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ABSTRACT: The process of in situ epoxidation consists of a
two-phase system that involves reactions in both phases, mass
transfer between phases, and thermodynamic driving forces for
the mass transfer. In this paper, we present a model that treats
the process as a two-phase system and uses local phase con-
centrations to calculate reaction and mass transfer rates. The
process of in situ epoxidation has been broken down into a set
of systematic steps, and rate constants for each step have been
determined. A conventional stirred tank reactor, equipped with
cooling coils, eliminated the heat and mass transfer limitations
so that the true kinetics of in situ epoxidation were observed. It
is shown that significantly larger rates (larger by factors of 2-10)
are obtained when heat and mass transfer limitations are re-
moved. The two-phase model adequately predicts the epoxida-
tion kinetics over a wide range of temperatures (50-90°C). In
addition, the model also correctly predicts the effect of adding
an inert solvent.
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Epoxidation is the formation of an oxirane group by the reac-
tion of peroxy acids (peracid) with olefinic and aromatic dou-
ble bonds. Epoxides are extremely valuable commercially be-
cause of the many reactions they undergo. Epoxidized soy-
bean oil has a large and growing market (~70,000,000 kg/y)
as a plasticizer for poly(vinylchloride). Epoxides of long-
chain o-olefins are potentially useful as detergent precursors
(1). Products based on limonene are flavor precursors. The pi-
oneering work on epoxidation of a variety of unsaturated or-
ganic compounds, including soybean oil, was performed in
the 1940s by Swern and co-workers (2) with preformed per-
acetic acid (PAA). A variety of other methods in which acetic
and formic acid are used were soon developed (3,4). These
processes can be separated into two major categories—one in
which the peroxy acid is preformed and then used for epoxi-
dation, and the other where the peracid is made in situ in the
reaction vessel.
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Process safety is a major problem in using peroxides and
peracids because they can form detonable mixtures at high
concentrations of active oxygen, and may explode on heat-
ing. It is generally accepted that the in situ process is safer
than the preformed peracid processes (1). The in situ process
results in a two-phase mixture of an aqueous and an oil phase
and has low concentrations of peracid. The epoxidation reac-
tion is highly exothermic, with a heat of reaction of about 250
kJ/mole (60 kcal/mole) (5). Heat removal is a problem and
can limit process rates in conventional reactors. To prevent
uncontrolled exothermic reaction, the peroxide or active oxy-
gen (peracid) is added slowly (typically over 2 h) to the oil at
moderate temperatures (50-65°C), and then the reaction is al-
lowed to proceed for 10-12 h (1).

Reaction mechanism. The mechanism of in situ peracetic
acid epoxidation is generally thought to involve the follow-
ing steps: (i) formation of PAA in the aqueous phase, cat-
alyzed by a mineral acid (H,SO,); (ii) transfer of the PAA
from the aqueous phase to the oil phase; (iii) reaction of the
peracid in the oil phase to form the epoxide and to release
acetic acid; (iv) degradation of the epoxide in the oil phase,
as well as at the oil-aqueous interface; (v) removal of the heat
of reaction from the oil phase; and (vi) transfer of the AA
from the oil phase to the aqueous phase.

Hydrogen peroxide and the unsaturated oil alone do not
react to any significant extent, and an organic peracid (usu-
ally AA or formic acid) is necessary to shuttle the active oxy-
gen from the aqueous phase to the oil phase. Once in the oil
phase, the peracid adds oxygen across the carbon—carbon
double bond and regenerates the original acid. Scheme 1 il-
lustrates the various process steps, and Table 1 lists some of
the possible reactions involved in the process of in situ epoxi-
dation.

Rate-limiting steps and process kinetics. A rough estimate
of the importance of the various steps can be obtained by
comparing the time scales of different epoxidation processes.
Although a typical in situ PAA acid process takes about 12 h
at 56°C (6), preformed PAA allows the reaction to be com-
pleted in about 4 h at 25°C (2), suggesting that step A in
Scheme 1 is slow. If an organic solvent-based PAA is used
(such as Peroxysolv I, PAA in ethyl acetate), the epoxidation
reaction at 60°C takes place over a period of 3 h [which in-
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cludes a two-hour reagent addition (7,8)], suggesting that
mass and heat transfer limitations are important.

