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Kinetics of Epoxidation of Cyclooctene
with lonic Liquids Containing Tungstate
as Micellar Catalyst

The kinetics of cyclooctene epoxidation with H,O, by micellar catalysis was stud-
ied. As catalyst, an ionic liquid (IL) containing the catalytically active tungstate
anion was used. The tungstate IL forms micelles in the aqueous H,O, phase. It is
simply formed by dissolving sodium tungstate and 1-octyl-3-methylimidazolium
tetrafluoroborate [OMIM][BEF,] in aqueous H,0,. For the epoxidation of cyclo-
octene by micellar catalysis, a power law kinetic model was determined that takes
the critical micelle concentration into account. The kinetics of the [OMIM][BFE,]/
Na,WO, catalyst is similar to pure [OMIM],[WO,], which indicates that the
active species is formed in situ. Addition of phenylphosphonic acid improves the
activity of the tungstate IL. The most effective catalyst was tested in a semi-contin-
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1 Introduction

Epoxides are important intermediates for the industrial pro-
duction of consumer bulk chemicals such as ethylene glycol or
polyethylene glycols (PEGs). The most important epoxides are
ethylene oxide and propylene oxide. As only ethylene oxide
can be produced economically by direct epoxidation with mo-
lecular oxygen from ethylene, propylene oxide is synthesized
industrially via heterogeneous catalysis using zeolites like tita-
nium silicalite-1 (TS-1) [1]. However, also longer-chain epox-
ides are needed for fine chemicals. As common substrates
long-chain olefins are used [2]. State-of-the-art for the indus-
trial production of long-chain epoxides are processes using the
Prilezhaev reaction. In this reaction, the olefin is oxidized by
percarboxylic acids, which are formed in situ from the corre-
sponding carboxylic acid and aqueous H,O,. The low solubility
of the long-chain olefins in the aqueous phase requires the
addition of chlorinated or aromatic solvents to the biphasic
system to achieve high reaction rates. The use of these chemi-
cals is contended because they are considered hazardous to the
environment and health. Hence, alternative processes for the
epoxidation of longer-chain olefins are desirable.

The low solubility of the oxidant in the organic phase can be
circumvented by phase transfer catalysis [3]. The best-known
examples are the catalyst systems developed by Noyori and
Venturello [4,5]. Phase transfer catalysis relies on a catalyst
that shuttles between the biphasic system, in many cases an
aqueous phase and an organic phase. The catalyst activates the
reactant in the aqueous phase and transports it to the reactant
in the organic phase where the reaction takes place. In this case,
an organic solvent is required to guarantee sufficient solubility
for the phase transfer catalyst and the organic reactant.
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As water is considered a green solvent, another approach is
to increase the solubility of the organic reactant in the aqueous
phase. This can be achieved by adding surface-active sub-
stances, which are capable of forming micelles in water. These
micelles act as nanoreactors [6,7]. The benefits of micellar
catalysis are that the effective epoxidation catalyst shows high
solubility in water and has low affinity to leach into the organic
phase and is easily prepared. After the reaction, the product
moves in the organic phase and can be separated. Certain ionic
liquids (Ils) form micelles in water and therefore are the surfac-
tants needed.

ILs are highly promising candidates for micellar catalysis as
they are versatile and have unique properties that can be fine-
tuned to the system of interest [8,9]. ILs having long-chain
alkyl groups form micelles in water and can be modified on a
molecular basis to fit the needs of the reaction under investiga-
tion (solubility, catalytic active anion, etc.) [10-12].

In a previous paper, an approach to determine the kinetics
of a 1-octyl-3-methylimidazolium perrhenate [OMIM][ReO,]-
catalyzed micellar catalysis was presented [13, 14]. Therein, the
micellar catalyst system was prepared by simply dissolving the
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IL [OMMIM][BE,] and NaReO, in aqueous H,O,, although
both compounds separately are catalytically inactive in olefin
epoxidation. By this procedure, the active [OMIM][ReO,] cata-
lyst evolves and forms micelles facilitated by the tetrafluoro-
borate ionic liquid. This method avoids the laborious synthesis
of pure [OMIM][ReO,].

