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The transformation of propylene in the presence of molybdenum oxide on alumina
was studied in a flow system over the range of temperatures 250-500°C and contact
times of 6-60 sec. Hydrogen, propane, butenes, and a highly unsaturated complex
deposited on the catalyst surface were found to be the main reaction products. The
decomposition of propylene as well as the formation of the major reaction products
were shown to be of the first order. The rate constants and activation energies have
been determined. The reaction mechanism has been postulated, involving dissociative
adsorption of propylene, hydrogenation of propylene with chemisorbed hydrogen,
addition of the methyl group to the complexes formed, and desorption of the
produets. Kinetics of the process based on this reaction scheme was discussed. Two
empirical equations for the eatalyst deactivation process have been proposed.

InTRODUCTION

Among the reactions of catalytic trans-
formation of olefins not much attention
has been paid to their self-hydrogenation.
This reaction has been studied only mar-
ginally with regard to ethylene in the
course of investigation of hydrogenation
of ethylene to ethane (I, 2). Only a few
papers have been devoted specifically to
the study of self-hydrogenation, its kineties,
and mechanism (3, 4, ). The work by
Popov and Mardeleishvili (3) concerned
the self-hydrogenation of ethylene and
propylene on evaporated films of palladium,
platinum, and nickel. An absence of hydro-
gen among the reaction produects has been
stated, and the mechanism of hydrogen
transfer among the adsorbed radicals pro-
posed. According to McKee (4), who used
nickel as a catalyst, there is evidenee sup-
porting the Beeck’s dissociative mechanism
(2). Hirota and Teretani (§) were investi-
gating the self-hydrogenation reaction of
ethylene on nickel. They suggested the
existence of at least two regions of different
activity on the nickel surface: one which
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makes ethylene dissociate into an acety-
lenic complex and hydrogen atoms and the
other in which hydrogenation of associ-
atively adsorbed ethylene proceeds by
means of migrated hydrogen. The structure
of the complexes deposited on the surface
of the catalyst as a result of the chemisorp-
tion and transformation of ethylene has
been also examined (6).

All reported works dealt mainly with
ethylene and were carried out, as a rule, at
low temperatures and pressures in a static
system in the presence of metal films.

The objeet of our investigation is to ex-
amine the processes of transformation of
olefins at 200-500°C in a flow system in
the presence of some metals and metal
oxides supported on alumina. In our pre-
liminary report (7) it has been shown that
all olefins investigated undergo the same
kind of specific transformation in the pres-
ence of many different catalysts. In the
present paper a detailed study concerning
the transformation of propylene on molyb-
denum oxide supported on alumina is
reported.
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EXPERIMENTAL

Catalyst. The catalyst was prepared by
impregnation of 40 g of commercial y-Al,0;
(surface area, 280 m?/g; particle size, 0.5—
12 mm) with a solution of 12g of
(NH,)sMo;0,,-4H,0 in 100 ml of water.
After 24 hr the excess of the liquid was
filtered out and the solid washed with dis-
tilled water. The catalyst was dried at room
temperature for about 24 hr, at 60° to
110°C for 8 hr, and calcined in a stream
of dry air for 6 hr at 500-530°C. Then it
was reduced for 6 hr at 530°C with hydro-
gen. The same sample of catalyst of the
weight of 5.0 g was used in all experiments.
Prior to each run the catalyst was regener-
ated by calcining for 3 hr at 500-530°C,
reducing for 3 hr at 530°C with hydrogen,
and finally blowing with nitrogen in order
to remove hydrogen remaining on the cata-
lyst. Before reduction the ecatalyst con-
tained 14.5 wt % MoQO;. Porosimetric
analysis (mercury porosimeter Carlo Erba
AG-60) indicated that the majority of
pores were in the 50-75 A region. The sur-
face area of the catalyst was 270 m?/g as
determined by BET with nitrogen. X-Ray
examination of the catalyst both fresh and
after use in the reaction (Guinier Camera
“Nonius,” Delft, Netherlands) showed an
absence of metallic molybdenum and MoOs.
Only the lower molybdenum oxides, mainly
MoO,, were detected.