The study of epoxidation kinetics is difficult because heat
and mass transfers limit the process rate. There are few re-
ports in the literature regarding the kinetics of epoxidation.
Chou and Chang (9) studied the epoxidation of oleic acid with
H,0, and AA. They conducted their experiments in a three-
neck, glass, round-bottom flask and slowly added H,0, to the
system to maintain isothermal conditions. By varying the
concentrations of various reactants, they concluded that the
limiting step of the process was the rate of PAA formation and
that the rate expression for PAA formation was

rate (moles of PAA formed/L/min) = k CAACH202CH+ i1

B. RANGARAJAN ET AL.

where k is 0.0298 L? mole 2 min~! at 35°C; C An 18 moles AA
per L of aqueous phase; Cy_ . moles hydrogen peroxide per
L of aqueous phase and Cp+, moles hydrogen ion per L of
aqueous phase. However, there are several problems with
their study. First of all, the H,0, was added slowly, at an un-
specified rate, which limited the reaction. Later we will show
that, with better heat removal, all of the H,0, canbe added at
once, resulting in higher rates. Second, all concentrations in
the rate expression are based on moles per total volume in-
stead of individual phase volumes, and distribution of the
compounds between phases is not considered. Third, the ab-
sence of baffles makes it difficult to estimate how well the
system was mixed and what the interfacial area was. These
factors, along with the incomplete information in their paper
(9), make it extremely difficult to use their results. In a recent
paper, Gan et al. (10) studied the epoxidation of palm olein
methyl esters with in situ AA formic acid. They too con-
cluded that the rate-limiting step of the epoxidation process
was the rate of formation of PAA. Although their system did
not have a heat transfer limitation due to the inherent dilution
by the lower iodine number of the palm olein, their mixing is
unspecified, and it is not known if their data are mass trans-
fer-limited.

Side reactions. Degradation of the oxirane product has
long been recognized as a serious problem in the epoxidation
process. Findley ef al. (2) claimed that the rate of ring open-
ing of 9,10 epoxystearic acid was 1%/h at 25°C and 100% at
65-100°C in 1-4 h. They recommended that by-product for-
mation could be minimized by operating at moderate temper-
atures with faster epoxidation, and by using a suitable solvent,
such as heptane or toluene. The degradation reactions are cat-
alyzed by sulfuric acid. Swern and co-workers (2) pointed out
the need to neutralize the sulfuric acid present in the pre-
formed PAA (2). The hypothesis that sulfuric acid stays in the

TABLE 1
In situ Peracetic Acid Epoxidation Reactions?
Reaction
number Reaction Description Phase
1 H*
H,0, + CH,COOH <—> CH,COOO0H + H,0 Peracid formation Aqueous
2 R; - CH = CH - R, + CH,COO0OH—> Epoxidation Oil
R, = CHOCH — R, + CH,COOH
3a H*
R, = CHOCH - R, + CH,COOH —> Side reactions Oil
R, — CH(OH) - CH(OOCCH,) - R,
3b H* . .
R; = CHOCH - R, + H,0 —> Side reactions Interface
R, — CH(OH) - CH(OH) - R,
3c H* . .
R, -~ CHOCH -R, —> Side reactions Interface
R, - CO~CH,-R,
3d -
R, - CHOCH -R, + CHBCOOH >
R, = CH(OH) - CH(OOOCCH;,) - R, Side reactions Qil
3e H* . .
R; -~ CHOCH - R, + H,0, —> Side reactions Interface

R, = CH(OH) - CH(OOH) - R,

“Adapted from Lutz {Ref. 1).
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aqueous phase and therefore reacts with the oxirane group in
the form of an interfacial reaction (Reactions 3b and 3¢ of
Table 1) was advanced by Wohlers et al. (11). Recently, Zaher
et al. (12) studied the kinetics of degradation of epoxidized
soybean oil (ESBO) by mixing ESBO with AA. They were
able to obtain the following rate expression:

rate of degradation (moles of ESBO/L/min) =k ,Cpep(Cyy 2 2]

witha &k, of 0.12 mol ?min~! L? at 70°C and an activation en-
ergy of 66.2 kJ/mole (15.84 kcal/mole). These studies were
in a single phase (oil), and the rate expressions obtained are
applicable to that phase. In a similar study, the same expres-
sion was obtained for the degradation of epoxidized methyl
esters of palm olein with a k, of 3.19 x 107 mol?min~! L at
70°C, with an activation energy of 73.5 kJ/mole (17.58
kcal/mole). Neither study evaluated the effect of sulfuric acid
catalyst concentration on the rate of degradation. Table 1
shows that acetolysis of the oxirane group is only one of sev-
eral degradation reactions.

