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Recently a homogeneous liquid-phase ethylene oxide (EO) process with nearly total EO selectivity, catalyzed by
methyltrioxorhenium with H2O2 as an oxidant, was reported. Fundamental mass transfer and kinetic studies of this reaction
are reported in the present work. Volumetric expansion studies revealed that the liquid reaction phase (methanol þ H2O2/
H2O) is expanded by up to 12% by compressed ethylene in the 20–40�C range and up to 50 bars. This represents an
increase in ethylene solubility by approximately one-order of magnitude, attributed to the unique exploitation of near-
critical ethylene (Pc ¼ 50.76 bar; Tc ¼ 9.5�C). Interphase mass-transfer coefficients for ethylene dissolution into the liquid
phase were obtained experimentally. Operating at conditions that enhanced the ethylene solubility and eliminated
interphase mass-transfer limitations maximized the EO productivity (1.61–4.97 g EO/h/g cat), rendering it comparable to
the conventional process. Intrinsic kinetic parameters, estimated from fixed-time semibatch reactor studies, disclosed the
moderate activation energy (57 � 2 kJ/mol). VVC 2012 American Institute of Chemical Engineers AIChE J, 59: 180–187,

2013
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Introduction

Ethylene oxide (EO), a bulk intermediate chemical, has a
worldwide demand that is growing at 6–7%/yr., and is currently
at nearly 20 million metric tons/yr.1 Commercially, EO is pro-
duced by the O2-based oxidation of ethylene over a supported
silver catalyst in fixed-bed reactors. The ethylene conversion per
pass is maintained at 4–8% to minimize the burning of ethylene
and EO, and to avoid the formation of flammable vapors. Fur-
thermore, inert gases such as CH4, Ar, N2 and CO2 are deployed
to reduce the flammability envelopes associated with ethylene/
EO/Air mixtures.2–4 Despite advances in the heterogeneous sil-
ver-based catalyst formulations, the selectivity toward EO is
reported to be around 85% with up to 15% of the byproducts
being CO2.

5 The CO2 emitted as byproduct in the conventional
EO process is approximately 3.4 million metric tons/yr., making
it the second largest emitter of CO2 as byproduct among all
chemical processes after ammonia synthesis. More importantly,
the selectivity loss as CO2 translates into an ethylene feedstock
loss of approximately $1.1 billion/yr. assuming an ethylene feed-
stock price of 32 ¢/lb. Increases in ethylene price, predicted to
double within the next decade, will only exacerbate this loss.
The rising cost of ethylene and the expansion of EO demand

prompted researchers at the Center for Environmentally Benefi-
cial Catalysis (CEBC) to develop an alternative process that con-
serves the ethylene feedstock and is more energy efficient.4,6,7

In the proposed process concept (hence, referred as the
CEBC-EO process) (Figure 1), EO is produced by the selective
oxidation of ethylene with hydrogen peroxide (H2O2) using a
homogeneous catalyst, methyl trioxorhenium, MTO. Com-
pressed ethylene gas (roughly 40–50 bar) is mixed with a liq-
uid-phase reaction mixture containing water, methanol, hydro-
gen peroxide (oxidant), MTO and a promoter, pyridine N-oxide
(PyNOx) in the 20–40�C range.4,6 The MTO transfers an oxy-
gen atom from H2O2 to ethylene, selectively forming EO. The
elimination of burning conserves feedstock and reduces the car-
bon footprint. Also, H2O2 is stable at these operating conditions
such that the vapor phase is devoid of oxygen, confirmed by
gas chromatographic analysis. Also, the EO product, which is
flammable in the gas phase, remains dissolved in the liquid
phase at the operating pressure. The virtual elimination of O2

and EO in the vapor phase makes the process inherently safe.
It must be noted that in the CEBC-EO process, the reac-

tion occurs in a gas-expanded liquid phase wherein the sub-

strate (ethylene itself) is used as the expansion gas to

increase its availability in the liquid phase. The concept is

similar to how propylene (the reactive substrate) was

exploited as the expansion medium in our earlier work.6

This work is, thus, complementary to the H2O2-based olefin

epoxidations in supercritical CO2 or CO2-expanded liquid

phases that have been previously reported.8–10
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A number of similarities exist between the CEBC-EO pro-
cess and the Dow/BASF hydrogen peroxide/propylene oxide
(HPPO) process:11 (1) methanol is employed as the cosol-
vent, (2) H2O2 is the oxidant, and (3) the operating pressures
(tens of bars) and temperatures (25–40�C) in both the proc-
esses are similar.4,6,7 Under reaction conditions, ethylene (Pc

