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Propene oxide, which is one of the major commodity chemicals used in chemical industry, desperately requires
a new process for its production, because of the disadvantages that are encountered with the currently available
processes. This paper discusses the existing processes used for the production of propene oxidesthe
chlorohydrin and hydroperoxide processessand their advantages and disadvantages. Furthermore, the new
processes and catalysts under development for the propene oxide production are discussed, as well as the
challenges that are still limiting the applications of some of those prospects. The most important new
developments for the production of propene oxide discussed in this paper are: the hydrogen peroxide
combination process, the ethene oxide alike silver catalysts, the molten salt systems, and the gold-titania
catalyst systems.

I. Introduction

Propene oxide, which is also known as propylene oxide,
methyloxirane, or 1,2-epoxypropane, is one of the most import-
ant starting materials in the chemical industry. The production
of propene oxide consumes over 10% of all propene produced.1,2

In 1999, the total production for propene oxide amounted to
∼5.8 million tons per year.3 This market is annually growing
by ∼4%-5%.1,3 The major application of propene oxide is in
the production of polyether polyols (65%), which are mainly
used for the production of (polyurethane) foams. The second
and third largest applications are in the production of propene
glycol (30%) and propene glycol ethers (4%), respectively.4

Propene glycols are mainly used in the production of polyesters,
whereas propene glycol ethers are primarily used as solvents.

Propene oxide is currently produced using two different types
of commercial processes: the chlorohydrin process and the
hydroperoxide process. In 1999, the production capacity was
distributed evenly between these two processes; however,
because of the environmental impacts of the chlorohydrin
process, the most recently built plants are all using hydroper-
oxide process technologies. However, a disadvantage of the
hydroperoxide processes is the production, in a fixed ratio, of
a coproduct (either styrene ortert-butyl alcohol, depending on
which variant of the hydroperoxide process is applied). Because
these co-products are produced in a volume that is∼3 times
larger than that of propene oxide, the economy of the process
is primarily dominated by the market of the co-product. A major
research effort has been made in the development of alternative
direct epoxidation processes for the production of propene oxide.
The aim has been to develop a process for the direct gas-phase
oxidation, similar to the direct epoxidation of ethene. However,
the selectivity of the catalysts that have been developed for the
direct epoxidation using oxygen or air is, by far, insufficient to

result in a viable process (usually<30%, with the remaining
portion of the propene being converted to carbon dioxide). Olin
developed a process for the direct epoxidation of propene using
molten salt “catalysis”, claiming promising results of 65%
selectivity to propene oxide at 15% propene conversion.5

However, this process is not yet commercially applied. An
alternative to using alkyl-hydroperoxides, which are used in
dehydroperoxide processes, is hydrogen peroxide. Especially,
when TS-1 (titanium silicalite-1) is used as a catalyst, this allows
for the possibility of a very selective (95%) and hydrogen
peroxide-efficient production of propene oxide.6 However, the
major problem for the commercialization of this process is the
fact that, on a molar basis, propene oxide and hydrogen peroxide
have comparable market values, making it impossible to run
the process profitably at this time. For other epoxides used in
fine chemistry, the use of hydrogen peroxide or organic
peroxides is more favorable, because the cost of these oxidants
is much smaller, compared to the product value. The disadvan-
tage of the high cost of hydrogen peroxide for the propene
epoxidation can be solved by the in situ production of the
hydrogen peroxide, which is a process that is currently under
construction by Dow-BASF.7

Another route toward the production of propene oxide under
development is based on propene epoxidation, using a mixture
of hydrogen and oxygen over a gold-titania catalyst. After
Haruta and co-workers8 discovered this system almost a decade
ago, many research groups performed work on this catalyst.
Although the selectivity for propene oxide is very high, the low
conversion and hydrogen efficiency still need to be improved.
Also, the mode of operation of the catalyst is still unclear.

This paper will discuss the aforementioned propene epoxi-
dation processes that are in use and those under development,
and the paper examines the possibilities for alternative epoxi-
dation routes.

II. Current Processes

1. Chlorohydrin Process.The synthesis of ethane oxide and
propene oxide using the chlorohydrin route was first described
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in 1859 by Wurtz.9 In this reaction, the alkene reacts with
hypochlorous acid (HOCl) to produce the chlorohydrin. The
hypochlorous acid is produced in situ by an equilibrium reaction
of the acid with water and chlorine. The chlorohydrin is
thereafter dehydrochlorinated, using aqueous potassium hy-
droxide to produce the epoxide.10 The conversion of chlorohy-
drins to epoxides is performed by an adaptation of the Wilkinson
synthesis for ethers.11 This route has long been the main process
for producing both ethene oxide and propene oxide. In the
1940s, the process began to be phased out for the ethene
epoxidation, because of the development of a more-efficient
direct epoxidation process using a silver catalyst. After that
introduction, many ethene epoxidation plants that were using
the chlorohydrin process were converted for the epoxidation of
propene. The process is still applied for the propene epoxidation;
however, at the moment, it is gradually being replaced by the
more environmentally friendly hydroperoxide processes.

Figure 1 schematically demonstrates the chlorohydrin process.
The two reaction steps in the production of propene chlorohydrin
in the first reactor (chlorohydrination) are production of the
propene chloronium complex in the first reaction step,

followed by a reaction with water to produce two propene
chlorohydrin isomers.

The selectivity of these reactions to the chlorohydrin isomers
is ∼90%-95%. The byproducts formed are primarily 1,2-
dichloropropane (from the gas-phase reaction of propene with
chlorine) and smaller quantities of dichloropropanols (produced
from allyl chloride, which is also formed in the gas phase from
the reaction between propene and chlorine), as well as dichloro-
isopropyl ethers (from the reaction of the chloronium complex
with propene chlorohydrin). The chlorohydrination is usually
performed in a bubble column reactor at a pressure of 1.5 bar
and temperature of 323 K. Because of the corrosive nature of
the reaction mixture, the use of rubber-, plastic-, or brick-lined
equipment is necessary.