Although several parts of the epoxidation problem have
been identified and investigated, there has been no attempt to
model the entire process as a two-phase system. Chou and
Chang (9) proposed a model that had the rate of PAA forma-
tion as the rate-limiting step, but they reported a rate constant
while using concentrations based on total volume. No other
paper that we are aware of presents a model or compares
model predictions with experimental data.

Objectives. This paper analyzes in situ natural oil epoxida-
tion as a two-phase process and models each step. Rate con-
stants for the individual steps are obtained from the literature,
or from experiments described here, or are estimated. The re-
sults from the model are compared to experimental data. The
objectives of this study are to: (i) develop a two-phase
engineering model of the epoxidation process; (ii) deter-
mine the model parameters, especially the true rate of in situ
PAA epoxidation in the absence of heat transfer limitations;
and (ili) compare the model predictions with experimental
data.

MATERIALS AND METHODS

Mikado-brand soybean oil from PVO Foods Inc. (St. Louis,
MO) with an iodine value of 130.6 (Wijs), Baker-analyzed
H,0, (31.3% wiw) from J.T. Baker (Phillipsburg, NJ), and
reagent-grade H,SO, and glacial acetic acid (>99.7%), both
from EM Sciences (Gibbstown, NJ), were used in this study.
Tests for iodine value and % oxirane were done according to
International Union of Pure and Applied Chemists guidelines
(13).

Partition coefficient measurements. Partition coefficients
for AA between oil and water were measured by mixing dif-
ferent quantities of oil, water, and AA in a glass-stoppered
Erlenmeyer flask. The Erlenmeyer was placed in a shaker
bath, which had temperature control. Care was taken to en-
sure that the liquid level was at the lip of the Erlenmeyer to
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provide maximum mixing. After 3 h of mixing, the shaking
was stopped, and the aqueous and oil phases were allowed to
separate while still at the desired temperature. The water
phase was carefully sampled, and 10 mL were withdrawn and
titrated with NaOH and phenolphthalein indicator for AA. A
variety of ratios of oil/water/acid (including typical in situ ra-
tios) were used.

Reaction equipment. Epoxidation reactions were carried
out in a 1-L fermentor (the reactor section was 76.5 mm di-
ameter, 106.5 mm long), equipped with stainless-steel cool-
ing coils (4 coils of 50-mm diameter, 3.1-mm tube o.d., or a
total of 61 square cm heat transfer area), 4 baffles (8.8-mm
wide and 63.8-mm long), and a magnetically driven agitator
(53.4-mm in diameter). The impeller was a four-blade flat tur-
bine (blade dimensions were 21.5-mm diameter and 9.6-mm
height). The speed of the impeller could be set on the fer-
menter. All experiments reported here were carried out at 400
rpm. Cold anti-freeze was circulated at a constant rate through
the cooling coils and provided constant cooling. Heating was
provided with heating tape (~100 mm), mounted on the out-
side of the vessel, and was controlled by an on—off tempera-
ture controller. Temperature was effectively controlled to
+1°C and was monitored by means of a mercury thermome-
ter with a least count of 1°C.

Single-phase epoxidations. Single-phase epoxidations
were done to determine k9 ,, the intrinsic rate constant for the
epoxidation reaction (Reaction 2, Table 1). To eliminate rate
limitations due to PAA formation and mass transfer, pre-
formed PAA made with acetic anhydride, H,0, (31%), and
HZSO4 was used (2). The solution, which consisted of about
11% (w/w) PAA and 87% AA, was miscible with the oil. The
preformed PAA solution was mixed with a 40-molar excess
of soybean oil. This large excess of oil allowed isothermal
epoxidation at 40°C. Samples of the oil/acid mixture were pe-
riodically taken and washed with water to extract acids and
peroxides. The mixture was centrifuged and analyzed for oxi-
rane.

In situ epoxidations. The kinetics of in situ epoxidation
were determined by using standard in situ compositions (6).
In a typical experiment, about 200 g of oil and 23 g of glacial
AA were mixed together and heated to the desired tempera-
ture. About 133 g of H,0, (31.3%) and 3 g H,SO, were
mixed and heated to ~50°C in another beaker. Then, all of the
H,0, solution was added at once to the heated oil. After pre-
selected time intervals, 5-mL samples were pipetted out of
the reaction vessel and immediately poured into 50-mL Er-
lenmeyer flasks that contained about 30 mL of reverse-osmo-
sis-purified water at room temperature. This procedure served
to immediately quench the reaction, as well as to extract AA
and PAA from the oil phase. The oil-water mixture was
stirred with a Teflon spinbar for at least 20 min to allow ex-
traction of the acids from the oil into the water. The oil-water
mixture was then separated by centrifugation at 7500 rpm for
10 min in 50-mL centrifuge tubes. A small quantity of the oil
phase was removed from the top, with a Pasteur pipette for
analysis.