¼ 50.76 bars, Tc ¼ 9.5�C) and propylene (Pc ¼ 46.1 bars;
Tc ¼ 91�C) are both relatively close to their critical points.
Hence, their solubilities in the methanol-containing liquid
phase are substantial,12 actually resulting in the formation of
gas-expanded liquids (GXLs). The economic viability of the
HPPO process is in major part due to the relatively high-
profit margins enjoyed by PO and the relatively inexpensive
catalyst (Ti-based), factors that effectively offset the cost of
using H2O2 as oxidant. In contrast, the rhenium-based cata-
lyst is expensive making EO profit margins lower and the
economic viability of the CEBC-EO process more challeng-
ing. However, recent developments in the cost-effectiveness
and greener syntheses of both H2O2 and the MTO catalyst
provide justification for continued investigations aimed at
improving the commercial viability of this technology.

Conventionally, H2O2 has been produced by the standard

anthraquinone process, a highly energy intensive technol-

ogy.11,13,14 In recent years, significant advances in the develop-

ment of alternative H2O2 processes have been reported to lower

the cost of H2O2 production. Solvay commercialized the high-

productivity amylanthraquinone technology,15 and the direct

H2O2 process has been demonstrated at the pilot-plant scale by

a joint venture between Evonik Degussa and Udhe, Inc.16 The

MTO catalyst is a highly versatile epoxidation catalyst and is

known to catalyze a broad spectrum of oxygen transfer reac-

tions.17–19 The mechanism of oxygen transfer in the MTO/

H2O2 system has been extensively studied.20,21 In the presence

of excess H2O2, the MTO catalyst remains in the highly active

diperoxo form. Yin and Busch recently reported that the forma-

tion of the mono-peroxo complex by the MTO catalyst as the

primary pathway for the destruction of MTO catalyst.22 Conse-

quently, in the presence of excess H2O2, the preferred active

species (diperoxo complex) has the potential to be indefinitely

stable. Recently, Hermann et al. reported a greener, cost-effec-

tive process for the synthesis of MTO that has the potential to

reduce the cost of the catalyst.23

For rational development and economic assessment of the
CEBC-EO process, fundamental engineering data are essen-
tial. This article is focused on understanding the thermody-
namics, mass-transfer rates, and intrinsic epoxidation kinetics

associated with the dissolving of ethylene and its subsequent
conversion in its self-expanded liquid phase. Herein, the vol-
umetric expansion of the liquid reaction phase by pressurized
ethylene is quantitatively established. Based on the measured
ethylene dissolution rates into the liquid phase at constant
pressure and temperature but different agitation speeds, gas-
liquid mass-transfer coefficients were estimated from a math-
ematical model of the stirred semibatch system. The ethylene
epoxidation reactions were reinvestigated in the absence of
mass transfer limitations to quantify the enhancement of EO
yield, and also obtain intrinsic kinetic parameters from tem-
poral conversion and selectivity profiles.

Experimental

Materials

Ethylene was purchased from Matheson Tri-Gas Co.,
(ultrahigh-purity grade). The MTO (71.0–76.0 wt % Re), ox-
idant (50 wt % H2O2 in H2O), methanol (HPLC grade, �
99.99%), ferroin indicator solution, acetonitrile (HPLC grade
� 99.9%) and pyridine N-oxide (95%) were purchased from
Sigma-Aldrich and used without further purification. Ceric
sulfate (0.1 N) was purchased from Fisher Scientific. Trace
metal grade sulfuric acid (99.9 wt %) purchased from Fisher
Scientific was diluted to 5% (v/v) H2SO4 solution. Hydranal
composite 5, one component reagent for volumetric titration
of H2O is purchased from Riedel-de-Haen. Ethylene oxide
and anhydrous ethylene glycol standards were purchased
from Supelco Analytical and Sigma-Aldrich, respectively.

