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Isomerization and Hydrogenolysis of 1,2-Epoxybutane on Platinum
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The transformation of 1,2-epoxybutane on Pt/C and Pt/Cr,O; catalysts in the presence of
hydrogen has been studied in a flow apparatus at atmospheric pressure and in the temperature range
160—-190°C. Parallel formation of butanal, 2-butanone, 1-butanol, and 2-butanol has been observed.
The selectivities of ring opening to 1- and 2-butane derivatives were independent of the reaction
conditions but the ratio of isomerization to hydrogenolysis changed with the partial pressure of the
epoxide and of hydrogen. Rate equations were found which satisfactorily described both reactions.
The rate of isomerization depended also on the partial pressure of hydrogen, increasing linearly

with it.

INTRODUCTION

The reactions of epoxyalkanes (oxiranes)
with hydrogen in the presence of metallic

catalysts have been studied mostly from the.

point of view of preparation of primary and
secondary alcohols and of factors influenc-
ing this (presumably) hydrogenolytic open-
ing of the ring (for a review of the literature,
see (/)). However, some authors have ob-
served that isomerization of epoxyalkanes
to aldehydes and ketones can be achieved
on metals, similarly as on acidic catalysts,
even in the presence of hydrogen, as a com-
petitive reaction to hydrogenolysis (2-8).
Cornet et al. (5-7) have found that isomeri-
zation and hydrogenolysis of the ring are
parallel reactions and that their ratio de-
pends on the nature of the metal. They also
studied the role of hydrogen in the isomeri-
zation by means of experiments in the pres-
ence of deuterium. Until now, no Kinetic
analysis of the complex interaction of an
epoxy compound with hydrogen over a
metallic catalyst has been published.

In the present work, 1,2-epoxybutane has
been chosen as the model compound, and
supported platinum as the catalyst, for the
study of the kinetics of parallel isomeriza-
tion and hydrogenolysis.

EXPERIMENTAL
Materials

1,2-Epoxybutane was a commercial
preparation (Fluka AG) used without fur-
ther purification, except for drying by a mo-
lecular sieve.

Pt/ C catalyst was prepared by impregna-
tion of 50 g of granulated (0.25-0.31 mm)
active carbon by a solution of 4.2 g of
hexachloroplatinic acid hexahydrate in 300
ml of water. When the yellow color of the
solution disappeared, the solids were fil-
tered off and dried at 120°C. The surface
arca (BET) was 980 m?/g, and the pore
volume (7.5-7500 nm) was 0.21 cm?®/g; the
pore size distribution in the same range had
two maxima, a smaller one at 10 nm and a
larger one at 70 nm.

Pt/Cr,0, catalyst was prepared by evap-
oration of water from a suspension of 18 g of
granulated chromium oxide in a solution of
1.5 g of hexachloroplatinic acid hexahy-
drate in 200 ml of water. Chromium oxide
was prepared by precipitation of chromium
hydroxide from a solution of ,chromium ni-
trate by ammonia, decantation, washing, fil-
tering off, drying at 120°C, and calcination
at 600°C. The fraction 0.25-0.31 mm was
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used for impregnation. The surface area of
the catalyst was 15 m?/g, pore volume
(7.5~7500 nm) was 0.22 cm?/g; the pore size
distribution in the same range had one
maximum at 40 nm.

H\Idrngpn

flasks were purified by removing water and
oxygen (to approximately 10 ppm).
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Apparatus and Procedure

A giass flow system was used which con-
sisted of a feeding device with a syringe, an
evaporator, a small tube reactor with a
thermocouple well, and a condenser. The
gases were measured by capillary flowmet-
ers and the temperature in the reactor was
automatically regulated to =0.5°C. In kine-
tic experimenm, the 'v'v'eigut of the catalyst
was 0.3 g and the catalyst bed was reduced
at 200°C every day, first with a hydrogen—
nitrogen mixture (1:5) for 30 min and then
with pure hydrogen for 90 min. All kinetic
measurements were conducted with the

same catalyst bed. However, as its activity
fall cliohtlv during the dav

fell slightly during the d
(two or three times in a day) were made at
standard conditions in order to determine
the actual activity and the factor for the
correction of the found conversions to the
standard (by definition) activity of the
catalyst. In Kinetic runs, the conversion of
the 1,2-epoxybutane was kept under 0.1
and because the conversion curves were
almost linear (see Fig. 1) initial reaction
rates for the formation of individual prod-
ucts were calculated by the relation r° =
the space velocity, The range of space
velocities was 0.1 to 0.3 mol h™' gz}, For
every set of partial pressures of reactants,
three determinations of #° at different F/W
were made and the average value was used
for the estimation of the rate equation.
The reaction products were analyzed by
glc, using a 2.5-m-long column with 10%
poly(ethyleneglycol adipate) on Rysorb
(Lachema, Brno) at 59°C, with hydrogen as
the carrier gas (33 ml/min) and with ther-
mal conductivity detection. Quantitative
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FiG. 1. Conversion curves for the reaction of 1,2-
epoxybutane (curve /) on Pt/C catalyst at 190°C. p,°
= 0.03 MPa,p® = 0.07 MPa, reciprocal space velocity
W/Fin g, hmol~'. Curve (2) butanal, (3) 2-butanone,
(4) 1-butanol, (5) 2-butanol.