In the epoxidation reactor, the dehydrochlorination of propene
chlorohydrin occurs using a base (usually calcium hydroxyde).

The propene oxide is steam-stripped from this reactor, to prevent
base-catalyzed hydrolysis of the product. The dehydrochlori-
nation is performed in the same column where the products are
stripped from the wastewater stream (1 bar, 373 K). The
chlorinated hydrocarbons that are produced ultimately reside
in the propene oxide stream and must be removed. The brine
leaving the bottom of the reactor contains some propene glycols,
because the hydrolysis of propene oxide cannot be completely
avoided. These glycols and small amounts of other hydrocarbons
present must be removed biologically. Subsequently, the brine
is discharged, because the calcium chloride in the stream has
no commercial value. This is one of the major disadvantages
of the chlorohydrin process, because the amount of brine (5%
CaCl2) produced is usually∼40 times larger than the amount
of propene oxide produced and it is extremely difficult to remove
all hydrocarbons from this wastewater stream. Reuse of the
calcium chloride is not economically feasible, because of its
low commercial value. Alternatively, sodium hydroxide can be
used instead of calcium hydroxide. This has an advantage in
that the sodium chloride produced can then be used in the
production of chlorine, which can be discharged easier or
recycled in the first step of the process.4,12 Therefore, this
modification to the process is able to remove the environmental
problem of this process, to a large extent.

The raw propene oxide stream must be purified by distillation
from the water and chlorinated hydrocarbons. In this separation,
again, care must be taken that the propene oxide is not
hydrolyzed to propene glycol. The relatively large amount of
1,2-dichloropropane (up to 10%) is obtained as a second
“product” from the separation section. Because this compound
has very little usage, it not only causes a loss in yield, but also
creates a disposal problem.9 Alternatively, however, it is also
possible to recycle the chlorinated propanes to propane or
propene,13 which is a very effective way to improve the
attractiveness of the process and reduce the environmental
impact.

The two disposal problems (brine and chlorinated byproducts)
are the main reason that no new chlorohydrin plants are built
and old plants are closed down instead of being modernized.
Only the large-scale plants (>100 000 tons/yr) are expected to
remain operational for a longer period, because they are often
integrated with chlorine production plants.

2. Hydroperoxide Processes.Hydroperoxide processes are
based on the peroxidation of an alkane to an alkyl-hydroper-
oxide. These alkyl-hydroperoxides then react with propene,
producing propene oxide and an alcohol. A characteristic of
these processes is that, besides propene oxide, a coproduct is
produced in a fixed ratio, usually 2-4 times the amount of
propene oxide produced. Currently, two variants of this process
are applied commercially. The first is the propene oxide-styrene
monomer (PO-SM, also commonly abbreviated as SMPO)
process (∼60% of the hydroperoxide plants use this version).14-16

In this process, ethylbenzene is oxidized to ethylbenzene
hydroperoxide, which reacts with propene to produce propene
oxide andR-phenyl ethanol. TheR-phenyl ethanol is then
dehydrated to produce styrene. The second process in use is

Figure 1. Schematic representation of the chlorohydrin process for the
production of propene oxide.
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the propene oxide-tert-butyl alcohol (PO-TBA) process.17,18

In this process, isobutane is oxidized totert-butyl hydroperoxide
(TBHP), which reacts with propene to produce propene oxide
and tert-butyl alcohol. This can be dehydrated to isobutene or
converted directly with methanol to methyl-tert-butyl ether
(MTBE). Although other combination processes are possible,
no others have been applied so far. Other possibilities include,
for example, acetaldehyde to acetic acid, 2-propanol to acetone,
isopentane (viatert-pentyl alcohol) to isoprene, cumene (via
dimethylphenyl methanol) toR-methylstyrene, and cyclohexene
(via cyclohexanol) to cyclohexanone. Characteristics of the
hydroperoxide processes are that they are selective and produce
far less waste than the chlorohydrin process. However, the major
disadvantage of the hydroperoxide processes is that a fixed
amount of coproduct is always produced. Because the markets
for propene oxide and the coproducts are not linked, a problem
could arise, should the demand for one of the products collapse.
Since the use of MTBE as a fuel additive is becoming less
favorable (especially in the United States), the latest plants that
have been built using a hydroperoxide process are all of the
PO-SM type.

Figure 2 schematically demonstrates the PO-SM process.
The basic principle of the PO-TBA process is similar to that of
the PO-SM process, so both processes are discussed simulta-
neously. The first reactor converts the ethylbenzene or isobutane
noncatalytically to its corresponding hydroperoxide by direct
liquid-phase oxidation, using oxygen or air. The oxidation is
usually performed in a bubble column at 400 K and 30 bar when
isobutane is used, or 423 K and 2 bar in the case of
ethylbenzene. The reaction equation of this reaction in the PO-
SM process is

A disadvantage of the processes using isobutane is that a
relatively large fraction of the TBHP that is produced im-
mediately decomposes to TBA, thus reducing the ratio of
propene oxide to coproduct. The unreacted hydrocarbons are

removed and recycled. The hydroperoxide stream is sent to a
second reactor, where it catalytically reacts with propene to
produce propene oxide and an alcohol. The temperature in this
reactor is∼373 K at 30 bar pressure. The reactor used for the
epoxidation is usually a compartmentalized reactor with staged
propene feeding. The total conversion in the reactors is>95%
(of the hydroperoxide) at>95% selectivity to propene oxide,
and the only byproduct produced is acetone. Reaction 5 gives
the epoxidation reaction in the PO-SM process:

Most processes use either a homogeneous tungsten, molybde-
num, or vanadium catalyst or a heterogeneous titanium-based
catalyst to catalyze the epoxidation reaction.3,19 The disposal
of a homogeneous catalyst causes a waste/separation problem.
After the reactor, the propene and propene oxide are removed
consecutively from the liquid stream. In case of the PO-SM
process, the remaining stream still contains some unreacted
ethylbenzene, which then is removed and recycled. The alcohol
stream can then be dehydrated to produce styrene or isobutene,
or, for the PO-TBA process, thetert-butyl alcohol can be used
directly. An important side reaction that can occur in this
dehydration is the oligomerization of the styrene produced,
which results in a loss of catalyst activity and reduces the
catalyst lifetime.20

A process that is very closely related to these two hydro-
peroxide processes is operated by Sumitomo Chemical.21 In this
process, cumene is oxidized to its hydroperoxide, which is used
to produce propene oxide. The alcohol produced is subsequently
converted back to cumene over a copper-chromium oxide
catalyst to be reused in the process. The advantage of this
process is that cumene is easier to hydroperoxidate (more stable)
than styrene and that no coproduct is being produced. Propene
oxide selectivities of 99% can be obtained, whereas 95% of
the peroxide is used for the oxidation.

3. Ethene-Epoxidation-Type Silver Catalysts. 3.1. Ethene
Epoxidation Process.Since the 1940s, all newly built plants

Figure 2. Schematic representation of the propene oxide-styrene monomer (PO-SM) process for the production of propene oxide.
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for the production of ethene oxide have been based on a direct
oxidation process using a silver catalyst.22 A fixed-bed reactor
is used to epoxidize ethene at 500 K and 30 bar. A typical
conversion in the reactor is∼10%, to prevent a further oxidation
of the ethene oxide that is produced and to simplify the problems
caused by the exothermicity of the reaction. This relatively low
conversion explains why the use of pure oxygen is usually
preferred instead of air, because this simplifies the separations
necessary for the recycle stream. The catalyst used in the process
is a 10-20 wt % silver catalyst supported on low-surface-area
(<1 m2/g) R-alumina that contains several promoters. A typical
scanning electron microscopy (SEM) image of silver on an
alumina catalyst, similar to that used for the epoxidation of
ethene, is shown in Figure 3. The most important promoter on
the catalyst itself is an alkali metal, which is used to reduce the
catalyst acidity. Cesium chloride is often added to facilitate the
desorption of the epoxide.23 The selectivity of the reaction is
usually∼90%, with the remainder of the ethene being converted
to carbon dioxide. Recently, this selectivity has been gradually
increasing.24

3.2. Silver Catalyst.The ethane epoxidation silver catalyst
has a high metal loading on a low-surface-area support, typically
R-alumina. The use of unsupported silver as a catalyst is also
possible; however, this has a tendency to sinter at the reaction
temperature. Other possible support materials include inert
materials such as silicon carbide (which is also used com-
mercially), glass wool, and quartz. All support materials have
a low surface area, because microporous materials generally
yield poor results, which is due to the occurrence of heat
problems inside the particles and further oxidation of ethene
oxide produced in the pores.22

Originally, the idea existed that the epoxidation of ethene
over silver occurred by molecular oxygen, producing ethene
oxide and atomic oxygen on the catalyst. The atomic oxygen
then could only be removed from the catalyst via the complete
oxidation of ethene. This model resulted in a maximum
obtainable selectivity of 86%. This seemed to be confirmed by
the fact that higher selectivities had never been reached.
However, during the last 20 years, this idea started to change
and atomic oxygen has now been confirmed to be the active
species in all recent studies. One of the first studies to clearly
identify atomic oxygen as the active species was research that
was conducted by van Santen and de Groot,25 who studied the
initial reaction rates for silver surfaces precovered by either

atomic or molecular oxygen. In that study, the surfaces that were
precovered with atomic oxygen had significantly higher ethene
oxide production rates than the surfaces that were precovered
with molecular oxygen.

An explanation for the unique characteristics of silver in the
epoxidation of ethene is found in its ability to dissociatively
adsorb oxygen, which is weakly bound at high coverages.26 If
oxygen is unable to dissociate, the epoxidation will not occur.
When the oxygen-metal bond is too strong, the formation of
an epoxide is thermodynamically impossible. Oxygen adsorbed
on silver is also able to activate the C-H bond of ethene,
explaining the selectivities that were<100%. However, this
reaction is slower than the epoxidation reaction and the sites
most active for this reaction can be blocked using promoters.

The generally accepted reaction scheme for the epoxidation
of ethene over a silver catalyst is represented in Figure 4. This
reaction scheme indicates that the complete oxidation occurs
as both parallel and sequential reactions. The oxidation rate of
the epoxide (k3) is very small, compared to reactions 1 and 2.27

The reactions are zero order in oxygen and first order in ethene,
within the operating window of the process. When the same
silver catalyst is applied in the epoxidation of propene, the
reaction scheme in Figure 4 is also determined to be valid and
identical reaction orders are found; however, the selectivity
toward propene oxide is very low (usually<10%). The rate
constant for the complete oxidation of propene oxide is again
extremely low and negligible. The low selectivity for propene
oxide is primarily caused by the high rate of the complete
oxidation of propene, which is almost a factor of 10 faster than
the complete oxidation of ethene. On the other hand, the
epoxidation reaction of propene is almost a factor of 10 slower
than the epoxidation reaction of ethene. The next paragraph
discusses the differences in reactivity of propene and ethene
on a molecular scale to explain these differences in reactivity.