As the tungstate anion is known as active species in the ca-
talysis of epoxidation reactions, a tungstate IL micellar catalyst
was prepared using the same protocol [15,16]. This micellar
catalyst showed improved activity. For the system 1-octyl-3-
methylimidazolium tetrafluoroborate [OMMIM][BF,] and
tungstate [WO,]*” the most active system with regard of cyclo-
octene (COE) epoxidation was screened, the kinetics were
investigated, and the most active catalyst was tested in a con-
tinuous loop reactor.

2 Experimental
2.1 Materials

The IL catalyst [OMIM],[WO,] was synthesized according to a
protocol as previously reported [17]. The ILs for in situ prepa-
ration of the catalyst [OMIM][BF,] and [OMIM] were
purchased from IoLiTec-Ionic Liquids Technologies GmbH,
Germany. Na,WO,, H,WO,, COE (>95%), and phenylphos-
phonic acid were obtained from AlfaAesar. Aqueous H,0,
(H,O, >49wt%, as confirmed with permanganate titration)
used in the experiments was delivered by VWR chemicals and
produced in France. All chemicals named above were taken as
received without further purification.

2.2 Experimental Setup and Catalytic Experiments

All catalytic experiments were conducted at ambient pressure
and at temperatures ranging from 30 to 70 °C. Batch experi-
ments were carried out in a 10-mL cylindrical glass reactor
with a septum for probe extraction and a reflux condenser
cooled with water. The reactor was heated in an oil bath and
the reaction mixture stirred with a magnetic stirrer. If not men-
tioned otherwise, the batch experiments were conducted with
2.8 mL (20 mmol) COE as organic phase; the molar composi-
tion of the 2.9 mL aqueous phase was 50 mmol H,O, (and con-
sequently 96 mmol H,0), 1mmol of [OMIM][BF,], and
0.5 mmol of the catalytic active tungstate salt. The temperature
was 70 °C and the stirring rate 1200 rpm. Before the COE was
introduced, the aqueous phase was preheated to reaction
temperature. The stirrer speed was set to 1200 rpm. To take
samples, the stirring was stopped and the phases allowed to
separate. Samples were dissolved in 1 mL heptane in a 1.5-mL
glass vial. For the variation of the H,O, or COE concentration,
the components were substituted by H,O and cyclooctane,
respectively.

For the continuous operation, a water-heated stainless-steel
reactor equipped with static mixers (supplied by Fluitec) was
used. A circular pump recirculated the aqueous phase within
the reactor. The aqueous phase formed after leaving the reactor
was recirculated back via a peristaltic pump. The COE was

charged via an HPLC pump (Knauer 5-mL pump head). Before
the experiments 250 g of aqueous phase was produced (molar
ratio 50:1:0.5:1 H,0,/[OMIM]*/[WO4]*/PPA; PPA denotes
phenylphosphonic acid) and transferred into the reactor and
feed tank for the aqueous phase. After reaching the reaction
temperature, the organic reactant was charged into the reactor
using the HPLC pump. Thereby, the reaction was started.
Because of the high volumetric flow rate of the aqueous phase
the loop reactor can be regarded as a continuous stirred-tank
reactor (CSTR) reactor.

2.3 Evaluation of the Experiments

The conversion of COE was determined via analysis of the
organic phase as only small amounts of reactant and product
are present in the aqueous phase [18]. The samples were taken
from the organic phase while the stirring was stopped. Because
the amount of organic material solubilized in the aqueous
phase is very low, it can be assumed that the composition in
the organic phase represents the composition in the whole sys-
tem. The samples were analyzed by a Bruker 450 gas chromato-
graph (GC) equipped with an Ultra2 column (50 m, 0.32 mm,
0.5 um) and a flame ionization detector (FID). The reaction is
highly selective and only cyclooctene oxide (COO) and no
byproducts could be detected. Hence, the conversion XY was
determined according to the following equation:

ncoo
= (1)
ncok + ncoo

In Eq.(1), the conversion of COE is calculated using the
areas of the individual compounds as detected by GC. The re-
action rate was calculated for the consumption of COE accord-
ing to Eq.(2). For the reaction is biphasic, the reaction rate is
expressed with regard to the volume of the aqueous phase, i.e.,
the phase where the reaction takes place:

1 dn
1 dncog @)

r=—
Vo dt

q

3  Results and Discussion

3.1 Mass Transport Limitations in the Batch
Experiments

For the intrinsic kinetic parameters, the influence of mass
transport has to be excluded. In our epoxidation system, the
transfer of the olefin from the organic into the aqueous catalyst
phase may be strongly influenced by mass transport limita-
tions. An experimental series was conducted with varying stir-
ring rates of the magnetic stirring bar (molar ratio 50:1:0.5:1
H,0,/[OMIM]*/Na,WO,/PPA; 50 °C). The stirring rate ranged
from 400 to 1600 rpm in steps of 200 rpm. With increasing

1)  List of symbols at the end of the paper.
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stirring rate, the organic droplets in the emulsion were reduced
in size, which led to a higher surface area between both phases.
The data showed that the reaction rate increased at higher
stirring rates and no homogeneous mixture was formed for
stirring rates below 1000 rpm. At 1200 rpm the reaction mix-
ture changed to a white emulsion and the reaction rate reached
a maximum. Further increase of the stirring rate left the reac-
tion rate unchanged. The higher stirring rate has no effect on
the form or size of the micelles. Hence, mass transport limita-
tions could be excluded.

3.2 Solubility of the Reactant in the Aqueous Phase

In a biphasic reaction it is essential to know the concentration
of the reactants in the phase where the reaction actually hap-
pens over time to get the kinetic parameters. Moreover, it is of
interest to have information on the amount of the other organ-
ic compounds, i.e., product and organic solvent. In the biphasic
reaction system described herein, the reaction occurs in the
aqueous phase, and thus, the amount of organics and the com-
position of the organics in the catalyst phase are needed to gain
information on the concentration of the reactant that is avail-
able for the epoxidation (see simplified scheme in Fig. 1).

0
Nehe

Figure 1. Simplified scheme of cyclooctene epoxidation with
the micelle-forming tungstate ILs in the aqueous phase with
50 wt % H,0,. During the reaction the solution is stirred.

In the case of micellar catalysis, this corresponds to the
amount of olefin embedded in the micelles present in the aque-
ous phase, at any given time of reaction. In addition, it is neces-
sary to know if the micelles contain every component of the
reaction in equal parts in solution, i.e., olefin and H,0,. For
the solubility of the organic phase the solubility coefficient was
calculated by Eq. (3):

NCOE _ MCOE,micelles + MCOE,H202
ny, nyy, — Aeme,r(T)

Koty = (3)

The so-called critical micelle concentration (cmcy) is the
minimal IL concentration, at which micelles are formed. As the
solubility of COE in aqueous H,0, is very low, the term
Ccok 202 can be neglected and Eq. (3) reduces to Eq. (4):

NCOE, micelles

Kooy = ——miceles__
o ny, — ncmc,IL(T)

4)

The concentration of COE in the aqueous phase during ep-
oxidation was determined by GC. Before GC analysis the COE
was extracted from the aqueous phase with heptane. Cyclo-
hexene served as standard. For K, a value of 0.12 was ob-
tained for OMIMBE, at 70 °C. As illustrated in Fig. 2, the olefin
concentration in the micelles (that is in the aqueous phase)
remains constant with changing composition of the organic
phase until COO made up a molar fraction of 0.7 in the organic
phase. This indicates that the micelles selectively take up the
olefin and release the epoxide into the organic phase. At
epoxide concentrations above a molar fraction of 0.7, the solu-
bility of [OMIM][BF,] and therefore the tungstate catalyst
associated with it increases in the organic phase, which lowers
the ability of the IL to dissolve the olefin (here COE) in the
aqueous phase.

Molar fraction epoxide in the organic phase
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Figure 2. Solubility of cyclooctene in 17 molL™" hydrogen per-
oxide at 70°C with 350 mmol L™' [OMIM]BF, at various degrees
of molar fractions of the corresponding epoxide cycloocten-
oxide. The dashed line indicates the trend.