evaluation of the chromatograms was based
on calibration graphs for individual com-
pounds.

Treatment of Data

The kinetic data in the form r® = f(p.%)
were fitted to the supposed rate equations
by the Marquardt nonlinear estimation
method. The best equation was selected on
the basis of the smallest value of the sum of
squared deviations between the experimen-
tal and calculated data, other criteria being
the sign of the estimated constants (equa-
tions which had negative values of rate or
adsorption coefficients were discarded) and
the possibility to correlate linearly the
logarithm of the constants against 1/7.

RESULTS
Reaction Scheme

The products of the interaction of 1,2-
epoxybutane (ethyloxirane) with hydrogen
over ‘platiflufﬂ on Ldlflcrb bLlLIl as dLllVC
carbon, silica, and chromium oxide consist
of butanal, 2-butanone, 1-butanol, and
2-butanol. With active carbon and silica, the
carbonyl compounds predominate over the
alcohois. This shows that with these
catalysts, the isomerization of the oxirane
ring
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is more important than the hydrogenolytic
S LRI (Y S I O o Y M b
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# CHy~CH,~CH,-CH,0H 3)
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CHg=CHy=CH-CHy (4)
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The question arises as to whether hydro-

gananly accnure at all: the farmation of the
genoi1ysis oCcurs al au; the formation of {nhe

alcohols might be a consecutive process
consisting of isomerization of the oxirane
and hydrogenation of the formed carbonyl
compounds. Our results presented in Fig. 1
show that this is not the case. Up to 60%
conversion, the formation of all four prod-
ucts seems to proceed in parallel processes.
Even at very low conversions, the alcohols
are present in the reaction products and no
maxima or inflections, typical of consecu-
tive reactions, appear on the conversion

agranmmant with tha find

agreement wiu ine ina-

VUL VIS,
ings of Sénéchal and Cornet (6) who, how-
ever, have found practically no butanal in
their products of the reaction of 1,2-epoxy-
butane on platinum films or on plati-
num/pumice.

The negligible extent of the carbonyl

oroun hvdrogenation is a mn‘nrmmo fact as

O M A0 EE DA LAREE hadntal bl RIS
ketones and aldehydes are readlly hydro-
genated over platinum under these condi-
tions (e.g., (9)). This may be caused by a
very strong adsorption of the 1,2-epoxy-
butane in comparison with the reaction
products. The form of the conversion
curves in Fig. 1 supports this assumption.
They are linear or almost linear, corre-
sponding to apparent zero-order Kkinetics
which 1s obtained when the surface is prac-
tically fully covered by the molecules of the
ctm’hno compound

Also the hydrogen transfer reactions be-
tween a carbonyl compound and an alcohol
seem to be absent.

Figure 1 also demonstrates the
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in the 1-position (butanal
in comparlson to the
2-substituted butane derivatives (2-bu-
tanone and 2-butanol). This disagrees
with the data of Sénéchal and Cornet (6)
who have found more ketone and SECOIIUdIy
alcohol than primary alcohol and aldehyde
on their platinum catalysts, but agrees with
the experience obtained with other com-
pounds on most catalysts (cf. (/)).

In our Kinetic experiments with the Pt/C
catalyst, the ratio of the opening of the ring

in the r‘lrnnflnno to lcn]-\chfnfnrl and tn
111 LRI 1wwiliviilo w vollituLlw il w

2-substituted compounds was, within ex-
perimental error, independent of the partial
pressures of the reactants and of the tem-
perature, for both the carbonyl compounds
and the alcohols, showing only random
variation, Table 1 summarizes the average
values of these selectivities, calculated as
the ratios of rates S. = r,"/n" and §, =
ri"/r,” (subscripts 1 to 4 correspond to the
numbering of chemical equations), together
with standard deviations.