3.3. Reaction Mechanism in the Ethene and Propene
Epoxidation. Carter and Goddard28 presented a comprehensive
oxyradical mechanism to explain the differences in reactivity
of ethene and propene in both the epoxidation and the complete
combustion. This mechanism is based on valence-bond calcula-
tions on the thermodynamics of the different reaction steps and
is verified by experimental results. The active species is assumed
to be a surface atomic oxyradical, which is adsorbed atomic
oxygen with its unpaired electron pointing away from the
catalyst surface. This is in contrast to the di-σ oxide-type oxygen,
which has both electrons bonded to the silver surface. The
thermodynamic calculations suggest that the oxyradical type
oxygen will only form at higher oxygen surface coverages. This
is consistent with reported higher epoxidation selectivities at
higher oxygen surface coverages.26 This increasing selectivity
of the silver catalyst at an increasing oxygen coverage was
explained by Lambert et al.29 by a decreasing valence charge
density. The most common promoter for the reaction, chlorine,
has a similar electronic effect on the adsorbed atomic oxygen:
chlorine (or another halogen) adsorbed on silver decreases the
valence charge on oxygen adatoms, thereby favoring O-insertion
into the CdC bond, rather than C-H cleavage followed by
combustion.

Figure 3. Typical scanning electron microscopy (SEM) image of silver
(18 wt %) on anR-alumina catalyst, such as that used in ethene epoxidation
processes. The silver particles are the light-colored particles visible in the
picture. (Picture taken as a mixture between backscattered electrons (30%)
and secondary electrons (70%), to get an optimal contrast between silver
and alumina.)

Figure 4. Reaction scheme for the epoxidation and combustion of ethene.
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Figure 5 demonstrates the energy levels calculated by Carter
and Goddard28 for both the epoxidation and combustion of
ethene over atomic oxygen on a silver surface. When ethene
reacts with oxygen, the reaction can proceed two ways. The
first possibility is the C-H cleavage, causing the abstraction
of a H atom. This reaction has a relatively high activation energy
(184 kJ/mol), and once this reaction step has occurred, the only
possible subsequent reaction steps result in the complete
combustion of ethene. On the other hand, O-insertion into the
CdC bond, caused by an oxyradical attack on the double bond,
is able to proceed without a significant activation to produce
an oxygenated reaction intermediate. This intermediate can
subsequently produce adsorbed ethene oxide, with the desorption
of the epoxide only having a small barrier energy (42 kJ/mol).
This scheme is consistent with a decrease in epoxidation

selectivity at higher temperatures,25 because the initial barrier
for the combustion precursor will then be less of a problem.

When the scheme for the reaction of ethene is compared to
that of propene in Figure 6, it can be seen that these are largely
analogous. For propene, the direct abstraction of a H atom is
more favorable than that for ethene, because propene is able to
produce an allyllic intermediate. This allyllic intermediate results
in a significantly lower barrier energy (67 kJ/mol) for the direct
combustion step, which can partly explain the lower epoxidation
selectivity for propene. The initial reaction of the oxyradical
with propene to produce the epoxide precursor is thermody-
namically somewhat more favorable for propene than for ethene
(21 kJ/mol for ethene, 29 kJ/mol for propene), which could
partly compensate for this decrease in selectivity. A bigger
problem is the propene epoxide precursor. It has an alternative

Figure 5. Reaction scheme for the epoxidation and total oxidation reaction pathways for ethene over a silver catalyst.28

Figure 6. Reaction scheme for the epoxidation and total oxidation reaction pathways for propene over a silver catalyst.28
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reaction pathway available in addition to the epoxidation
reaction, as in the case for ethene epoxide precursor. Theγ-H
atoms of the propene oxide reaction intermediate extend∼0.27
nm across the surface from the location where the reaction with
the first O atom occurred. The distance between the different
O atoms on the surface is∼0.29 nm, which is close enough for
theγ-H atoms to reach. The abstraction of one of these H atoms
is favorable and the intermediate formed can only result in a
complete combustion of the molecule. This same reaction
intermediate will probably also be produced, when the allylic
intermediate that is produced from the direct hydrogen abstrac-
tion of propene is completely oxidized. The reaction step, in
which the epoxide precursor reacts with a neighboring O atom,
does not occur with ethene, because it has noγ-H atoms and
abstraction of aâ-H atom would result in the production of an
unstable carbene, which would have a high energy barrier.

A check on this mechanism can be made by comparing the
reactivity of compounds with and withoutγ-H atoms. Under
identical conditions, the reactivity and selectivity toward the
epoxidation of ethene, propene, and 3,3-dimethyl-1-butene were
determined. The results of these experiments are given in Table
1.30 This table shows that the selectivity for epoxidation of
ethene and dimethylbutene is significantly higher than the
propene epoxidation selectivity. No conclusions can be drawn
from the conversions on the reactivities of the different gases,
because, in the experiments, the conversion was limited by the
amount of oxygen present. Therefore, higher epoxidation
selectivities can result in a higher conversion, and the combus-
tion of longer hydrocarbons naturally results in lower conver-
sions. These measurements are in agreement with reported
selectivities on other alkenes withoutγ-H atoms, such as
norbornene and styrene.31 However, it is difficult to distinguish
whether the higher selectivities for dimethylbutene, norbornene,
and styrene are caused by a lower direct hydrogen abstraction
rate or are due to a lower hydrogen abstraction rate of the
oxygenated intermediate on the catalyst surface. These tested
compounds all lack the allylic stabilization of the intermediate
that is formed after the direct hydrogen abstraction. However,
because these components possess a significantly larger amount
of H atoms, it would be expected that the direct hydrogen
abstraction rate would be relatively higher. Eastman is able to
selectively epoxidize butadiene over a silver catalyst with a high
selectivity, because this molecule also does not have the reactive
allylic H atoms. This reaction has been discussed in detail by
Monnier.23

Assuming that high selectivities over a silver catalyst can be
obtained for the propene epoxidation if one were able to block
the hydrogen abstraction of the oxygenated surface intermediate,
it naturally comes to mind that this might be achieved by
increasing the distance between the O atoms on the silver
surface. The easiest way to establish this would be to reduce
the oxygen surface occupancy on the catalyst. However, at
reduced oxygen coverages, the valence charge density of the
adsorbed oxygen increases, causing the selectivity to decrease

dramatically.29 Another possibility is to increase the distance
between the Ag sites on the catalyst. This type of catalyst can
be created by alloying the silver with an inert material.