3.3 Screening of the Tungstate Catalyst for Micellar
Epoxidation

In our previous work [14], we have reported that sodium tung-
state with [OMIM]CI is a promising catalytic system for the
epoxidation of COE using aqueous H,O, in a biphasic micellar
setup. The screening was focused on the structure-reactivity
relationship of the alkyl chain length at the imidazolium cation
and the IL counteranion. First, the surface-active ILs [OMIM]X
(X = CI', [BF4]") of the previous work were catalytically tested
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with soluble tungstate salts (Na,WO,, K, WO,) and tungstic
acid H,WO,. Experiments were conducted at 70°C in a
Schlenk-like glass vessel with a volume of 10 cm®. Then the stir-
ring speed was set to 1200 rpm eliminating mass transfer limi-
tations. The experiments were evaluated concerning reaction
rate and H,O, stability. The concentration of the IL was
350 mmol L™} and of the tungstate salt 175 mmol LY respec-
tively.

The data of selected batch experiments of the screening are
presented in Fig. 3. The micellar catalytic systems of [OMIM]Cl
or [OMIM][BE,] with Na,WO, showed initially similar reac-
tion rates as the more acidic catalytic system with tungstate
acid, but a rapid decomposition of H,O, in the aqueous phase
is observed. In the experiments H,O, was present in a great ex-
cess, but only 27 % and 44 % of the COE was converted to the
epoxide, because the residual H,O, was completely decom-
posed to oxygen and water. Replacing Na, WO, by H,WO, re-
sulted in the case of [OMIM]CI in a similar initial rate with a
higher stability of the H,O, and thus a higher conversion of
COE of up to 80 %. In the case of [OMIM][BF,]/H,WO, com-
plete conversion was quickly obtained with little decomposition
of H,O,, but the selectivity to the epoxide was considerably
lower (<70 %) in comparison to the other catalyst/IL systems.
A 1:1 mixture of the sodium salt and tungstatic acid yielded
good reaction rates, low decomposition of H,O,, a selectivity of
over 99%, and complete conversion of COE after about
300 min. This in agreement with our previous results that chlo-
ride inhibits the epoxidation [14].
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Figure 3. Screening for the best mixture of [OMIMI][BF,] and
[OMIMICI and tungstate salts in batch experiments. Concen-
tration of IL 350 mmol L™, tungstate salt 175 mmol L™, respec-
tively; T = 70°C, H,0, concentration 17 mol L, stirring rate
1200 min™".

As seen in Fig. 3, the presence of Cl™ ions leads to a lower
reaction rate (comparison of [OMIM]CI and [OMIM][BF,]
with H,WO,). These results were confirmed by adding NaCl to
the more active systems; the sodium chloride inhibited the
reaction rate (Fig.4). This can be explained by the lower pH
value of the aqueous solution with the tungstate acid catalyst. It
is known that the pH value is highly important for the stability

1.0
n [ |
] q
0.8 0 o
L .|
.D [}
— n
£ 061 .
S -
= - 2 2 .
5044 - A & A
o - 2
AN
50 A
02d o._5 A OMIMCI + Na,WO, + NaBF
o4 A OMIMCI + Na,WO0,
LIy O OMIMCI + H,WO,
& = OMIMBF,+H,WO,+NaCl
OO T T T 1 1 1
0 60 120 180 240 300 360 420
Time (min)

Figure 4. Influence of different anions on the reaction rate of
the epoxidation of cyclooctene. Concentration of IL 350 mmol L™,
tungstate salt 175 mmol L', respectively; T = 70°C, H,0, con-
centration 17 mol L™, stirring rate 1200 min™".

of epoxides. If the pH value is too low, acid-catalyzed ring
opening can occur resulting in diol formation. It was also ob-
served that adding NaCl to the [OMIM][BF,]/H,WO, system
resulted in similar reaction rates and stability of H,O, than the
[OMIM]CI/H,WOy, system (Fig.4). The best micellar catalyst/
IL system is a mixture of Na,WO, and H,WO, in equimolar
fractions and [OMIM][BF,] as IL.