This independence of the ring-opening
selectivities on reaction conditions allowed
us to treat the kinetics of the two isomeriza-
tion pathways (Eqgs. (1) and (2)) and of the
two hydrogenolytic pathways (Egs. (3) and
(4)) as the kinetics of only two independent
single reactions. For this simplification,
isomerization and hvdrnopnnlvcm reaction

...................... YUIOHLNOIY SIS ICatuOll

rates were calculated as the sums ;" = r® +
r? and r,° = r° + r° respectively. How-
ever, as Fig 2 demonstrates, the depen-
nd rh on the composition of
quLC uxuercm

TABLE 1

Average Values of Selectivities for the Isomerization
and Hydrogenolysis of 1,2-Epoxybutane in the Direc-

toaward tha 1. and 2- ancnfnfnd Comnounds
toward the 1- and 2-Substi pe

tion wied Lom

Temperature Number of S Sa
(OC) 7 values
160 0 3.32 062 6.5*26
175 18 3.57 = 0.16 7.0 28
190 10 346 034 49= 1.1
160-190 38 348 £ 0.44 6.3 =20
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F1G. 2. Dependence of the initial reaction rates for
isomerization r° and for hydrogenolysis r,° (in mol h™!
gz40 on the composition of the reaction mixture at total
atmospheric pressure.

Kinetics of Isomerization

The selection of a suitable rate equation
for the isomerization on Pt/C was based on
the data for 175°C which were most precise
with the applied experimental setup. The
data consisted of r,° values measured at dif-
ferent initial partial pressures of 1,2-epoxy-
butane, p,° hydrogen, py° and nitrogen,
py°, their sum totaling to atmospheric
pressure. The initial reaction rates showed a
dependence on py® although hydrogen is not
a reactant in the isomerization. Figure 3
shows the increase of r® with the partial
pressure of hydrogen at different p,°. For
this reason, the rate equation must include a
term describing this influence of hydrogen
which seems to be linear. Extrapolation to
pu® = 0 suggests a nonnegative rate with a
pure 1,2-epoxybutane feed and the term for
the influence of hydrogen in the form of (1
+ Cupy®). However, we were not able to
measure the rates without hydrogen being
present in the feed because the conversion
fell very rapidly under these conditions and
no steady state of catalyst activity could be
obtained.

The rate also showed a dependence upon
the partial pressure of 1,2-epoxybutane
which was satisfactorily described by a
simple Langmuir-Hinshelwood type of
term. The resulting rate equation thus had
the form

0 _ kiKa'ps® (1 + Cupy®) )
! 1 + Ki'pa®

&)

With other equations, e.g., those containing
square roots of py° and p,°® and higher pow-
ers of the binomial terms in the denominator
or numerator, the fit was worse. The lines
in Fig. 3 have been calculated using Eq. (5)
and the numerical values of K,! and C, are
given in Table 2.

The data for 160 and 190°C have also
been successfully correlated by means of
Eq. (5). However, the influence of hydro-
gen on r;° at 160°C was quite small and the
relative error high so that, in consequence,
the value of Cj; could not be determined
with certainty. The values found are given
in Table 2. The activation energy for
isomerization, calculated by means of the
apparent Arrhenius equation from &; values,
was 107 kJ/mol.

The form of Eq. (5) indicates two parallel
isomerization processes, the first being hy-
drogen independent, the second requiring
the presence of hydrogen. The rate constant
k; describes the hydrogen-independent reac-
tion; the constant Cy is probably a compo-
site parameter including the rate constant of
the hydrogen-dependent process.

Kinetics of Hydrogenolysis

The hydrogenolytic reaction, as Fig. 2
also indicates, obeyed the expected depen-
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FiG. 3. Initial reaction rate r,° (in mol h™' gz}!) for
isomerization of 1,2-epoxybutane on Pt/C catalyst in
dependence on the partial pressure of hydrogen (in
MPa). Points are experimental; lines are calculated by
means of Eq. (5).
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TABLE 2

Values of the Constants of Equations (5) and (6) for the Reactions of 1,2-Epoxybutane

Tempera- Isomerization Hydrogenolysis
ture
(o) k; K, Cy ky K" Ky
(mol h™' g™') (MPa™") (MPa™") (mol h™!' g~ (MPa~") (MPa™")
160 4.41 84 1.0 92 62 34
175 17.96 17 3.9 149 14 17
190 29.6 12 6.6 652 10 1.2

dence on the partial pressures of both reac-
tants. Several Langmuir-Hinshelwood
types of equations and the power law rate
equation were tested for the correlation of
the r,° data and the best fit was obtained,
also with respect to the temperature depen-
dence of the constants, with the equation

0 — knK A" °K yi"py’
T+ Ka"pa + KupyP

(6)

Iy

Other equations, with square roots in K "p ,°
and K;"py® terms, or with other values of
the exponent in the denominator, fitted the
data badly or their constants could not be
correlated by means of the Arrhenius and
van’t Hoff equations. The values of the
constants of Eq. (6) are given in Table 2.
The fit of the data by means of the power
law rate equation

'’ = k'(p"pu™? (7

was also very good but the dependence of a
and b values on temperature was large and
irregular (for 160, 175, and 190°C, we found
a = —0.173, 0.0014, and 0.206, respec-
tively, and » = 0.285, 0.082, and 0.889, re-
spectively). The £’ values showed an ex-
pected trend with the temperature: k’
2.47, 4.13, and 187.5 mol h™! g=! MPa—«+?,
respectively.