Apparatus and procedure. The apparatus
used (8) consisted of a glass tubular re-
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actlon vessel inserted into a vertical re-
sistance electric furnace and fitted with the
necessary measuring devices, as well as
facilities for introducing reactants (accu-
racy #+1%). The outlet of the reactor was
connected with a modified Janak gas chro-
matograph, so the stream outgoing from the
reactor was directly admitted to the
analyzer. A reaction vessel was filled with
a catalyst bed of a volume of 9.7 ce (5.0 g)
and maintained at constant temperature
(£0.5°C). For the chromatographic analy-
sis the alumina columns (length, 1.7 m) and
the active coal columns (length, 2 m) were
used. Carbon dioxide (99.995% purity) was
used as carrier gas. The accuracy of analy-
sis was *+0.01% or =+0.05% for the com-
ponents of the concentration less than 20
vol % or more than 20 vol %, respectively.

All experiments were carried out at at-
mospheric pressure. Propylene — nitrogen
mixtures of a composition previously de-
termined by analysis were used. The
gaseous reaction products were analyzed,
usually, every 20 min. After each run
(about 2 hr) the catalyst was regenerated,
and thus its previous activity was practi-
cally restored even after a great many
regenerations.

REsvLTs

Preliminary runs revealed that propylene
passed at 350°C over the catalyst under-
goes some transformation. The major re-
action products were found to be hydrogen,
propane, and butenes (mainly isobutylene)

TABLE 1
TyricaL. CONCENTRATION OF ReactioN PropUcTs FROM
A SinerLE Run (350°C, Contact TiME 20 sEC)

Concentration (vol %)

Component Initially 23 min 45 min 65 min 86 min 106 min 126 min
Hydrogen — 6.07 4.92 4.21 3.71 3.09 2.87
Nitrogen 38.10 43.40 42.10 41.05 40.60 39.90 39.80
Methane — 0.63 0.54 0.51 0.55 0.49 0.42
Ethane 0.04 0.27 0.21 0.18 0.14 0.15 0.14
Ethylene 0.05 0.48 0.38 0.32 0.25 0.24 0.24
Propane 0.04 15.33 10.92 9.15 7.95 6.92 6.43
Propylene 61.75 31.50 39.20 43.15 45.60 48.05 49.05
Butanes — 0.61 0.44 0.27 0.20 0.24 0.23
1-Butene — 0.50 0.38 0.40 0.29 0.31 0.22
Isobutylene — 0.97 0.58 0.56 0.50 0.42 0.43
2-Butene — 0.24 0.33 0.20 0.21 0.19 0.17
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as well as highly unsaturated residue
(“complex”) deposited on the catalyst sur-
face. In the gaseous produects some very
small amounts of methane, ethylene,
ethane, and butanes were also detected.
The detailed investigations were carried
out in the temperature region 250-500°C,
with contact time of 6-60 sec, and the con-
centration of propylene in its mixture with
nitrogen from 20 to 80 vol %. Under the
reaction conditions the conversion of
propylene was in the range of 10-85%.

As time went on, a rapid decrease in
catalytic activity (propylene conversion)
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was observed, but in spite of it the yields
of all gaseous products in relation to con-
verted propylene appeared to be practically
constant. Some typical results obtained for
a gingle run are given in Table 1 and illus-
trated by Fig. 1. The effect of propylene
concentration and the reaction order were
studied at 250°C and 350°C over the range
of propylene concentration in its mixtures
with nitrogen of 20 to 80 vol %. The re-
sults obtained are presented in Fig. 2.
The effect of temperature was studied
over a wide range from 250° to 500°C
using the propylene-nitrogen mixture
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Fra. 1. Effect of time on conversion of propylene and the yields of the major reaction products related
to converted propylene: O, CsHs (converted); V, C;Hs; A, Hy; [, CiHs.
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Fig. 2. Effect of the percentage of propylene in its mixture with nitrogen on the yields of the major
products related to converted propylene and on the rate constant of propylene decomposition at 250°C
(solid lines) and 350°C (broken lines): O, kuw; ¥V, CsHs; A, Hs; [, CiHs.