3.4 Kinetics of Cyclooctene Epoxidation

For the kinetic model a simple power law equation was used.
Because the concentration of the tungstate catalyst was held
constant at 350 mmolL™! in all kinetic experiments, it was
united with the “true” kinetic constant k’ to an overall rate con-
stant k:

1 a b _ 1.4 b
rcoE = K ewor C12026C0Eaq = KCH2026C0E aq ©)

The reaction order of H,O, was determined by a variation of
the concentration of H,0, (dilution of the 50 wt % H,O, with
demineralized water). The volume of the aquatic phase was
thereby kept constant. The catalyst concentration was
175mmol L™ (corresponding to 0.175 mmol L' Na,WO,/
H,WO, and 350 mmol L™ [OMIM][BE,]). Fig.5 depicts that
the reaction is of first order with regard to H,O,, which is in
contrast to a second order in the perrhenate-catalyzed epoxida-
tion. Obviously, the reaction pathways are different. Perrhenate
activates H,O, via an outer-sphere mechanism, i.e., activation
of H,0O, without influence of metal atom in the center. For this
mechanism two H,0, molecules are needed, explaining the
second order. The first order for H,O, in case of tungstate indi-
cates an inner sphere mechanism.

To determine the reaction order of COE, a gradual substitu-
tion of COE by cyclooctane (COA) was conducted. COA is
very similar in structure and size, and thus, it can be assumed
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Figure 5. Determination of the reaction order of hydrogen
peroxide through variation of the H,0O, concentration in the
aqueous phase, the slope determines the order. Concentration
of IL 350mmol L™, tungstate salt 175mmolL™", respectively;
T = 70°C, H,0, concentration 17 mol L.

that both are identically embedded in the micelles. The volume
of the organic phase was held constant. The experiments were
conducted at 70°C, the concentration of the in situ formed
active IL [OMIM],[WOQ,] was 175mmol L', Fig. 6 illustrates
that the epoxidation reaction is of first order with regard to
COE. However, the conversion curve obtained in the screening
experiments indicates that the (apparent) reaction order is
rather zero, at least up to 70 % conversion of COE (constant
slope of conversion versus time, see Fig. 3).

Furthermore, the influence of the product concentration was
investigated. COO in the organic phase has no influence on the
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Figure 6. Influence of the dilution of the organic phase with
cyclooctane or epoxide on the reaction rate of the epoxidation;
Concentration of IL 350 mmol L™, tungstate salt 175 mmolL™",
respectively; T = 70°C, H,O, concentration 17 mol L', stirring
rate 1200 min™".
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rate until the concentration of the reactant in the organic phase
gets below the maximum uptake of organic reactant of the
micelles (Fig.6). After this point the rate drops due to the
declining concentration of reactant in the aqueous phase. This
confirms the results shown in Fig.2: the olefin is preferably
solved by the micelles, which leads to a constant COE content
in the aqueous phase and a constant composition of the organ-
ic phase solubilized by the micelles until the fraction of COE in
the organic phase gets very low (< 0.3). Due to the not changing
organic composition solubilized in the aqueous phase, the reac-
tion rate does not change until a high conversion of more than
about 70 % is reached (Fig.3, [OMIM][BF,] with Na,WO,/
H,WO,) despite of the lower concentration of COE in the
whole system. This leads to an apparent zero-order reaction
even though the measurements with COA addition confirm
that the reaction is intrinsically first order with regard to COE.

The activation energy was determined by temperature varia-
tion in the range of 30-90 °C. The experiments were conducted
with a similar catalyst composition as during H,O, concentra-
tion variation. However, the IL concentration had to be cor-
rected with the c¢mc value. A part of the IL is not participating
in micelle formation; this concentration is called critical micelle
concentration, cmc. As displayed in Fig. 7, at IL concentrations
below the cmc no micelles are formed and the reaction rate is
very low due to the low solubility of COE. Above the cmic,
micelles are formed and the solubility and in turn also the reac-
tion rate increase strongly and linearly.

iemc | concentration used |,
: in kinetic experiments| -’

0.08
— 0.07-
0.06-
0.05-
0.04-
0.03-

0.02- %

Reaction rate [mmol L' s

0.01 1

0.00 =22

0 50 100 150 200 250 300 350
Concentration IL [mmol/L]

Figure 7. Reaction rate versus IL concentration. Below the criti-
cal micelle concentration (here about 110 mmol L™) the rate is
very low due to the low solubility of COE in the aqueous phase
(no micelles). Above the cmc, the solubility increases with rising
IL concentration. Concentration of OMIMBF, 0-350 mmol L™,
tungstate salt 175 mmol L, respectively; T = 70°C, H,0, con-
centration 17 mol L™, stirring rate 1200 min™".

