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Abstract

The epoxidation of propene with hydrogen peroxide and a titanium silicalite catalyst with MFI structure was investigated
in detail. The relationship between catalytic activity and propylene oxide selectivity can be explained by the acidification of
water coordinated to the active titanium site and its reversible deprotonation to an ate complex, which inhibits the formation
of the active species for epoxidation. Pretreatment of the catalyst with neutral or acidic salts improves the propylene oxide
selectivity without affecting the catalytic activity. Catalyst deactivation occurs by blocking of the zeolite micropores with
propylene oxide oligomers. The deactivated catalyst can be regenerated by refluxing with dilute hydrogen peroxide.
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1. Introduction

Titanium silicalite has been shown to be an
efficient catalyst for the epoxidation of olefins
with hydrogen peroxide [1,2]. The epoxidation
of propylene has been investigated in some
detail [3] and offers a clean and economically
viable alternative to existing processes for
propylene oxide manufacture. Therefore, we
have studied the factors determining the cat-
alytic activity and selectivity of titanium sili-
calite in propylene epoxidation and investigated
the mechanism of catalyst deactivation, which
occurs during its use in epoxidation and devised
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a simple method to regenerate the catalyst in the
liquid phase.

Titanium silicalite is a silicalite zeolite with
MFI structure, in which up to 2.5% of the
silicon framework positions are occupied by
tetravalent titanium. Therefore, the titanium
atoms, which are the catalytically active sites,
are located in a hydrophobic environment within
the zeolite micropores. In the dry state, the
titanium atoms on framework positions are te-
trahedrally coordinated. This makes them Lewis
acids with up to two available coordination sites
for nucleophilic molecules. However, the coor-
dination of these additional ligands is relatively
weak (they can be removed in vacuum at low
temperatures) and the titanium stays firmly
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bound in its framework position even in the
presence of strong ligands, such as hydroxide or
ammonia. The combination of these properties
leads to the unique activity of titanium sili-
calites in the activation of aqueous hydrogen
peroxide.

2. Experimental

Titanium silicalite with MFI structure was
prepared by the procedure given in [4].

Hydrogen peroxide concentrations were de-
termined by redox titration with cerium(IV) sul-
phate and ferroin indicator. Propylene oxide and
by-product (1-methoxy-2-propanol, 2-methoxy-
1-propanol, 1,2-propanediol) concentrations
were determined by GLC on a DB5 megabore
capillary column with a DANI 8500 GC and a
DANI 86.80 autosampler using methyl tert-butyl
ether as internal standard.

Activity tests were performed as batch reac-
tions in a 500 ml thermostated autoclave,
equipped with a gas dispersing stirrer and a
pressure regulator for propene. 1 g titanium
silicalite catalyst, 2.5 g methyl tert-butyl ether
and 300 ml methanol were charged under a
propene atmosphere at 40°C and saturated with
propene at 3 bar. Then 13.1 g 30% hydrogen
peroxide were added in one portion and the
reaction mixture was stirred at 40°C at a con-
stant pressure of 3 bar, supplementing the
propene amount consumed by the reaction.
Samples were withdrawn over a filter at regular
intervals and analyzed for hydrogen peroxide
and propene oxidation products.

Continuous epoxidation reactions were run in
a similar reactor, that was fitted with a line for
withdrawing product, which had a filter mounted
inside the reactor and submerged in the reaction
mixture to retain the catalyst in the reaction
mixture throughout the reaction. The reactor
was charged with 5 g titanium silicalite catalyst
and 295 g methanol, heated to 40°C and pres-
surized with propene at 3 bar. Then, a mixture
of 464 g 50% hydrogen peroxide, 2668 g

methanol and 68 g methyl tert-butyl ether was
added at a rate of 300 g/h. At the same time,
propene was supplemented to maintain the pres-
sure and the reaction mixture was withdrawn
over the filter to keep the content of the reactor
at a constant weight. Samples were taken from
the filtered reaction mixture at regular intervals
and analyzed as above.