The Langmuir-Hinshelwood model, on
which the rate equations (5) and (6) are
based, requires equal values of the adsorp-
tion coefficients K,' and K," when adsorp-
tion on the same sites as the first step of
both isomerization and hydrogenolysis is
assumed. As the values in Table 2 show,

this seems to be the case within the limits of
uncertainty which were calculated to be in
the range +30 to 50%.

The activation energy for the hydro-
genolysis, described by Eq. (6), was 178
kJ/mol and the adsorption heat of ethyl-
oxirane, calculated from the common de-
pendence of K,' and K," on 1/T, was 120
kJ/mol.

Influence of Carrier

In preliminary experiments for this work,
a suitable catalyst was sought and various
metals and carriers were compared with re-
spect to activity and selectivity. With
platinum as the active component a great
difference was found in selectivity when
this metal was deposited on active carbon
and silica or on chromia. In the case of
Pt/Cr,0,, the formation of 2-butanone and
2-butanol predominated over that of butanal
and 1-butanol, in contrast to the observa-
tions reported here for the Pt/C catalyst.

However, further experiments, pro-
longed over several days, showed a gradual
change in selectivity with a parallel de-
crease in activity. When a stationary state
was achieved the average selectivity ratios
were S, = 3.1 1.0 and §, = 4.0 = 1.3,
which are the same, within experimental er-
ror, as those for Pt/C (cf. Table 1).

The carrier also influenced the ratio of
isomerization to hydrogenolysis. Detailed
kinetic measurements revealed that this
change is caused by a relative decrease in
activity for isomerization whereas the hy-
drogenolytic activity remained the same as
with the Pt/C catalyst. Figure 2 demon-

~+
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strates this effect. The points for the hydro-
genolysis on both catalysts lie on the same
curve but, with respect to isomerization,
the catalysts differ appreciably in activity.

The kinetic data on isomerization for
Pt/Cr;0,, obtained at 175°C, were again
worked up by means of Eq. (5), giving &; =
72molh'g ', K, = 19mPa"'and Cy =
4.0 mPa~'. Comparison with the values in
Table 2 shows that the carrier influences
only the rate constant %;.

All carriers were inactive for the hydro-
genolysis and isomerization, as separate
experiments without platinum showed.

DISCUSSION

Catalytic isomerization reactions on
platinum group metals requiring the pres-
ence of hydrogen have been observed pre-
viously in this laboratory. Simonik and Be-
ranek (10) have found that the isomeriza-
tion of 2-buten-1-ol to butanal, catalyzed by
platinum on silica, proceeds by a
monomolecular and a bimolecular mecha-
nism simultaneously, the latter depending
on hydrogen concentration. Kraus (//) and
Beranek and Kraus (12) studied in detail
the isomerization of unsaturated alcohols to
aldehydes on palladium on active carbon
which does not proceed in the absence of
hydrogen. The conclusion of this work,
based on treatment of kinetic data and on
experiments with deuterium, was that hy-
drogen maintains the surface of the metal in
a state active for the catalytic reaction, but
does not participate otherwise in the reac-
tion mechanism.

The work of Sénéchal and Cornet (6) on
the reactions of 1,2-epoxybutane and 2,3-
epoxybutane in the presence of deuterium
on several platinum group metals and on
nickel indicated the participation of hydro-
gen (or deuterium) in the formation of
2-butanone from these oxirane derivatives.
However, they did not observe the forma-
tion of butanal in significant quantities, and

1-butanol was a minor product in compari-
son to 2-butanol and 2-butanone. This large
difference in the selectivity pattern of their
reaction system and ours may be due to the
temperature because they (6) measured at
90°C and the activation energies of isomeri-
zation and hydrogenolysis are different.
Also the state of the surface may be tem-
perature dependent.

The positive influence of hydrogen’s
presence on the activity of various catalysts
has been observed by a number of authors
(for a review see Bartok (/3), and also e.g.,
Tamaka er al. (14)). This synergetic or co-
catalytic effect of hydrogen seems to be
well proven, but in spite of several sug-
gested explanations its mechanism is not
clear and further work is necessary.
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