The cmc is dependent on the surfactant, solvent, and temper-
ature as already measured in our previous work [19]. Because
the amount of IL before micelles are formed does not partici-
pate in the reaction and the cmc is a temperature-dependent
value, the concentration of the IL was adapted in the tempera-
ture variation.

cicat(T) = e — emey (T) (6)
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The activation energy and the pre-exponential factor were
calculated by the Arrhenius equation:

Ink = Inky — % (7)

The activation energy is 49kJ mol™ (k, = 8000 Lmol's™),
which is in agreement with literature data [1, 20, 21].

The kinetic data were applied to a Matlab model for a batch
reactor. It was thereby assumed that the concentration of COE
in the aqueous phase is constant (see Fig.2) until less COE is
present in the organic phase than needed to fill the micelles in
the aqueous phase. So, in the initial phase of epoxidation, typi-
cally until a conversion of about 70 % is reached, the concen-
tration of the remaining COE in the organic phase is given by
Eq. (8):

CCOE,aq(T) = Ksolv(CIL - CMC(T)) ®)

If there is less COE in the organic phase than needed for the

micelles, the concentration is given by:
NCOE,organic phase

CCOEaq —
,aq Vaq

)

The change of concentration of H,O, was calculated based
on the assumption that H,O, is only consumed by epoxidation
and not by decomposition, which is negligible in the glass reac-
tors. Fig.8 demonstrates that the model describes the experi-
ments very well.

3.5 Improving the Reaction Rate of Epoxidation by

Addition of Phenylphosphonic Acid

Noyori et al. [4] reported that the addition of phenylphos-
phonic acid (PPA) accelerates the rate of epoxidation in phase
transfer catalysis without affecting the selectivity of the reac-

0.8
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o
=
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tion. Thus, PPA was added to the micellar catalytic system.
With the mixture of the tungstate salts Na,WO, and H,WO,
for the in situ formation of the catalytic active IL, the reaction
rate was strongly improved, but on the expense of epoxide
selectivity because of the low pH value of the aqueous phase
due to PPA. To prevent the selectivity loss, the catalyst salt was
changed from a mixture of Na,WO,/H, WO, to only Na,WO,.
The best molar ratio of PPA to tungstate anion determined in
the screening experiments was 2:1; a further increase of the
PPA concentration showed no effect on the reaction rate.

Fortunately, PPA did not influence the stability of H,O, and
a selectivity of H,O, towards the epoxidation was determined
to 93 %. Further experiments led to the conclusion that PPA
neither does not act as phase transfer agent nor does it change
the solubility of the organic reactant in the aqueous phase.
CryoTEM pictures confirmed that the micellar structure was
not altered by this additive [17]. Surface tension measurements
also approved that PPA had no influence on the cmc. More-
over, the proposed [OMIM]BF, + Na,WO,/PPA Ccatalytic
system showed the same kinetics as the pure [OMIM],WO, IL
with PPA.

For this new catalytic system, the parameters of the power
law kinetics needed to be re-evaluated. The reaction orders of
COE and H,0, did not change. This indicates a mechanism sim-
ilar to the micellar catalyst without PPA, but the reactive tung-
state species changes, as we reported previously [17]. However,
the activation energy was lower (42 kJ mol™), resulting in a con-
siderably higher rate constant, i.e., 0.006 L mol's! at 40 °C com-
pared to only 0.000045 L mol™'s™" without PPA addition.

3.6 Applying Micellar Catalysis for Cyclooctene
Epoxidation in a Continuous Reactor

With regard to a technical application, the developed catalyst
was tested in a continuous setup with a loop reactor. Due to
the high circulation rate and the slow separation of the two
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Figure 8. Comparison of the experimental data (squares) with the model (dotted line). Conversion over reaction time in a batch experi-
ment. Temperature 70 °C; H,O, concentration 17 mol L™'; concentration [OMIM][BF,] 350 mmol L™'; concentration Na,WO4+H,WO, (1:1)
175 mmol L' (left); parity plot of the data used for the determination of the kinetics (right).
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phases, an external separator was used. The loop reactor can be
regarded as a CSTR, which was confirmed by the measurement
of the residence time distribution, being very close to an ideal
CSTR. The H,0, in the solution demanded an inert reactor
material in terms of decomposition of H,O,, and the reactor
also had to be resistant to corrosion caused by H,O,. The best
materials in terms of these demands, costs, and applicability
are glass and stainless steel (1.4404). The reactor and the static
mixers were made of stainless steel, the separator was made of
glass.