The salt treatment of catalysts was performed
by adding 50 mmol of the salt to a suspension
of 5 g titanium silicalite in 500 ml deionized
water and stirring for 4 h at 20°C. Treated
catalysts were filtered, washed with deionized
water until neutral reaction of the filtrate, washed
with methanol and dried in air at ambient tem-
perature before the activity test.

Regeneration of titanium silicalites was
achieved by refluxing a suspension of 1 g tita-
nium silicalite in 25 ml 5% hydrogen peroxide
for the stated time period. The catalyst was then
filtered, washed with deionized water and
methanol and dried in air at ambient tempera-
ture before the activity test.

3. Results and discussion
The catalytic activity of titanium silicalite

samples was determined in batch reactions at
constant propene partial pressure using stan-
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Fig. 1. Hydrogen peroxide conversion in batch epoxidation of

propene with titanium silicalite catalyst. Activity number k =21
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Fig. 2. Solvent dependence of catalytic activity.

dardized reaction conditions. Typical yields of
propene oxidation products were 97% on H,0,
with a propylene oxide selectivity of 97%. The
decrease of hydrogen peroxide concentration
followed pseudo first order kinetics up to 95%
hydrogen peroxide conversion (Fig. 1). Activity
numbers k were determined as pseudo first
order rate constants from the plots of
In(cy o,/ C,0,0) Versus time by linear regres-
sion using the equation dcy o /dt= —k-cy ¢
" Ceatatysts WItH Coppare taken as the weight frac-
tion. In repeat experiments, activity numbers
could be reproduced within 15%. Reactions run
with different solvents confirmed earlier obser-
vations [3], that the highest activity is obtained
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in methanol (Fig. 2). Therefore, all further ex-
periments were performed in methanol.

The by-products of the propene epoxidation
were identified using GC-MS and reference
compounds and are shown in Scheme 1, ordered
by the amount found. All identified by-products
were formed from propylene oxide by epoxide
ring opening and reaction with a nucleophile.
The ratio of the major by-products 1-methoxy-
2-propanol and 2-methoxy-1-propanol indicates,
that the ring opening of propylene oxide is acid
catalyzed.

By-product formation by acid catalyzed reac-
tions suggests an improvement of catalyst selec-
tivity upon treatment of the catalyst with a base.
The effect has been described in a patent [5],
but our detailed reinvestigation showed a detri-
mental effect of the base treatment on catalytic
activity and an unexpected way of improving
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Fig. 3. Catalytic activity and by-product formation with sodium salt treated titanium silicalite.
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selectivity with little loss of activity. Fig. 3
summarizes the activity and the amount of by-
product formation for catalysts, that were treated
with dilute aqueous solutions of a sodium salt at
room temperature before the activity test. Data
are arranged in the order of increasing basicity
of the anion, starting with neutral or even acidic
salts at the top and going to medium to strong
bases at the bottom. As expected, the amount of
by-product formation decreases on the way
down, but at the same time, most of the activity
is lost. With medium to strong bases, the cat-
alytic activity for epoxidation was almost com-
pletely blocked and conversions were to low for
a quantitative determination of by-products.
Quite unexpected, however, was the significant
increase in selectivity upon catalyst treatment
with neutral salts, such as Na,SO,, or acidic
salts, such as NaH,PO,, which at the same time
had only little effect on catalytic activity [6].
The different trends for catalytic activity and
by-product formation upon salt treatment sug-
gests the existence of two types of acidic sites
on titanium silicalite. By-product formation is
mainly due to sites with high acidity, which can