(about 60% propylene). The results are
shown in Figs. 3 and 4. The activation
energies for propylene decomposition and
product formation were determined from an
Arrhenius plot (Fig. 5). In Table 2 are col-
lected some values of the activation ener-

gies obtained after 40 min of a run, as well
as the pre-exponential factors.

In order to determine the degree of un-
saturation of a complex deposited on the
catalyst, the contents of carbon and hy-
drogen in it were determined by elemental

TABLE 2
KiNeTic PARAMETERS FOR TRANSFORMATION OF PROPYLENE
Temperature range E log A
°C) (kcal mole™) (4, min™1)

Propylene decomposition 250-400° 4.6 1.76

400-500° 14.5 5.00

Hydrogen formation 250-400° 12.8 3.90

400-500° 21.4 6.73

Propane formation 250-500° 10.7 3.53
Butenes formation 250-350° Rate constant (7.1 + 0.9) X 102 min—?!

350-500° 4.0 0.28
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Fra. 3. Effect of temperature on the yields of the major reaction products related to converted propylene:

V, CaHg; A, Hz; E], C4Hg.
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FiG. 4. Variation in the number of hydrogen atoms abstracted from the propylene molecule (ag) with

temperature.
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Fic. 5. Arrhenius plot for the decomposition of propylene (O}, and formation of hydrogen (A), pro-

pane (V), and butenes ([]) after 40 min of the run.

analysis. The results obtained (in one case
the H/C ratio, 0.103-0.106 by weight; the
calculated number of hydrogen atoms ab-
stracted from the propylene molecule ay =
2.20-2.25), were in a full agreement with
those based on the carbon and hydrogen
balance in the feed and gaseous products
(in the same case ay = 1.9-2.3). The at-
tempts to reveal the structure of the com-
plexes by analysis of the gaseous products
of their thermal decomposition are the
subject of a special study. As a result of
the deposition of the complexes on the
catalyst, its activity considerably falls in
the course of a run. The experimental re-
sults fit well each of the two subsequent
empirical equations (correlation coefficient
0.98-0.997) :

logy = a1 — bur!’?
logk = az — byr'/?

where y represents conversion of propylene;
k, the rate constant; r, time of the catalyst
work; and a,, @., by, and b, are constants.

The examples are presented in Fig. 6.
From these relationships the value of the
rate constant after 40 min of the run, k.,
was computed and then applied to compare
the results of the experiments carried out
under different reaction conditions.

Discussion

On the basis of a constancy of the yield
of products in relation to the converted
propylene, independently of the time (Fig.
1) one can conclude that the character of
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Fic. 6. Plots of log y against 71/2 (solid lines) and log k against 712 (broken lines): [, 350°C, contact time
20 sec, propylene concentration 61.7 vol %; O, 421°C, contact time 10 sec, propylene concentration 58.5

vol %.

the process is not affeeted by the changes
in the catalyst activity. Only at 450°C or
above, were there observed some slow
changes in the yields of the main reaction
products. It therefore appears that the
catalyst sites, despite their different ener-
gies, are uniformly blocked. A reason for
somewhat lower hydrogen yield at the
initial stage of a run could be a consump-
tion of a part of it for saturation of the
catalyst with hydrogen.

The rate constant of the decomposition
of propylene calculated as for the first
order reaction was found to be independent
of the propylene concentration (Fig. 2).
The yields of all main products as well as
propylene conversion observed for the same
time of catalyst life are practically inde-

pendent of propylene concentration, the
reactions of the transformation of propyl-
ene and formation of the products being,
therefore, of the first order. A slight de-
crease of the hydrogen yield observed when
propylene concentration is raised is un-
doubtedly caused by a secondary reaction
of hydrogenation of propylene with gaseous
hydrogen formed in reaction.