Apparatus and procedure

Volumetric Expansion Studies. The high solubility of
compressed ethylene in methanol leads to the formation of
ethylene-expanded liquids. Volumetric expansion studies
were conducted in a 50 cm3 high-pressure Jurgeson cell
designed to withstand a pressure of 400 bar at 100�C.24 Ei-
ther methanol (solvent) or methanol þ 50% H2O2/H2O mix-
ture is loaded into the view cell, immersed in a constant
temperature bath. Ethylene is charged into the cell from an
external reservoir through a two-stage pressure regulator,
maintaining the Jurgeson cell at a constant pressure. The
attainment of equilibrium is facilitated by mixing the gas
and liquid phases with the aid of a piston that can be moved
vertically within the cell across the two phases and a mag-
netic stirrer bar in the liquid phase. The volume of the ethyl-
ene-expanded liquid phase at equilibrium is measured visu-
ally on a calibrated linear scale attached to the view cell.25

Mass-Transfer Investigations. These studies were con-
ducted in a 50 mL Parr reactor setup (Figure 2). The

Figure 2. Schematic of stirred semibatch mixer unit to
measure the ethylene transport rates into the
liquid phase.

Figure 1. Schematic of the CEBC expanded-phase EO
process
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pressure and temperature in the reactor are monitored using
LabView 7.0VR data acquisition software. Ethylene is charged
into the reactor from an external reservoir, maintained at am-
bient temperature, through a two-stage pressure regulator
that maintains the reactor pressure constant at 50 bars. The
decrease in the external reservoir pressure, a direct measure
of ethylene uptake in the Parr reactor, is also logged by the
LabView 7.0VR software.

Kinetic Studies in Gas-Expanded Liquid Phase. The
schematic of the reactor setup for the epoxidation studies is
shown in Figure 3. Ethylene epoxidation reactions were con-
ducted in semicontinuous mode in a 50 mL Parr reactor
equipped with a magnetically driven stirrer, a pressure trans-
ducer and a thermocouple. The reactor temperature is con-
trolled between 20–40�C by a circulating water bath. The
impeller speed is maintained at 1,200 rpm to ensure the ab-
sence of mass-transfer resistances. A micropump (model #
415A) circulates the reaction mixture at a flow rate of
approximately 30 mL/min to facilitate the sampling of the
ethylene-expanded liquid phase for analysis. A solution con-
taining 50% H2O2/H2O (0.268 mol), pyridine N-oxide (1.82
mmol) and MTO (0.18–0.54 mmol) dissolved in CH3OH (30
mL), and internal standard CH3CN (1 mL), was charged into
the reactor and ethylene was injected from an external reser-
voir pressurizing the reactor up to 50 bars.4 The reactor pres-
sure was maintained constant by continuously replenishing
the consumed ethylene from the external ethylene reservoir.
Isothermal, constant pressure semibatch reactions lasting up
to 5 h were carried out at several temperatures in the 20–
40�C range. The gas-expanded liquid phase was sampled at
regular time intervals. The H2O2 and H2O contents of the
liquid phase were quantified by Ceric Sulfate and Karl Fi-
scher titrations, respectively.26–29 Details of the GC analysis,
ceric sulfate titration and Karl Fischer titration are provided
as part of the Supplementary Materials (see online for addi-
tional Supplementary Material).

In the presence of a molar excess of H2O2 (with respect
to the catalyst), the MTO catalyst is present as the highly
active di(peroxo) rhenium complex that selectively transfers

an oxygen atom to ethylene to form EO.18,21 The reaction
order with respect to catalyst concentration was established
by varying the catalyst amount (from 0.180–0.542 mmol).
The intrinsic kinetic parameters (k0, E) for ethylene epoxida-
tion were estimated from the temporal concentration profiles
(of EO, H2O2 and H2O) at different temperatures by regres-
sion with a pseudo-first-order kinetic model based on con-
version of the limiting reactant (H2O2) to EO in the presence
of excess ethylene (maintained at a constant concentration)
and constant catalyst concentration.

Results and Discussion

Volumetric expansion studies

Reliable estimation of interphase gas-liquid mass-transfer
coefficients is vital for rational process development. Unlike
conventional liquid phases, gas-expanded liquid phases are
compressible depending on the extent of gas dissolution into
the liquid phase. The volumetric expansion data are essential
to accurately account for the dilution caused by the enhanced
ethylene dissolution in the liquid phase, and, therefore, to
reliably interpret conversion and selectivity data used to
obtain kinetic parameters.