An isolated-site silver catalyst can easily be created by
alloying gold with silver. Silver and gold are able to form stable
alloys (exothermally) in every composition, and gold is totally
inactive in either propene epoxidation or combustion in the
temperature range used for epoxidation. In a study by Geenen
et al.,27 both the epoxidation of ethene and propene over
supported silver-gold alloy catalysts were examined. In their
study, they determined the epoxidation activities for both ethene
and propene at gold surface contents up to 50%. However, the
epoxidation selectivity decreased as the gold content increased,
which is an observation that was also made by Toreis and
Verykios32 for the ethene epoxidation over gold-silver alloy
catalysts. Geenen did not observe changes in the reaction rate
as a function of the gold content. In the case of the oxidation
of propene, the catalyst started making an increasing amount
of acrolein when more gold was added (no acrolein production
is detected in the absence of gold). This selectivity toward
acrolein reaches almost 100% at a gold content of>75% on
the surface. This is explained by the presence of isolated Ag
sites at the catalyst. These sites are unable to dissociate oxygen,
and, therefore, oxygen only adsorbs in molecular form. This
molecular adsorbed oxygen can react with propene, according
to the mechanism in Figure 7, producing acrolein.

3.4. Outlook toward the Possibility of a Propene-Epoxi-
dizing Silver Catalyst. If one summarizes the models mentioned
in the previous paragraphs, two important points remain:

(1) A significant portion of the combustion of propene is
caused by the reaction ofγ-H atoms of an adsorbed oxygenated
propene oxide precursor with a neighboring adsorbed O atom;
and

(2) Propene oxide is formed from atomic oxygen only. The
active oxygen species exists only at relatively high oxygen
coverages.

By combining these points, it can be concluded that if one is
able to create a silver catalyst with isolated active sites and put

Table 1. Comparison between Measured Conversions and
Selectivities for the Epoxidation of Ethene, Propene, and
3,3-Dimethyl-1-butenea

gas
conversion

(%)
epoxidation selectivity

(%)

ethene 17.8 47.4
propene 7.5 6.0
3,3-dimethyl-1-butene 4.0 25.0

a Data taken from ref 30. Conditions were as follows: 6.6 g of ethene
epoxidation-type silver catalyst (18 w% Ag onR-Al 2O3); 1.7 bar; 498 K;
54 NmL/min flow; composition of 11% O2, 33% alkene, and 56% N2.

Figure 7. Reaction scheme for conversion of propene to acrolein over an
isolated-site silver catalyst.27
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atomic oxygen on these sites, this catalyst should be able to
make propene oxide selectively, provided that it is not necessary
for propene to adsorb on the catalyst next to the oxygen. The
calculations by Carter and Goddard28 confirm that a separate
propene adsorption is not necessary. A relatively simple way
to create the catalyst is to use a silver-gold alloy. Because it is
necessary to create atomic oxygen on this catalyst and (di)-
oxygen does not dissociate on the isolated sites, an alternative
way of providing atomic oxygen must be found. A possibility
could be the use of nitrous oxide (N2O), because silver is a
good catalyst for the decomposition of nitrous oxide.27 Although
this concept should work in theory for the production of propene
oxide, attempts to prepare a working catalyst so far have been
unsuccessful.30

A variety of the classical ethene-epoxidation silver on an
R-alumina catalyst has been developed over the past years by
ARCO (now Lyondell).21,33-35 This catalyst, especially for the
propene epoxidation, consists of high-loaded (typically 30%-
60%) silver on a calcium carbonate catalyst that contains
potassium, molybdenum, and chlorine promoters. In the propene
epoxidation in the presence of chloroethane, nitric oxide, and
carbon dioxide, a very promising propene oxide selectivity of
almost 60% was obtained at a conversion of 3%.34 For this
catalyst, it is shown that, contrary to the ethene oxide silver
catalyst, smaller silver particles are considerably more selective
for the epoxidation.33 The reason this catalyst performs so much
better for the propene epoxidation is not yet clear. However,
the development of this catalyst system undoubtedly brings a
commercially attractive silver catalyst for the propene epoxi-
dation considerable closer.

More recently, silver has also been used as a propene
epoxidation catalyst in cooperation with titania.36,37In this case,
both hydrogen and oxygen are needed to perform the epoxida-
tion. The reaction mechanism is expected to be similar to that
of the gold-titania catalysts that are discussed in one of the
next paragraphs. However, the performance (conversion and

selectivity) of these silver catalysts is considerably less than
that of the gold-titania catalysts.

4. Hydrogen Peroxide Combination Process.A recent
development in the production of propene oxide is the produc-
tion of propene oxide using hydrogen peroxide produced in
integrated process.7,38-40 Although commercially available
hydrogen peroxide is no alternative as an oxidizing agent for
the epoxidation of propene, because of its high cost, this process
is viable if the hydrogen peroxide is produced in situ. The most
expensive step in many chemical processes is the separation of
the products, which is also the case for the production of
hydrogen peroxide. Currently, most hydrogen peroxide is
produced using the anthrahydroquinone autoxidation process.41

In this process, the hydrogen peroxide is produced in diluted
form in a water-methanol mixture. The zeolite titanium
silicalite-1 (TS-1) is able to very selectively epoxidize propene
using diluted hydrogen peroxide.6,42 For this reaction, many
other catalysts also are possible, and an excellent overview of
these is given by Lane and Burgess.43

A cost-saving feature in this process is that, instead of
separating the hydrogen peroxide produced, it can be used
directly in the epoxidation of propene. The separation of the
propene and propene oxide from the water-methanol mixture
can easily be accomplished, which allows an excellent integra-
tion of a hydrogen peroxide process and a propene epoxidizing
process. This integrated process was originally under develop-
ment by Enichem38 but finally commercialized by Dow-BASF.7

The technology used for the production of hydrogen peroxide
is provided by Solvay, which participates in a joint venture with
BASF to provide the hydrogen peroxide needed for the
epoxidation.44 At this moment, a plant is under construction in
Antwerp, Belgium, with more planned to be built soon.

