temperature
signal was measured on-line whereas concentrations were
analyzed off-line. Thus, number of data for temperature is higher
than for concentrations. For that reason, a weight factor w is
introduced. Its value is equal to zero when no sample was analyzed
otherwise its value is equal to 1.
experimental observations.



Table 6
Correlation matrix of parameters.

kEp 1

Ea,Ep �0.205 1

DHREp �0.200 0.174 1

Table 5
Estimated and statistical data at Tave = 340 K.

Value Reference

kperh [l/mol/s] 1.42 � 10�4 [1]

Ea,perh [J/mol] 20,000 [1]

kdecomp [s] 1.28 � 10�3 [1]

Ea,decomp [J/mol] 95,100 [1]

DHRperh [J/mol] �4840 [1]

DHRdecomp [J/mol] �217,000 [1]

b [J/s/atm] 3.36 [1]

kR.O. [l/mol/s] 0.90 � 10�5 In this work

Ea,R.O. [J/mol] 34,000 In this work

DHRR.O. [J/mol] �50,000 In this work

Estimated Standard error Standard error %

kEp [l/mol/s] 0.014 0.002 12.7

Ea,Ep [J/mol] 72,700 7600 10.5

DHREp [J/mol] �116,000 931 0.8
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The concentrations of FA, PFA and H2O2 from the aqueous phase
and concentration of epoxidized oleic acid EOA from the organic
phase were included in the objective function with equal weights.

The temperature dependences of the rate constants were
described by the modified Arrhenius equation (Eq. (33)).

The coefficients of determination of the model were defined as
follows:

R2 ¼ 1 �
P
ðyi � ŷiÞ

2

P
ðyi � ȳiÞ

2
(35)

where ȳ is the mean value of the observable. The coefficient of
determination of this model exceeds 99.90%, showing a very good
correspondence between the experimental and calculated values.
Table 5 gives the estimated and statistical data for the parameters.
The peroxyformic acid kinetic and thermodynamic parameters for
peroxyformic acid were not estimated, because they have already
been estimated from a previous article [9]. The ring-opening
kinetic parameters were estimated from the previous model
(Table 4 and Fig. 9).

The correlation matrix is shown in Table 6.
Table 6 reveals that the correlations between the estimated

parameters are very small, which confirms the reliability of the
model. Fig. 11 shows that the model fits the experimental data. The
contour plot (Fig. 12) shows that there is a clearly visible minimum
Fig. 12. Contour plot of kinetic parameters.
for the activation energy and the rate constant for the epoxidation
reaction. Santacesaria et al. [7] found that the heat of reaction of
epoxidation was higher than the one for the ring opening.
However, it was not the same chemical system and the evaporation
was not taken into account.

4. Conclusions

The goal of this work was to develop a kinetic model for an
exothermic liquid–liquid reaction system performed in a semi-
batch reactor under isoperibolic mode. The epoxydation of oleic
acid by peroxyformic acid formed in situ was used as an example.
The model is valid for 34–46 wt.% of an organic, initial hydrogen
peroxide concentration of 6.5–8.8 mol/L, formic acid molar flow
rate of 0.02–0.54 mol/s, temperature range of 50–70 8C. It was
assumed that the solubility of the organic-phase species (oleic acid,
epoxidized oleic acid) in the aqueous-phase and aqueous-phase
species (water, hydrogen peroxide, formic acid) in the organic
phase were practically negligible. The influence of evaporation and
condensation was taken into account in the heat balance. Due to a
fast mass transfer and by adding the mass balance equations of
organic and aqueous phases, it was possible to avoid the use of
mass transfer coefficients in the model. The reaction enthalpy for
oleic acid epoxidation was estimated to be �116 kJ/mol and for the
epoxidized oleic acid ring-opening to be �50 kJ/mol. The activation
energy for the epoxidation was estimated to be 99 kJ/mol and for
the ring-opening to 34 kJ/mol.
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