The volumetric expansion ratio is defined as the equilib-
rium volume of the expanded liquid phase at temperature T
and pressure P, relative to the volume (Vo) of the unex-
panded phase at 1 atm and the same T25

V T;Pð Þ
Vo T;Poð Þ (1)

In the 20–40�C temperature range, the solubility of ethyl-
ene in the liquid phase is substantial at pressures in the vi-
cinity of the critical pressure of ethylene (Pc ¼ 50.76 bar).
As shown in Figures 4a and 4b, the volume of the initial liq-
uid phase, containing either methanol alone or a representa-
tive reaction mixture containing 0.748 mol methanol þ
0.134 mol H2O2 þ 0.253 mol H2O, increases with increasing
ethylene pressure. For the ethyleneþmethanol system, the
expansion shows the characteristic exponential dependence
as the critical pressure of ethylene is approached. At a fixed
pressure, the volumetric expansion of the liquid phase
decreases with increasing temperature due to the lower gas
solubility at higher temperatures. The maximum volumetric
expansion ratios for the ethyleneþmethanol system at
approximately 50 bars and at 20, 30 and 40�C are 1.89, 1.62
and 1.50, respectively, signifying substantial increases in the
liquid-phase volume on ethylene addition. The corresponding
mole fractions (xE) of ethylene in the liquid phase are 0.309,
0.216 and 0.163, respectively. These values are consistent
with the reported VLE behavior of this binary system and
previously predicted values.12 In comparison, the ethylene
mole fraction in methanol phase at 20�C and 1 bar is 0.052.

The expansion ratios in the ternary mixture (containing
methanol, H2O2 and H2O) at similar conditions are compara-
tively lower, albeit significant, being 1.17, 1.15 and 1.13,
respectively. Furthermore, the volumetric expansion profile
is linear in the pressure range reflecting the fact that ethylene
is less soluble in the presence of water. The corresponding
mole fractions of ethylene are 0.0216, 0.017 and 0.0141. In
comparison, the ethylene mole fraction in water at 20�C and
50 bars is 1.96(10�3).

Figure 3. Schematic of the experimental setup for eth-
ylene epoxidation studies in gas-expanded
liquid phase.
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It must be noted that the minor components (MTO cata-
lyst and PyNOx promoter) are soluble in the reaction mix-
ture, but constitute less than 0.005 wt % of the initial reac-
tion mixture. To avoid reaction, MTO and PyNO were not
included in the aforementioned volumetric expansion studies.
Furthermore, EO was also not included in the expansion
studies since the EO formed during the reaction constitutes
only 4.5 wt % of the reaction mixture even at the highest
conversion (at the catalyst loading of 0.54 mmol), remaining
mostly in the liquid phase at typical reaction conditions.30

Mass-transfer studies involving gas-expanded phases

The volumetric mass-transfer coefficient is experimentally
determined by conducting ethylene uptake experiments as
explained in the Experimental section. The transient pressure
profiles from the reservoir provide a direct measure of the
rate at which ethylene dissolves into the liquid phase. At
25�C and 50 bars, the rate of ethylene dissolution into the
liquid phase increases with stirring speed indicating the pres-
ence of gas-liquid mass-transfer limitations (Figure 5). The
ethylene uptake by the liquid phase reaches equilibrium
asymptotically at sufficiently high stirring rates ([ 1,000
rpm). Beyond 1,200 rpm, there is no observed change in the
slope of the pressure profiles indicating that interphase mass-
transfer limitations are no longer significant. Furthermore, at

stirrer speeds exceeding 1,200 rpm, approximately 99% of
the equilibrium solubility is attained within 100 s. At 50
bars and 25�C, the measured equilibrium mole fraction of
ethylene in the liquid phase is 0.21, which closely matches
the published value.12 Using this technique, the equilibrium
mole fractions of ethylene in the ternary mixture (0.748 mol
methanol þ 0.1344 mol H2O2 þ 0.253 mol H2O) at 50 bars
was found to be 0.108 and 0.0405 at 25 and 35�C, respec-
tively. In comparison, the equilibrium mole fraction of ethyl-
ene in water at 35�C, and 50 bar ethylene pressure is 1.96
(10�3).31 This remarkable solubility enhancement by more
than an order of magnitude in methanol-based reaction mix-
tures under moderate compression renders ethylene as the
stoichiometrically excess reactant in the gas-expanded liquid
phase. For reference, the corresponding mole fractions of
H2O2 in the ethylene-expanded liquid phase at 50 bars are
0.061 at 25�C and 0.0615 at 40�C.