JAOCS, Vol. 72, no. 10 (1995)
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RESULTS AND DISCUSSION

Model development. This section develops a two-phase model
that describes the process of epoxidation. The reaction mech-
anisms are assumed to follow Equation 1, Equation 2, or the
stoichiometries given in Table 1. Because each reaction oc-
curs in a particular phase, this model uses local phase concen-
trations, i.e., moles of a particular compound in a certain
phase divided by the volume of that phase. Kinetic constants
are, therefore, also based on local concentrations and individ-
ual phase volumes. This modeling approach should permit the
rate equations to be applied to any mixture compositions of
oil, acid, and peroxide.

Phase equilibria experiments verified that water, hydrogen
peroxide, and sulfuric acid are essentially insoluble in the oil
phase and vice versa. The concentrations of AA and PAA in
the aqueous and oil phases are related by partition coeffi-
cients.

In this paper, the symbol C will be used to refer to concen-
tration, with the subscript indicating the component and a su-
perscript indicating the phase. The letters o and w refer to the
oil and aqueous phases, respectively. The rate constants k for
the various reactions also have the superscripts o and w to
refer to the phase. The subscripts on the rate constants refer
to the reaction number from Table 1, with the + and — sub-
scripts referring to the forward and reverse reaction. For ex-
ample, the symbol k", refers to the reverse reaction 1 in Table
1, i.e., the dissociation of PAA in the aqueous phase. Table 2
gives a list of symbols used in developing the model and ex-
plicitly shows the components that are soluble only in one
phase.

Component material balances in each phase are based on
the reactions given in Table 1 and the transport and equilib-
rium processes shown in Scheme 1. The assumptions for the
material balances are: (i) that the reaction mechanism of the
epoxidation reaction (Reaction 2 of Table 1) is represented by
the stoichiometry (14); (ii) that the epoxidation reaction (Re-
action 2) is irreversible; (iii) that the system is isothermal and
well mixed; (iv) that no reactions take place at the interface;
(v) that the oxirane degradation is not affected by H,SO,; and

TABLE 2
List of Concentration Nomenclature

Phase?
Component Qil Aqueous Symbol
Water — C*;f{zo H,O
Hydrogen peroxide — CWH202 H,O,
Hydrogen ion — CYye H*
Acetic acid Coa Cha AA
Peracetic acid Chan Chan PAA
C=C group C e — c=C
Oxirane group Coc — COC

“C, concentration; o, w, oil and aqueous phases, respectively; PAA, peracetic
acid; AA, acetic acid.
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(vi) that degradation of the oxirane group by AA as modeled
by Equation 2 is the sole mechanism for degradation. We will
show that the degradation is more complex than that predicted
by Equation 2, but that it gives a reasonable representation of
our data in the absence of detailed degradation product analy-
ses.

Mass balances in the aqueous phase. Mass balances for
H,0,, PAA, AA, and water in the aqueous phase are written
in Equations 3-6. Whereas hydrogen peroxide and water stay
only in the aqueous phase, PAA, and AA partition between
the two phases. Therefore, a mass transfer term is included to
account for the transfer of the two components (AA, PAA)
between the aqueous and oil phases.

Hydrogen peroxide:
dCY o % ) ) i
__zltz = kY1 Cha C;VJZ()Z Cir V*
(3]
—kY CRasClo Cla VY
PAA:
dCI/Pv‘A\A V“’ — w W W W W w W W w W
T Tk CinClo, Cha VY + K2 Cppn Clro Chis V
i o [4]
+h pant(Kppa Chya— Chad)V
AA:;
dCy v
= kH' C‘V W W VH'
-k CiaClino, Clis
(5]
=k Cpap Clro Chin VY = kiaa d(Clhp — Kaa Cg) V°
water:
oV = (Cho, + Cho, V= Clio, V™ [6]

The hydrogen peroxide balance includes terms for the for-
ward and reverse steps of Reaction 1, Table 1. The PAA bal-
ance includes these terms and an interfacial mass transfer co-
efficient that describes the flux of this acid from the aqueous
to the oil phase. This mass transfer coefficient is defined to
give the total transfer of the component based on the surface
area per unit volume of the oil phase. AA is consumed in the
aqueous phase and there is a flux of regenerated AA from the
oil phase into the aqueous phase. The water balance is simple
and describes the slow increase in the water phase volume as
hydrogen peroxide is converted to water during the reaction.
Because the volume of the system need not be constant, the balances
have been written on an absolute molar basis (moles/time)
rather than on a concentration basis (moles/volume/time).