A simplified representation of such an integrated process is
given in Figure 8. The two reactors in the left portion of this
figure depict the hydrogen peroxide synthesis from hydrogen
and oxygen using anthrahydroquinones, and the reactor in the

Figure 8. Suggested flow scheme for a propene epoxidation process by integrating a anthrahydroquinone hydrogen peroxide production process with a
propene epoxidation reaction catalyzed by TS-1.
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center is the epoxidation reactor. When the quinones used in
this process are alternately oxidized and reduced, they produce
hydrogen peroxide. The oxidation and reduction are performed
in two separate reactors. A bubble column is applied for the
oxidation of the quinones, during which the hydrogen peroxide
is produced. For the palladium-catalyzed hydrogenation of the
quinones, a slurry, fixed bed, or monolith reactor can be used.
Both hydrogenation and oxidation are performed at∼320 K
and 1.2 bar. Reactions 6 and 7 show the hydrogen peroxide-
producing reactions of the quinones for the most commonly
used 2-ethylanthrahydroquinone.

The hydrogen peroxide synthesis is performed in a mixture of
a hydrophobic (e.g., xylene) and a hydrophilic (water+
methanol) phase. These phases are separated using a settler after
which a hydrogen peroxide-containing water-methanol stream
is obtained. The hydrogen peroxide in this stream is used to
epoxidize propene (at close to 100% conversion), using TS-1
as a catalyst.

The epoxidation reaction using TS-1 is conducted in a fixed-
bed reactor at 313 K and atmospheric pressure. After some
relatively simple separation steps, the propene oxide is obtained
and the water-methanol mixture is returned into the hydrogen
peroxide synthesis.

Although it is also possible to use other catalysts, such as
molybdenum oxide or tungsten oxide, to epoxidize propene with
hydrogen peroxide, these catalysts are all extremely sensitive
to the presence of water.45,46 Homogeneous catalysts are not
preferred, because of additional separation costs.

A comparable route for the production of propene oxide is
being commercialized by Degussa-Headwaters.39 They suc-
cessfully integrated a process to produce propene oxide using
hydrogen peroxide with the new Degussa-Uhde process for
the direct production of hydrogen peroxide from hydrogen and
oxygen.

A different approach in this epoxidation route would be to
perform all three reactions (the oxidation and reduction of the
quinones and the epoxidation) in the same reactor.40 This process
was demonstrated on a laboratory scale; however, the practical
application of the process will be complicated by the explosive
nature of a hydrogen-oxygen mixture. Furthermore, the pro-
duction of hydrogen peroxide using quinones in a single reactor
has not yet been applied, making the single reactor approach
more precarious than the split reactor process. One option might
be to produce hydrogen peroxide using gold catalysts;47,48

however, this system is still in an early stage of research. It has
been demonstrated that propene oxide can be produced on the
laboratory scale, using a Pd-Pt/TS-1 catalyst, which also
produces the hydrogen peroxide in situ.49 However, catalyst
deactivation and the oxidation of the methanol solvent are still
a major problem. Therefore, the actual application of the process
shown in Figure 8 is more feasible, because this process can

easily be integrated with an existing hydrogen peroxide produc-
tion facility and is more flexible, because it can also be applied
for other TS-1 catalyzed oxidations using hydrogen peroxide.

5. Other Processes. 5.1. Epoxidation Using Nitrous Oxide.
An alternative oxidizing agent for the epoxidation of propene
that has been extensively investigated is nitrous oxide (N2O).50-52

Especially after the discovery of Panov,53 that Fe-ZSM-5
zeolite selective oxidations could be performed using nitrous
oxide, this oxidant has received much attention for many
different oxididation reactions.54 For a potassium-promoted iron
oxide on SBA-15 catalyst propene oxide, selectivities of up to
80% have been obtained at conversions of up to 5%,55 which
would be sufficient to run a propene epoxidation process. A
major disadvantage for an oxidation process using nitrous oxide
for a bulk chemical such as propene oxide, however, is that
nitrous oxide is not commercially available in large quantities.
Virtually all nitrous oxide currently produced is produced as a
byproduct of the adipic acid production using the nitric oxide
production of cyclohexanol.56 If one were to produce propene
oxide using nitrous oxide, it would be necessary to place the
production facility close to an adipic acid plant. The largest-
scale adipic acid plants that are currently in use produce
∼300 000 tons of adipic acid per year. Although these adipic
acid processes can produce nitrous oxide in equimolar amounts,
the amount of propene oxide produced as a coproduct next to
adipic acid could, by estimate, be only 30 000 tons/yr, which
is only a very small-scale production of propene oxide. If one
were to envision this process as a way of disposing of the
harmful (greenhouse gas) nitrous oxide, this could be a
moderately profitable process.

If one would want to produce larger quantities of propene
oxide, it would be necessary to produce nitrous oxide especially
for this purpose by converting ammonia. However, one would
then effectively be using>1 mol of methane to produce 1 mol
of nitrous oxide, which would be not very efficient. The use of
nitrous oxide as an oxidant is discussed in more detail by
Lange.57

5.2. Epoxidation Using Molten Salts.A conceptual process
for the epoxidation of propene using molten alkali-nitrate salts
was developed by Olin. Olin has filed a large number of patents
on this process (see, e.g., refs 5 and 58-61), the latest of which
dates back to 1991.61 In this process, at a pressure of 20 bar
and a temperature of 473 K, a propene oxide selectivity of 65%
at 15% propene conversion is reported when a propene-air
mixture is flowed through a molten alkali-nitrate salt mixture.
The major byproducts are aldehydes, carbon monoxide, and
carbon dioxide. Recirculation of the aldehydes resulted in an
increased selectivity. Higher selectivities have been reported
when a supported palladium co-catalyst is used58 or when
sodium hydroxide is added to the molten salt.59 Using the same
molten salt systems, it has also been reported that propane can
be directly epoxidized to propene oxide.60 However, the reported
selectivities for the epoxidation of propane are low (<15%).
Note that the reported high epoxidation selectivity of 65% with
a propene conversion of 15% should be sufficiently high to run
a profitable direct epoxidation process.