A mathematical model was developed to estimate the
mass-transfer coefficient (kla) of the system. The model
assumes instantaneous equilibrium at the gas-liquid interface
for the solubility of ethylene in either methanol or the ter-
nary mixture (73.6 wt % methanol þ13.2 wt % H2O2 þ
13.2 wt % H2O). At constant pressure, the depletion of eth-
ylene in the external reservoir equals the rate at which ethyl-
ene dissolves into the gas phase. A differential mass balance
for ethylene in the isothermal, constant pressure semibatch
mixer yields

� VR

RT

� �
dPg

dt

� �
¼ kla C�

E � CEL

� �
VL (2)

Initial condition t ¼ 0, P ¼ Pg,I.
Substituting for C�

E and CEL in terms of the gas-phase eth-
ylene partial pressures

� dPg

dt

� �
¼ kla

/PRTVL

PsciVmVR
� Pg;I þ Pg

� �
(3)

Solution of the equation (details provided in Appendix B
in online Supplementary Materials) results in the following
linearized equation.32 Details of the methodology to estimate
the gas-phase fugacity coefficient and liquid-phase activity

Figure 5. Effect of stirring speed on the uptake of com-
pressed ethylene by the liquid phase.

P ¼ 50 bar; T ¼ 25�C; Initial composition of the liquid

phase: 0.748 mol methanol þ 0.1344 mol H2O2 þ 0.253

mol H2O.

Figure 4. Isothermal volumetric expansion of liquid
phases upon pressurization by ethylene.

(a) Ethanol þ methanol binary system; (b) (ethylene þ
methanol þ 50 wt % H2O2/H2O) ternary system. Initial

composition of liquid phase ¼ 0.748 mol methanol þ
0.134 mol H2O2 þ 0.253 mol H2O. Initial volume of liq-

uid phase ¼ 15 mL. The size of the plotted data points

represents the experimental uncertainty.

AIChE Journal January 2013 Vol. 59, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 183



coefficient are shown in Appendix D of the Supplementary
Materials33,34

ln

/PRTVL

PsciVmVR
� Pg;I þ Pg

/PRTVL

PsciVmVR

" #
¼ klat (4)

Reliable estimations of kla were obtained by regressing
transient ethylene pressure profiles corresponding to low-
uptake values (up to 15% of equilibrium values), where the
difference in mass-transfer rates at various stirring speeds is
easily discerned. Furthermore, at these levels of ethylene
uptake, the volumetric expansion is low (\ 2%), and, hence,
the assumption of constant liquid-phase volume is valid. By
plotting the observed Pg vs. t values according to Eq. 4, lin-
ear plots are obtained (Figure 6), confirming the first-order
nature of the mass-transfer process. As shown in Figure 7,
the kla values (slopes of the plot in Figure 6) increase with
stirring and reach an asymptotic value beyond 1,200 rpm.

The values of the volumetric mass-transfer coefficients
(kla) for the ethylene þ methanol (binary) and ethylene þ
0.748 mol methanol þ 0.1344 mol H2O2 þ 0.253 mol H2O
(quaternary) systems are summarized in Table 1. At 1,200
rpm, the kla values for these systems are 0.0135 s�1 and
0.0082 s�1, respectively. It must be noted that when increas-
ing the stirring speed from 400 rpm to 1,200 rpm, the volu-
metric mass-transfer coefficient increases by threefold for
the binary system, and by a factor of 1.6 for the quaternary

system. Consequently, enhanced EO yields were observed in
the absence of mass-transfer limitations. As seen in Figure 8,
the temporal EO yields at 40�C and 50 bars are enhanced
several-fold at 1,200 rpm compared to operation at 400 rpm.
At the end of 5 h, the EO yield obtained at 1,200 rpm
(0.049 mol) is more than an order of magnitude greater than
that obtained at 400 rpm.

Kinetic analysis

The temporal conversion and selectivity measurements for
estimating kinetic parameters were obtained from fixed-time
semibatch studies, ensuring that interphase mass-transfer lim-
itations are eliminated. The effect of catalyst concentration
on EO yield was first investigated by varying the catalyst
concentration in the liquid phase. As shown in Table 2, the
moles of EO formed, H2O2 consumed and H2O formed are
within 5–10% in most cases, consistent with the reaction
stoichiometry. Furthermore, the EO yield increases nearly
linearly with catalyst loading (0.180–0.54 mmol) suggesting
first-order dependence with respect to catalyst concentration.
In the presence of excess H2O2 (molar oxidant/catalyst ratio
[10), the MTO catalyst is present as the highly active diper-
oxo complex.21 In our experiments, the molar oxidant
(H2O2)/catalyst (MTO) ratio ranges from 34–102, which
favors the formation of the more active and stable diperoxo
complex. The enhanced epoxidation rates at higher catalyst

Figure 7. Variation of volumetric mass-transfer coeffi-
cient with stirring speed.