Mass balances in the oil phase. The components in the oil
phase are the unsaturated group, oxirane group, PAA, and AA. The
first two stay only in the oil phase, and the latter two are coupled with
the aqueous phase through thermodynamic and mass transfer terms.
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Unsaturated (C=C) group (k%, is zero):

__d (]:C_VO = kO COnChy s VO
=k CecCp
a +2Cc=cCpaa (7]

where C7__ is the moles C=C group per L of oil phase. Oxi-
rane group (k% is zero):

_dCEpcV’

= R G Chaa Y ks, Coc(C4a)? v° 8]

where Cl.- is moles oxirane group per L of oil phase. PAA
balance:
A,V

5 ki paaa(Kpaa Chyy o]
—Cha VO T kG CEac Chag V7

AA balance:

dco,ve

gt = ki 44 a(Cq4 = Kaa CE)V

. (0]

2V
~k32Cloc Chan VO + k734 Cloc(Caa) ——
YAA

Unsaturated groups are lost from the oil phase by irre-
versible reaction with the peracid. Epoxide groups are formed
by Reaction 2, but can be lost by a variety of side reactions
(Reactions 3a-3e). As a first step toward modeling the side
reactions, we have used the degradation mechanism of Equa-
tion 3a to describe all oxirane losses. We will show that Equa-
tion 3a approximates the oxirane degradation rate reasonably
well, but gives a higher loss of AA than occurs in the system.
An empirical yield coefficient (Y, ,) is used in the AA bal-
ance (Eq. 10) to account for the loss of AA. The PAA and AA
balances include terms for their transfer between the phases.

Equations 3—10 are a set of eight simultaneous ordinary
differential equations that can be integrated if the starting
compositions of the different components in each phase are
known. The model contains the following parameters—the
forward and reverse rate constants of Reaction 1 (&, and £”)),
the forward rate constant of Reaction 2 (k9 ,), the degradation
rate constant of Equation 2 (k, or k7 ; ), the mass transfer co-
efficients between the oil and aqueous phases for AA and
PAA (k; 4% = k; pyp@), and the partition coefficients of AA
and PAA, (K,, and K, ,). These parameters have been deter-
mined as described in the next section.

Partition coefficients. Measured partition coefficients for
AA between soybean oil and water (K, ,) are presented in
Table 3. The values are based on the molar concentration of
AA in each phase (K, = C71,/C" ,). There is some depen-
dence of K, on mixture composition as well as on tempera-
ture. Compositions 1 and 4 are nearest to those used in the in
situ process, and a value of about 0.04 near operating temper-
ature (50 and 70°C) may be used. Because PAA has a greater

1165

TABLE 3
Partition Coefficients for Acetic Acid Between Oil and Water?
Temperature
0 Soybean oil (g) Water (g) Acetic acid (g) Ky, = Ca/Clia
40 100.1 28.5 9.8755 0.0671
40 100 50.1 49.7438 0.098
40 24 40 40.0969 0.075
60 101.4 28.2 9.9067 0.036
60 50 26.5 24.7 0.028
60 24 40.3 40.0553 0.023
See Table 2 for abbreviations.

54

45,

4 ® 400 rpm
o 35 <, 600 rpm
© 3 A 800 rpm .
§ 25 ~ A
< 2 ‘
© 15 A A

11 .

051 .
o .
0 2 4 6 8 10 12 14 16
Time (min)

FIG. 1. The effect of stirring speed on the initial rate of in situ epoxida-
tion.

preference for the oil phase, its partition coefficient is higher,
and a value of 0.1 is used. A value of 0.47 was reported for
PAA at 20°C between ether and water (15).

Mass transfer coefficients. The mass transfer coefficients
of PAA and AA were assumed to be similar. These coeffi-
cients often scale with the inverse of the square root of the
molecular weight and are expected to differ only by 12% on
this basis. One method for determining the effects of mass
transfer on the reaction process is to perform experiments
with a range of agitation speeds. Mass transfer limitations
might be observed if the initial epoxidation rate varied with
agitation. Figure 1 shows that the initial epoxidation rate (as
defined by the slope of the % oxirane vs. time curve) does not
vary for agitation rates of 400, 600, and 800 rpm. The spe-
cific reaction conditions for this test (performed at 90°C) are
such that the process rate is highest of the data presented,
demonstrating that mass transfer rates do not limit the process
rate for these data.