In a study by Nijhuis et al.62 into the molten salt catalysts, it
was shown that the function of the molten salt was not a true
catalytic one, but that the molten salt only is the initiator of a
homogeneous gas-phase reaction. In several reports on the
propene epoxidation using a homogeneous gas-phase reaction,63-65

high propene oxide yields have been obtained. After their molten
salt patents, Olin also patented a process in which propene oxide
was produced in a homogeneous gas-phase reaction66 at a
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selectivity of up to 65% at 7% propene conversion. The
disadvantage of performing the propene epoxidation in a
homogeneous gas-phase reaction is that it is extremely sensitive
to the reactor and operation conditions. In studies that have been
performed under similar conditions in the literature, very
different conversions and selectivities have been obtained.62-65

Furthermore, the large amount of (side) product produced makes
the separation expensive. However, if one should be able to
operate a process for the propene epoxidation in a homogeneous
gas-phase reaction in a controlled manner (whether in the
presence or absence of a molten salt), this is a promising method,
given the propene oxide yields that have been reported.

5.3. Homogeneous Catalysts.Although a large number of
homogeneous catalytic systems67 are available to epoxidize
alkenes, almost all of these catalysts only use hydroperoxides
as oxidant.46 Using these hydroperoxides, high selectivities
(>90%) at moderate propene conversions (10%) can be
obtained.68 When (di)oxygen is used as an oxidant, on the other
hand, the epoxidation selectivities are usually much lower
(<15%),69 although higher selectivities (up to 50% at 12%
conversion) are also reported.70 A major problem of more-
selective homogeneous catalysts is that the catalyst is being
consumed during the reaction.71 This consumption can usually
be explained by one of the following two reasons. First, when
the “catalyst” oxidizes propene, it cannot be reoxidized by
molecular oxygen. Second, when the “catalyst” takes up an
oxygen molecule (O2), it epoxidizes propene and loses one O
atom. The second O atom remains bonded to the “catalyst”.
This latter O atom is not active in the epoxidation reaction and
the catalyst is deactivated. The catalyst could, in this case, be
reactivated by reduction in a second reactor.

Although some of the homogeneous catalysts found so far
are performing better than most heterogeneous systems, no
processes based on these homogeneous catalysts are applied.
An explanation can be found in the general disadvantages of
homogeneous catalysts: the necessity of an extra separation of
the catalyst from the liquid stream leaving the reactor and the
loss of catalyst and/or ligand(s). Because propene has a high
vapor pressure, the use of a solvent for the reaction will also
be necessary, unless one is prepared to operate the process at a
high pressure. Because propene oxide is a cheap bulk chemical,
these extra costs (separation and pressure) can make a homo-
geneous process a costly one. Nevertheless, it might be
worthwhile to consider homogeneous processes, because they
are successfully applied in other selective oxidation processes,
e.g., the production of terephthalic acid and the Wacker
oxidation of ethene.

5.4. Gold-Titania Catalysts.Approximately eight years ago,
gold-on-titania catalysts were reported for the first time by
Haruta et al. as selective catalysts for the direct epoxidation of
propene.8 The largest advantage of these catalysts for the
propene epoxidation is that they are capable of epoxidizing
propene very selectively (selectivities of 99+% are very
common) under mild conditions (typically 323 K and 1 bar).
The original application of catalysts based on gold nanoparticles
was the low-temperature CO oxidation.72 Since that time, these
catalysts have received a considerable amount of attention from
many groups over the past year.73-85 Despite all this attention,
the mode of operation of these catalysts for the propene
epoxidation is still a matter of discussion. Both gold and titania
seem to be a necessity for a catalyst to be able to epoxidize
propene, although propene oxide also can be produced in a
similar manner using silver on titania37 or gold on silica86 at a
lower selectivity. The fact that this oxidation reaction requires

hydrogen to be present next to oxygen, as well as the fact that
propene can be epoxidized very selectively by hydrogen
peroxide over titania, creates the common assumption that the
reaction mechanism involves a peroxide species that would be
produced by gold.87-89 Theoretical calculations have shown that,
indeed, OOH90 or hydrogen peroxide91,92 can be produced on
small gold particles. However, currently, no experimental
evidence exists that this is also occurring during the propene
epoxidation, which makes this peroxide mechanism speculative.

Gold-on-titania catalysts still need considerable improvements
for them to be made attractive for application in a large-scale
process. The main issues that must be addressed are the activity,
the hydrogen efficiency, and the catalyst stability.93,94Typically,
at this time, the “normal” gold-on-titania catalysts have a
propene conversion of up to 1% with a propene oxide selectivity
of >95% and a hydrogen efficiency on the order of 30% (the
hydrogen efficiency is defined as the amount of propene oxide
produced divided by the amount of hydrogen consumed). Both
a higher conversion level to propene oxide and a higher
hydrogen efficiency will be needed for profiting process
economics, because, otherwise, the costs of both the hydrogen
and the separations will be too high.24

A key parameter for the catalytic activity is believed to be
the shape and size of the gold particle. Haruta and co-workers8,95

have shown that hemispherical gold particles 2-5 nm in size
are optimal for the epoxidation. Particles smaller than 2 nm
catalyze the hydrogenation of propene to propane, because of
the different electronic properties of the gold. Particles that are
too large have a relatively higher selectivity toward the
combustion. Most likely, this is caused by a decreasing gold-
titania interface, when expressed per quantity of gold, which is
seen as the site/area where the epoxidation occurs. Spherical
gold particles are also less active than hemispherical particles,
because they have a relatively smaller gold-titania interface.
For the CO oxidation, Chen and Goodman73 showed that there
is a large promotional effect for titania on gold when gold is
deposited as a well-defined layer on it. For gold particles on a
support, this effect will be largest when the contacting surface
area is largest, which supports the observation from Haruta. A
picture of a typical gold-on-titania catalyst that can be used for
the epoxidation of propene is shown in Figure 9.