P ¼ 50 bars; T ¼ 25�C; Initial composition of the liquid

phase: 0.748 mol methanol þ 0.134 mol H2O2 þ 0.253

mol H2O.

Figure 6. Regressed ethylene uptake profiles at various
stirring speeds using first-order model.

Slopes provide the mass-transfer coefficients.

Table 1. Volumetric Mass-Transfer Coefficients for
Ethylene1Methanol Binary Mixture and Ethylene 1 0.748

mol Methanol 1 0.134 mol H2O2 1 0.253 mol H2O
Quaternary Mixture

Agitation
speed (rpm)

Volumetric Mass Transfer Coefficient
(�1000, s-1)

Ethyleneþ
Methanol,

EthyleneþMethanol
þH2O2/H2O

0 0.49 0.32
200 1.81 5.12
400 4.92 5.42
600 7.31 6.32
800 10.21 7.61
1000 12.12 8.12
1200 13.21 8.21
1400 13.22 8.22

Figure 8. EO yield in the presence and absence of
mass-transfer limitations.

Ethylene P ¼ 50 bars; T ¼ 40�C; MTO amount ¼ 0.361

mmol; methanol ¼ 0.748 mol; H2O2 ¼ 0.116 mol; H2O

¼ 0.220 mol; acetonitrile ¼ 0.0191 mol; pyridine N-oxide
¼ 2.19 mmol; batch time ¼ 5 h; agitation speed (Ä:

1,200 rpm, � h: 400 rpm).
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loadings are, therefore, attributed to the greater concentration
of the active diperoxo species. It must also be noted that in
the wide range of conversions studied at the various temper-
atures, GC/FID analysis did not show any detectable peak
other than EO. It is, therefore, concluded that the concentra-
tions of the oxygenated products other than EO are on the
order of a few ppm at most. The absence of the ring opening
reaction to produce ethylene glycol is attributed to the pres-
ence of pyridine N-oxide. This weak base prevents the acid-
catalyzed ring opening reaction.6

Kinetic measurements were performed with a fixed cata-
lyst loading of 0.36 mmol at 50 bars and in the 20–40�C
temperature range. At these conditions, the ethylene concen-
tration in the liquid phase is typically in excess. Continuous
ethylene replenishment in the reactor to maintain constant
pressure ensures that the ethylene excess is maintained
throughout the reaction. At these conditions, the end-of-run
(� 5 h) EO yield increases from 0.015 mol to 0.049 mol as
the reaction temperature is increased from 20 to 40�C (Fig-
ure 9). The EO yield and selectivity at 40�C and 50 bars are
50% (based on H2O2 converted) and [98%, respectively.

For the kinetic analysis, the rate of EO formation is
assumed to be first-order with respect to the concentrations
of ethylene (CEL), hydrogen peroxide (CH2O2

), and the cata-
lyst (Ccat). Given that the catalyst and ethylene concentra-
tions in the liquid phase are maintained constant, the EO
yield vs. time data were regressed with a simple, constant-
density, pseudo first-order model for EO formation as fol-
lows:

dCEO

dt

� �
¼ k0CH2O2;t (5)

where k0 ¼ kCEL Ccat.

Recognizing that the moles of EO formed should equal
the moles of H2O2 converted

CH2O2;t ¼ CH2O2;0 � CEO;t (6)

Substituting Eq. 6 into Eq. 5 yields

dCEO

dt

� �
¼ k0 CH2O2;0 � CEO;t

� �
(7)

Applying the initial condition: t ¼ 0, CE,0 ¼ 0, the solu-
tion to Eq. 7 is given by:

� ln
CH2O2;0 � CEO;t

CH2O2;0

� �
¼ k0t (8)

The pseudo first-order rate constant for the ethylene epoxi-
dation system is estimated from temporal conversion and se-
lectivity data, where the H2O2 conversion (and hence EO
yield) is less than 15%. As inferred from Figure 10, the line-
arity of the data at each temperature, plotted according to
Eq. 8, validates the assumption of pseudo-first-order kinetics.
The pseudo first-order rate constants (k0), estimated from the
slopes, are tabulated in Table 3. Arrhenius plot of these rate
constants yields moderate activation energy of 57 � 2 kJ/
mol (Figure 11) with a pre-exponential factor of 3.8 (107)
s�1.