Activity number

be neutralized by aqueous solutions of virtually
any salt. These sites are independent of the
catalytic site for epoxidation and are probably
silanol groups at crystal defect sites. On the
other hand, the titanium site itself 1s acidic and
can be deprotonated by a base, which causes
blocking of the catalytic activity for epoxida-
tion. The acid strength of the titanium site is
similar to acetic acid, which explains the partial
loss of activity upon treatment with sodium
acetate. Scheme 2 shows the most likely mecha-
nism for the neutralization reaction at the active
site. Coordination of water to the Lewis acidic
titanium increases the acidity of the coordinated
water by some 9 pK units, about as much as
found with AI** in aqueous solution. Deproto-
nation of the coordinated water by bases stronger
than acetate converts most titanium sites to an
ate complex with coordinated hydroxide, which
does not form the catalytically active species for
epoxidation, when contacted with hydrogen per-
oxide.

The mechanism of reversible deprotonation
of coordinated water at the titanium site is
strongly supported by the experiments summa-
rized in Fig. 4. The group of experiments at the
top shows the effect of treating the catalyst with
either sodium acetate, ammonium acetate or
ammonia. In all cases, most of the activity was
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Fig. 4. Catalytic activity and by-product formation with base treated titanium silicalite. Reversibility of active site deprotonation upon

calcination.
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lost due to deprotonation at the active site. In
the second group of experiments at the bottom
of Fig. 4, the catalyst was first treated with a
base in exactly the same way as in the first
group, but was subsequently calcined at 550°C.
The samples treated with ammonium acetate or
ammonia regained their activity upon calcina-
tion, as calcination shifts the equilibrium back
to the left by driving off ammonia and water.
With the sodium acetate treated catalyst, this is
not possible. Therefore, the sodium acetate
treated catalyst showed the same low activity
before and after calcination.

The unavoidable acidic property of the active
site for epoxidation plays a key role in the
activity loss of titanium silicalite during its use
for the epoxidation of propene. As depicted in
Scheme 3, the repeated acid catalyzed reaction
of by-products with propylene oxide leads to the
formation of small amounts of propylene oxide
oligomers within the zeolite micropores. With
increasing chain length, the diffusivity of these
oligomers decreases rapidly, until they literally
get stuck in the zeolite pores and block the
access of reactants to the catalytic sites. Fig. 5
shows the deactivation of titanium silicalite dur-
ing a continuous epoxidation experiment. In this
experiment, starting materials are continuously
fed to the reactor and reaction mixture is with-
drawn at the same rate, while the catalyst is
maintained inside the reactor. When the addi-
tion of hydrogen peroxide is started, the propy-
lene oxide concentration starts to build up, but
instead of reaching a stationary state, the propy-
lene oxide concentration goes through a maxi-
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Fig. 5. Propylene oxide concentration during continuous epoxida-
tion of propene with titanium silicalite. Deactivation of the cata-
lyst.

mum and then drops again due to the loss of
catalyst activity by pore blocking.

The short catalyst lifetime of less than a day
found with titanium silicalite in the epoxidation
of propene requires efficient methods for a com-
plete regeneration of catalytic activity in order
to develop an economic propylene oxide manu-
facturing process based on this catalyst. Differ-
ent methods for regenerating titanium silicalite
are compared in Fig. 6. The activity of the used
catalyst, recovered from a continuous epoxida-
tion experiment, has dropped to only 10% of the
initial value. Calcination at 550°C brought back
the full catalytic activity, as known from the
literature [3]. However, we have found an alter-
native regeneration method, that does not re-
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Fig. 6. Regeneration of titanium silicalite used for continuous

epoxidation. Comparison of regeneration methods.
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quire the high temperature of calcination and
can be performed in the liquid phase. Refluxing
the catalyst with dilute aqueous hydrogen perox-
ide gradually regenerates the catalytic activity
up to its initial value [7]. This regeneration is
due to the oxidative breakdown of the pore
blocking compounds by hydrogen peroxide and
can not be attributed to an extraction process.
Extraction with either methanol or water gave
no significant improvement of catalytic activity,
contrary to literature claims [3].
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