For circulation, a rotary pump was used with a corrosion-
free pump head. Here, an HPLC pump was chosen for dosing
the organic phase; for the aqueous phase, a hose pump was
used. As micellar agent and catalyst for the continuous experi-
ments the IL [OMIM],[WO,] with the additive phenylphos-
phonic acid (molar ratio 1:2) was taken, as this is the most
active micellar catalyst with regard to epoxidation and a low
activity towards H,O, decomposition. However, prior to the
epoxidation experiments, it was again tested that the H,O, in
the aqueous phase did not decompose significantly in the reac-
tor at reaction conditions (max. 60°C). The concentration of
H,0; in the aqueous phase only decreased by 10 % in 120 min,
which can be regarded as acceptable. For comparison with the
continuous epoxidation experiments, a Matlab model of the
CSTR was developed and the kinetic data given in Sect.3.5
were used.

Fig. 9 presents the experimental and simulated data of the
continuous epoxidation of COE with the CSTR setup. At 60 °C,
a conversion of more than 80 % was reached, which was con-
stant over 2h. The slight decline in conversion is due to the
decreasing H,O, concentration in the aqueous phase upon
consumption by decomposition and epoxidation. The feed rate
of the aqueous phase was 10 mL min ™" to replenish the H,0, in
the reactor. The organic phase feed rate was 1 mLmin™". The
selectivity of H,O, to epoxidation was 92 %, the residual H,O,
decomposed due to temperature and contact with the reactor
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Figure 9. Conversion rate in a continuous experiment at 60 °C
with the [OMIM],WO, catalyst and the additive PPA. Concentra-
tion of OMIMWO, 175mmolL", PPA 350mmolL™, H,0,
17mol L™, volume flow of reactant 1 mLmin~", volume flow of
aqueous phase 10 mL min™". Recirculation rate 1200 min™".
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surface. The selectivity to the epoxide turned out to be greater
than 99 %. The kinetic model of the CSTR describes the experi-
mental data very accurately.

4  Conclusion

The epoxidation of COE was conducted with tungstate in
micellar catalysis. It was demonstrated that the IL
[OMIM],[WO,] shows similar reaction rates and selectivity as
the mixture of [OMIM][BF,] and Na,WOQO,. The [OMIM][BF,]
tungstate system could be strongly improved by using a mix-
ture of H,WO, and Na,WO, as catalyst. The addition of PPA
to the aqueous phase improved the reaction rate considerably
without a negative effect on selectivity and stability of H,O,.
The kinetics of the epoxidation was determined with and with-
out the additive. The kinetic data suggest that the reaction
mechanism is altered by the additive by changing the active
species. The kinetic data was used to model a CSTR for the
continuous epoxidation of COE with good agreement with the
experiments.

Acknowledgment

The authors thank the Deutsche Forschungsgemeinschaft
(DFG) for the financial support of this cooperative project
(Je 257/24-1 and Co 1543/1-1).

The authors have declared no conflict of interest.

Symbols used

G [mol L] concentration of compound i

cmc [-] critical micelle concentration

k [Lmol's™] reaction rate constant with catalyst
concentration

K [L’mol%s7!] reaction rate constant

ko [Lmol™'s™] pre-exponential factor

Ksory [-] solubility constant

n [mol] molar amount of compound i

r [molL7%s7!] reaction rate

t [h] time

T K] temperature

\%4 [L] volume

X [-] conversion

Subscripts

aq aqueous phase

IL ionic liquid

Abbreviations

COA cyclooctane

COE cyclooctene

COO cyclooctane oxide

CSTR  continuous stirred-tank reactor

HPLC  high-performance liquid chromatography
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ionic liquid
1-methyl-3-octyl imidazolium
phenylphosphonic acid
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