At 50 bars and 40�C, the volumetric mass-transfer coeffi-
cient (kla) and the epoxidation rate constant (k0) under the
operating condition are 0.0082 s�1 (Table 2), and 2.64(10�5)
s�1 (Table 3), respectively. The ratio of the observed reac-
tion rate (REO, estimated from the slope of the temporal EO
formation profile at early time) and the estimated reaction
rate under mass-transfer limitations (i.e., the product of the
volumetric mass-transfer coefficient and maximum concen-
tration of H2O2 in the liquid phase) is 3.21(10�3). This value

Figure 10. Regression of temporal EO yields based on
a pseudo first-order kinetic model.

P ¼ 50 bars; T ¼ 40�C; agitation speed ¼ 1,200 rpm;

MTO amount¼ 0.361 mmol; methanol ¼ 0.748 mol; H2O2

¼ 0.116 mol; H2O ¼ 0.220 mol; acetonitrile ¼ 0.0191 mol;

pyridine N-oxide ¼ 2.19 mmol; batch time¼ 5 h.

Table 2. Effect of Catalyst Loading on H2O2 Consumption
and Product Yields

Catalyst,
mmol

EO yield,
mol

H2O2 consumed,
mol

H2O produced,
mol

0.180 0.0248 0.0278 0.0234
0.361 0.0493 0.0478 0.0507
0.542 0.0697 0.0710 0.0698

P ¼ 50 bars; T ¼ 40�C; agitation speed ¼ 1,200 rpm; methanol ¼ 0.748
mol; H2O2 ¼ 0.116 mol; H2O ¼ 0.220 mol; acetonitrile ¼ 0.0191 mol; pyri-
dine N-oxide ¼ 2.19 mmol; batch time ¼ 5 h.

Figure 9. EO yields in the absence of mass-transfer
limitations.

P ¼ 50 bars; T ¼ 40�C; agitation speed ¼ 1,200 rpm;

MTO amount ¼ 0.361 mmol; methanol ¼ 0.748 mol;

H2O2 ¼ 0.116 mol; H2O ¼ 0.220 mol; acetonitrile ¼
0.0191 mol; pyridine N-oxide ¼ 2.19 mmol.

Table 3. Rate Constants for the Liquid Phase CEBC-EO
Process (P 5 50 bars)

Temperature, �C Rate constant k’, s-1

20 6.2 (10-6)
30 1.18 (10-5)
35 1.85 (10-5)
40 2.64 (10-5)
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is significantly less than the empirical criterion for the elimi-
nation of mass-transfer limitations shown in Eq. 9.35

a ¼ REO

klaCH2O2

\ 0:1 (9)

Comparison with conventional process

Table 4 compares the CEBC-EO process to the conven-
tional vapor-phase ethylene epoxidation process. The EO
yield and selectivity at 40�C and 50 bars are 50% (based on
H2O2 converted) and [98%, respectively. The process con-
ditions (50 bars, 20–40�C) in the proposed CEBC-EO pro-
cess are moderate and the ethylene productivity 1.61–4.97 (g
EO/h/g metal) is comparable to that observed in the conven-
tional process 2.2–4.1 (g EO/h/g metal).5 Furthermore, the
CEBC process is highly selective toward the desired product
EO, and no CO2 is detected as byproduct in either the gas or
liquid phases. The efficient utilization of ethylene feedstock
has the potential to make the CEBC-EO process economi-
cally favorable. However, H2O2 is more expensive than O2

as oxidant and this cost must be offset by not only the sav-
ings from better utilization of feedstock, but also reduced
operating expenses. The ethylene separation and recompres-
sion costs in the conventional process are rather high due to
the rather low (4–8%) per pass conversion, necessitated by
the propensity of ethylene and EO to form highly flammable
vapors in the presence of air. In contrast, the vapor phase in
the CEBC-EO process contains no O2, and the EO remains
substantially dissolved in the liquid phase at the operating
conditions. The absence of flammable vapor in the gas phase
makes the process inherently safe. This also means that the
ethylene conversion per pass is not constrained in the
CEBC-EO process, which should significantly lower the eth-
ylene purification and recycle costs. These avenues for cost
savings are being investigated via comparative economic
analyses of the CEBC-EO process and the conventional pro-
cess. Cradle-to-gate life cycle assessments are also underway
to assess if the savings in CO2 emissions (as a byproduct),
achieved in the CEBC-EO process, are offset by CO2 emis-
sions resulting from either increased power consumption or
from the use of other reagents that produce CO2 as byprod-
uct (e.g., H2O2 production).