Reaction rate constants. Four reaction rate constants are
needed: the forward (k'] )and reverse (k")) rate constants for
PAA formation, the irreversible epoxidation rate constant
(k9 ,), and the oxirane degradation rate constant (k9 3,)- Al-
though optimization packages could be used to estimate these
values from the data, it is preferable to design experiments to
measure the constants independently.

Intrinsic epoxidation rate constant. Single-phase epoxida-
tions were performed to get the intrinsic rate constant for the
epoxidation reaction (k%) in the absence of rate limitations
due to PAA formation, mass transfer between the phases, and
heat removal from the mixture. Preformed PAA, made with

JAOCS, Vol. 72, no. 10 (1995)
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acetic anhydride, H,0, and H,SO, (2), was mixed with 40-
molar excess soybean oil at 40°C. The large excess of soy-
bean oil and the low reaction temperature allowed complete
removal of the heat of reaction. The resulting mixture was a
single-phase oil/acid mixture. The PAA solution used was an-
alyzed for percent PAA and hydrogen peroxide prior to use.

Because the reaction took place in one phase, only Equa-
tions 7-10 need to be considered. Because the system is di-
lute and has a low concentration of active oxygen, the reac-
tion volume is nearly constant and can be canceled from each
side of the equations. In addition, because this system is in a
single phase, there is no transfer of PAA from the oil phase,
and Equation 9 is not needed. Although oxirane groups can
be lost by degradation mechanisms, the rate of degradation
should be low in a diluted system as it is sensitive to the
square of the AA concentration. Therefore, Equation 7 can be
used to analyze the kinetic data, which were evaluated by the
following expression:

d(CE-0)

11
o [11]

= kS5 Ceoc Chan

and the stoichiometry:

C=0 = Clacy — ClOC [12]

sinitial

Chan = Chan,,, .y — CloC [13]

Figure 2 shows the kinetics of a typical single-phase epox-
idation, as well as the model. Substantial conversion (>75%)
was achieved in 20 s. Because the sampling process itself
takes time, it was not possible to get much better data. Fortu-
nately, the rate of epoxidation is about two orders of magni-

tude higher (10) than the rate of PAA formation, and only a

Conversion of Active Oxygen (to Oxirane) %

4 5 <] 7 8 je] 10
Time (min)

FIG. 2. The kinetics of epoxidation, at ~40°C, for a single-phase reac-
tion with preformed peracetic acid. The solid line is a fit to the data.
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rough estimate of the epoxidation rate is needed. The rate
constant for epoxidation, in the oil phase, was calculated to
be 3.4 L min~! mole™! at 40°C. Almost all of the active oxy-
gen in the system was converted into oxirane. The fact that
essentially all of the oxygen was accounted for validates the
assumption of minimal degradation. The activation energy for
the epoxidation reaction is 76.5 kJ/mole (18,300 cal/mole)
(12).

Peracid and oxirane rate constants: in situ epoxidations.
The kinetics of in situ epoxidation were used to determine the
forward (k") ;) and reverse (k") rate constants for Reaction 1,
at three different temperatures (Fig. 3). Table 4 gives the start-
ing compositions for these runs. All of the runs discussed here
were done at 400 rpm. The model was fit to the initial data
(conversions less than the maximum) by using the partition
coefficients and intrinsic epoxidation rate coefficients found
previously, and by assuming that the process was not mass
transfer-limited. A look at Figure 3 shows an Arrhenius type
of dependence of reaction rate on temperature. A plot of In k&
vs. 1/T gave an activation energy of 74 kl/mole (17,800
cal/mole). With such a high number, mass transfer cannot be
the rate-limiting step. As mentioned before, experiments per-
formed at different rpm (400, 600, and 800 rpm) showed no
differences in the initial rates (although there are differences
later}, confirming that the process was not limited by the rate
of mass transfer of PAA.

The following experimental procedures have been used to
simplify the solution of the model: (i) all of the peroxide was
added at once, and (ii) typical in situ recipes were used so that

[ —

1400

200 400 600 800 1000 1200

Time (min)

L]
0

FIG. 3. Epoxidation of soybean oil with acetic acid and H,0, (~31%).
The lines are computer model calculations.