Figure 10 shows the reaction mechanism for the propene
epoxidation over gold-titania catalysts, such as that most

Figure 9. Transmission electron microscopy (TEM) picture of a typical
Au/TiO2 catalyst.86 The gold particles are the large (2-6 nm) round dark
particles visible in the picture supported on the lighter-colored large (20-
60 nm) titania particles. The larger dark particles are thicker titania particles.
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recently proposed in the literature.86,96The most important steps
that have been proposed are the formation of a peroxide species
on the gold (the rate-determining step), a reactive adsorption
of propene on titania (catalyzed by the gold nanoparticles) to
produce a bidentate propoxy species on titania, and a reactive
desorption of this adsorbed species to produce propene oxide
as it reacts with the peroxide species on the gold. A very
important side reaction that causes the deactivation of the
catalyst is the consecutive oxidation of the bidentate propoxy
species to carboxylates.86,97The strong adsorption of the propene
oxide produced is a key parameter in the catalytic activity.
Competitive adsorption of water or alcohols can be used to
reduce propene oxide adsorption and slow the deactivation,
because less propene oxide is present to be adsorbed on the
support.94,98

For the gold-titania catalysts, an improved propene oxide
yield can be obtained using a support that contains titania in a
dispersed manner, typically by using a Ti-Si support.87,88,99,100

Although the reaction temperature for these catalysts is typically
50-100 K higher than for the gold-titania catalysts, they are
considerably more stable (less deactivation) and have a higher
propene oxide yield. Modifying the surface of a Ti-Si support
by sylilation,101,102methylation,102or fluoridation102can improve
the performance of the catalyst even further. Propene conver-
sions up to 10% have been obtained at 90% selectivity, although
the stability of the catalyst at this high conversion level needs
to be improved significantly. Improved hydrogen efficiencies
have been reported using CsCl as a promoter.103 In patent
literature, promoters such as sodium, barium, rubidium, lithium,
and magnesium,104 as well as potassium, calcium, and lantha-
num,102 have been added to improve the catalyst. One of the
important functions of these promoters is to block acidic sites

on the catalyst, which could decompose or oligomerize propene
oxide. Also, alloying the gold with small quantities of platinum
or palladium has been reported as an excellent way to improve
the hydrogen efficiency of this type of catalyst.105,106A catalyst
that contains only platinum on a titania-silica support was
reported to also have some propene epoxidation activity;106 in
this case, however, the reported hydrogen efficiency was
dramatically low (<0.1%).

The improvements that are still being made to the gold-
titania catalysts make it likely that, in the future, a gold-titania
catalyst for an economically viable process can be found. The
main advantage of such a process would be the simplicity of
the direct oxidation in a single stage.106 The elucidation of the
mode of operation of these catalysts will be key to be able to
make the needed improvements to the catalyst.

Recently, Hughes et al.107 showed that gold catalysts sup-
ported on carbon can also be used for selective epoxidation
reactions without the need of a sacrificial reductant such as
hydrogen. Although this catalyst has not been tested for the
propene epoxidation yet and the activity is still low, this work
shows that the gold catalysts are still making big steps forward
in selective oxidation catalysis.

5.5. Other Processes.To develop a new propene epoxidation
process, many alternative approaches have been mentioned in
the literature. These include the epoxidation using photochemi-
cally activated oxygen,108 electrochemical processes,109 and
biocatalytic systems (enzymes and/or microorganisms).2 How-
ever, so far, none of these alternative approaches have produced
sufficient propene oxide yields to be able to be considered soon
as a viable alternative for the existing processes.

Figure 10. Schematic representation of the model of reaction and deactivation for the propene epoxidation over gold-titania catalysts.86,96
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III. Future Outlook

Although new processes for the epoxidation are now coming
into operation, these should not be considered to be the best
solution for the propene epoxidation for the future, nor should
the importance of the current processes in operation be
discounted. The chlorohydrin process is continuously undergoing
small improvements, making it cleaner and cleaner, the chlorine
loop is being closed, and the chlorinated side products are being
recycled. The hydroperoxide processed will maintain a very
important position as long as there is a high demand for their
coproducts. Considering the huge market for styrene, especially,
the PO-SM process will be in use for a long time. The new
processes developed based on a hydrogen peroxide oxidation,
produced from hydrogen and oxygen, either by producing it
separately or by producing it in situ on a gold catalyst, are very
clean processes and, at this moment, have a very promising
future; however, the extra energy lost in these processes, in the
form of hydrogen being converted to water, make them only a
temporary solution. Therefore, the most promising new process
for the propene epoxidation will be a direct epoxidation process
using only molecular oxygen that still must be developed,
comparable to the current ethene epoxidation process.

IV. Conclusions

With the increasing demand for propene oxide and the
limitations of the processes currently in operation, new processes
are highly desirable. The new Dow/BASF process that is under
construction is a clean process with an unlinked propene oxide
production, although the process itself is relatively complex, in
that it first produces hydrogen peroxide and thereafter uses that
as the oxidant for the epoxidation.

Silver catalysts for the direct epoxidation of propene using
oxygen are still not yet viable, although the new silver-calcium
carbonate catalyst is a very promising step forward. The gold
catalyst systems for the epoxidation are also very promising,
yielding very high selectivities under mild conditions; however,
the catalyst deactivation, hydrogen efficiency, and conversion
still must be improved.

In conclusion, it can be said that the research into new
catalysts and processes for the propene epoxidation is not at its
end. Improvements are being made continuously and new
processes to replace the two existing processes are beginning
to be applied.
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