Conclusion

A liquid-phase homogeneous catalytic process for selec-
tive ethylene epoxidation that operates at mild process con-
ditions uses benign reagents and completely eliminates ethyl-
ene and/or burning to CO2 has been fully characterized with
respect to the underlying thermodynamics, mass transfer
rates and intrinsic kinetics. The activation energy for ethyl-
ene epoxidation by methyltrioxorhenium catalyst using H2O2

as oxidant and PyNO as promoter is moderate (þ 57 � 2
kJ/mol). These fundamental investigations have helped opti-
mize operating conditions (P, T, stirring speed) to enhance
the ethylene solubility and its rate of dissolution in the liquid
phase, and, thereby, to maximize the EO productivity. The
EO productivity in the CEBC-EO process is comparable to
that in the conventional EO process.

The complete utilization of ethylene to produce EO and
the inherently safe nature of the CEBC-EO process provide
a stimulus for identifying the major economic drivers and
establishing performance benchmarks (e.g., catalyst life and
durability, H2O2 cost, reduction in CO2 emissions, etc.) for
economic viability. Indeed, successful commercialization of
such processes is needed to promote sustainability in the
chemical industry.
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Notation

C*E ¼ concentration of ethylene at the gas-liquid interface, mol L�1

CEL ¼ concentration of ethylene in the liquid phase at any time, mol
L�1

CEO,t ¼ concentration of ethylene oxide at time t, mol L�1

CH2O2;0
¼ initial (t ¼ 0) concentration of hydrogen peroxide in the

liquid phase, mol L�1

CH2O2;t
¼ concentration of hydrogen peroxide at time t, mol L�1

E ¼ activation energy, kJ mol�1

kla ¼ gas-liquid mass-transfer coefficient, s�1

k ¼ intrinsic rate constant for epoxidation reaction, L mol�1 s�1

k0 ¼ kCE pseudo first-order rate constant, s�1

P ¼ reactor pressure held constant at a predetermined value, bar
Pg ¼ pressure in the external ethylene reservoir at time t, bar

Pg,I ¼ initial ethylene pressure in the external reservoir, bar
Ps ¼ saturation vapor pressure of ethylene at reactor pressure and

temperature, bar
R ¼ universal gas constant, 0.082057 L bar�1 mol�1 K�1 or

1.985(10�3) Kcal mol�1 K�1 (or) 0.08314(10�3) KJ mol�1 K�1

rEO ¼ rate of ethylene oxide formation, mol L�1 s�1

T ¼ reactor temperature, �C or K
t ¼ elapsed time from the start of an experiment, s�1

VL ¼ liquid-phase volume at time t, L
Vm ¼ molar volume of the liquid phase, mol L�1

VR ¼ volume of the external ethylene reservoir, L

Table 4. Comparison of Key Parameters and Performance
Metrics in the Conventional and CEBC-EO Processes

Conventional
Process*

CEBC
Process

Pressure, bars 10-20 50
Temperature, �C 200-300 20-40
Conversion 10% per pass 50% per batch
EO Selectivity 80-90% 99þ%
CO2 byproduct 10-20% No CO2 detected
Productivity, g EO/h/g

of active metal
2.2-4.1 1.61-4.97

Reference 5.

Figure 11. Arrhenius plot for EO formation via the
CEBC-EO process.

P ¼ 50 bars; T ¼ 40�C; agitation speed ¼ 1,200 rpm;

MTO amount ¼ 0.361 mmol; methanol ¼ 0.748 mol;

H2O2 ¼ 0.116 mol; H2O ¼ 0.220 mol; acetonitrile ¼
0.0191 mol; pyridine N-oxide ¼ 2.19 mmol; batch time

¼ 5 h.
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V0 ¼ initial (t ¼ 0) volume of the liquid phase in the reactor, L
xE ¼ mole fraction of ethylene in the liquid phase
yE ¼ mole fraction of ethylene in the gas phase

Greek letters

/ ¼ gas-phase fugacity coefficient of ethylene (see online in
Supplementary Materials)

c ¼ liquid-phase activity coefficient of ethylene (see online in
Supplementary Materials)
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