TABLE 4

Starting Compositions for in situ Epoxidations

Temperature  Soybean oil  Acetic acid H,0, H,50,

°0) (8 ® 31.3% (g) (g) rpm
52 200.2 23.0 134.8 2.70 400
70 203.2 22.9 133.3 2.85 400
90 201.9 23.7 133.0 3.00 400
90 200.2 23.7 134.7 3.25 600
90 200.3 241 134.6 2.90 800
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the volumes of each phase did not change significantly with
time. We have assumed that the mass transfer coefficient is
the same for both AA and PAA, the partition coefficients for
AA and PAA do not change with time (as compositions
change), and that water and hydrogen peroxide are immisci-
ble with oil. These differential equations were solved simul-
taneously, by Euler’s method, by using the starting composi-
tions of each phase as initial conditions. These calculations
took on the order of 1-5 min on a PC (386 with co-proces-
sor/486-33 MHz).

The rate of PAA formation in the aqueous phase was ob-
tained from fitting the early data of the kinetic experiments.
Changing the rate constant for the epoxidation/degradation
reactions did not affect the fit to the early data, suggesting
that, during the early stage, the process is limited by the for-
mation of PAA. The rate constant for the degradation reaction
was obtained by fitting the data taken during the later stage of
the kinetic experiments. Zaher et al. (12) obtained a rate con-
stant for the degradation reaction of the oxirane group in the
absence of the sulfuric acid catalyst. Because their data were
obtained in the absence of sulfuric acid, the value of the rate
constant was low. It is known that H,SO, catalyzes the degra-
dation reactions (2,11,16). In addition, some of the degrada-
tion occurs at the interface and is due to the presence of H,O
and H,0O,. Neither of these facts is incorporated in our model.
In the absence of data and kinetic information about the vari-
ous degradation mechanisms, it was assumed that the overall
rate of degradation was represented by Equation 2 (which
represents Reaction 3a). However, only a part of the total
degradation is due to Reaction 3a, which results in the con-
sumption of AA (in the oil phase). Because only a fraction of
the actual degradation consumes AA, the yield coefficient
Y, 4 of 1.65 was obtained from an empirical fit to the data.
This gives reasonable agreement with the experimental data
over a wide range of temperatures.

1167

Table 5 summarizes the rate constants for the different re-
actions. This study was performed in a stirred tank reactor,
with well-controlled and well-defined mixing conditions. The
specific interfacial area would change if a different stirring
speed was used and could result in different amounts of epox-
idation and degradation. Further work needs to be done to
correlate the specific interfacial area and droplet size with the
extent of stirring and to relate these factors to the various rates
of reactions. Additionally, to enable meaningful comparisons
with other two-phase experimental data, mixing conditions
(geometry, speed, etc.) should always be reported.

To extend the use of this model to higher H,0O, concen-
trations, the following factors need to be considered. The
equilibrium constant for the peracetic acid formation reac-
tion:

KV =k T2 = CPau Chio 1 (CRA Clo,) [14]

depends on the concentration of H,O, used. Commercially
available PAA, made from 70% H,0,, hasa KV]V of 5, whereas
PAA made from 30 and 50% H,0, have K values of around
0.7-1 and 2, respectively. K’} also depends on a number of
factors, such as temperature, amount of mineral acid used,
and molar ratio of AA to H,O,. A similar dependence has
been reported for the manufacture of mineral acid-free PAA
by the use of a cation exchange resin (15). Because the K';
used here was defined as k", ,/k" ,, the nonlinear effect of using
higher H,0, concentrations may be lumped into the k", ; term.
Therefore, if one uses 50 or 70% H,0,, the forward rate con-
stant should be increased by a factor of 2 or 5, respectively.
Preliminary experiments with 50% H,O, show that the model
adequately predicts the rate of in situ epoxidation if £ , is en-
hanced by a factor of 2.

TABLE 5
A Summary of Rate Constants Used in the Two-Phase Epoxidation Model?
Symbol T E,
Reaction used k=Aexp (K) (cal/mole) A
Peracetic acid k%, 0.00332 333 18620 5.53 x 107
(PAA) formation (aqueous) (L%/mol*/min)
K, 0.00453 333 18620 7.55x 10°
(aqueous) L%/mol*/min
Epoxidation K, 20.2 L/mol/min 333 183007 2.07 x 10"
(oil)
Degradation ko, 2 0.28 L%/mol*/min 333 15840° 6.9 x 107
(oil)
Mass transfer kjana = A suitably large Not mass transfer-limited
Ky pasd value 20 min™
Partition coefficient Kqa 0.04 333
for acetic acid (AA)
Partition coefficient Kpan 0.1¢ 333

for PAA

Yield coefficient YAA = 1.65.
bzaher et al. (Ref. 12).
“Estimated.

JAOCS, Vol. 72, no. 10 (1995)
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TABLE 6
A Comparison of the Rate of Reaction with Other Work from the Literature
Reported Predicted Enhancement
Temperature rate rate factor
°C) Source Conditions (moles/min) {moles/min)  (predict./exp.)
Chou and Chang (Ref. 9)
35 Figure 2—ii AcOH/H,0, = 0.25 0.00149 0.01237 8.3
35 Figure 2-iii AcOH/H,0, = 0.5 0.00298 0.01814 6.1
35 Figure 2-iv AcOH/H,0, =1.0 0.00596 0.02071 3.5
Gan et al. (Ref. 10)
20 Figure 2 No benzene 6.22x 107 7.95x 107 1.3
25 Figure 2 No benzene 9.57 x 107 1.36x107* 1.4
40 Figure 2 No benzene 3.16x107%  6.13x107 1.9
60 Figure 2 No benzene 1.315x 107 3.70x 107 2.8
20 Figure 2 Benzene 593x107° 7.82x107° 1.3
25 Figure 2 Benzene 9.41 %107 1.34x107* 1.4
40 Figure 2 Benzene 329%x 107 6.04x107 1.8
60 Figure 2 Benzene 1.33 %1073 3.65x107° 2.7

A comparison of the kinetics of in situ epoxidation, as pre-
dicted by the two-phase model and experimental data in the
literature, is possible if one looks at the total rate of epoxida-
tion (moles/time) instead of comparing reaction rate con-
stants. (A direct comparison of reaction rate constants would
be meaningless because the system is a two-phase system and
other authors have reported rate constants while treating the
system as one phase.) The two-phase model was used to pre-
dict the rates of epoxidation in the experiments of Chou and
Chang (9) and of Gan et al. (10). Our model was solved by
using individual phase compositions, which were calculated
from the stated reaction mixtures of these authors. The pre-
dicted reaction rates are compared with their experimental
data in Table 6. The two-phase model predicts reaction rates
3-8 times greater than those observed by Chou and Chang
(9). This difference is attributed to the fact that the model cal-
culations were performed for the instantaneous addition of
H,0,, whereas Chou and Chang (9) slowly added H,O, to
heat demand. The model also predicts epoxidation rates
1.3-2.8 times larger than those reported by Gan et al. These
differences are attributed to improved mixing and mass trans-
fer in our system and model. Although Gan and co-workers
(10) were able to overcome heat transfer limitations and
add all of the peroxide at once (due to the inherent dilu-
tion present in a lower iodine number oil), it is unlikely
that they were able to overcome mass transfer limitations.
These researchers used a round-bottom flask with a magnetic
stirrer. The vessel did not contain any baffles, and the rate of
stirring was not measured. A conventional stirred tank reac-
tor would certainly have better mixing than a round-bottom
flask.

Another interesting feature of this model is its prediction
of the effect of an inert solvent. Because all of the benzene
(solvent) stays in the oil phase, the rate of in situ epoxidation,
which is limited by the rate of PAA formation in the aqueous
phase, should be almost unaffected by the addition of ben-
zene. (A slight difference will occur due to the different parti-
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tioning of AA.) However, the degradation reaction is signifi-
cantly slowed down because the AA and epoxy concentra-
tions in the oil phase are diluted. This prediction is backed up
by the observations of Gan et al. (10), who show that the ini-
tial rate of in situ epoxidation is almost the same, with or
without benzene, and that degradation of the oxirane is
slowed down in the presence of benzene.

The importance and necessity of using a two-phase model
is illustrated by the following example. Consider a typical re-
action mixture with a total volume of V. The lumped single-
phase rate of epoxidation (with PA formation as rate-limiting)
in moles/time is \[H*][AA][H,0,]V, where the square brack-
ets represent molar concentrations (molesftotal volume). Therefore,
for this mixture, the rate would be (moles H*)(moles
AA)(moles H202)/V2. If this system is diluted with an equal
volume of benzene, then the rate as predicted by the lumped
single-phase models would be reduced by a factor of 4,
because the number of moles of the reactive species re-
mains the same and the total volume is increased by a factor
of two. This is clearly not the case. If a two-phase model is
used, then no significant change is predicted because the con-
trolling reaction takes place in the aqueous phase, which is
undiluted.

Further work needs to be done to measure the rate of in situ
epoxidation with 50 and 70% H,O,. Better characterization
of the degradation reaction rates, as well as relating the ef-
fects of droplet size and distribution to reactions at the inter-
face, will help refine this model and improve our understand-
ing of the process of epoxidation.
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