It follows from our results (Fig. 3)
that the formation of molecular hydrogen
becomes increasingly important as the
temperature is raised. The reaction of self-
hydrogenation of propylene leading to hy-
drogen and propane is the most important
process over the whole temperature region
studied. The yield of butenes formed simul-
taneously rapidly decreases with the rise of
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temperature. The experiments carried out
over unreduced catalyst (MoO;/Al,O;) in-
dicated that essentially identical transfor-
mation proceeds but in this case a decrease
in the hydrogen yield was observed, clearly
due to consumption of some hydrogen for
reducing catalyst. With the carrier itself
(Al,O;) a low conversion of propylene was
observed. The composition of the produets
was quite different from that obtained in
the presence of catalyst. Only negligible
yields of propane related to converted
propylene have been obtained.

Reaction Mechanism

The reaction scheme which accounts for
the products and the observed kinetics is
postulated as follows.

1. Dissociative Adsorption of Propylene

TANIEWSKI AND OTREMBA

species firmly adsorbed on the catalyst
surface are formed apart from chemisorbed
hydrogen atoms and methyl groups. The
existence of so-called “complexes” deposited
on the catalyst and formed by abstraction
of one or two hydrogen atoms is generally
admitted (2, 8). The results of the present
work have provided evidence that further
steps of dissociation are also possible, up to
abstraction of even four hydrogen atoms
from the propylene molecule. As seen from
Fig. 4 ay depends on temperature, in such
a way that the higher the temperature the
more hydrogen atoms are abstracted and
therefore the poorer the residual complex
in hydrogen. The abstraction of the methyl
group under the reaction conditions fol-
lowed by its addition to the adsorbed

k la
CyHy(g) ——— C,H, (ads) (1a)
k1n
CoHg(ads) ————>—ayH (ads) + C,H, ,p(ads) (1b)
k1e
C;3Hg (ads) —————CH, (ads) + C,H, (ads) (1¢)
Propylene is first of all adsorbed associ- species (“methylation”) has not been
atively [reaction (1a)] on the active sites. postulated so far.
Then a single-stage or many-stage process
of dissociation follows through abstraction 2. Hydrogenation of Propylene
2. Hydrogenation of Propylene
ko
C,H,(ads) + H(ads) ————a—l——a-CsH., (ads) (2a)
C,H,(g) + H(ads) ————> C,H,(ads) (2b)
H,(g) + CyH¢(ads) ——— C,H, (ads) + H(ads) (2¢)
kod
C.H,(ads) + H(ads) ——— C,H,(g) (2d)

of hydrogen atoms [reaction (1b)] or a
group of atoms, such as a methyl group
[reaction (lc)] by the neighbor active
sites. The abstraction of both hydrogen
atoms and methyl group leading to the
formation of C.H, (ads) complexes (n < 3)
may also proceed. As a result of this re-
action step, a number of highly unsaturated

Hydrogenation of propylene with hy-
drogen formed in reaction (1b) proceeds
according to the generally accepted scheme
of reactions (2a) and (2d). Apart from it,
at low surface concentration of propylene
(particularly at high temperatures) hydro-
genation may proceed by another scheme
[reactions (2b) and (2d)] and at high con-
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centrations of hydrogen in the gas phase
(in case of high conversion of propylene)
by still another one [reactions (2¢) and
2d)].

3. Transfer of Hydrogen to the Gas Phase
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These reactions are not significant and
some of them [reactions (5d) and (5e)]
may be observed only at very high temper-
atures (500°C).

There are other plausible side reactions

3. Transfer of Hydrogen to the Gas Phase

3a
C,H, (ads) + H(ads) — > CHg(ads) + H; (g)

2 H(ads)

Hydrogen is transferred to the gas phase
by reaction (3a), which is the reverse of
the reaction (2¢), or by desorption of hy-
drogen adsorbed on the catalyst surface.

4. Formation of C, Hydrocarbons

4. Formation of C, Hydrocarbons

4a
C,H, (ads) + CH, (ads) — C,H, (ads) —> C,H,,(g)

lT+H (ads)

C,H, (ads) + CH, (ads) ——> CH,(ads) —> C H,(g)

kap

+H (ads) Tl— H (ads) —H (ads)

C. hydrocarbons are formed by addition
of methyl group to propylene adsorbed
associatively or to the adsorbed radical
C;H;(ads). A methyl is added predomi-
nantly to the @-carbon atom, forming
finally isobutylene or isobutane.

5. Other Reactions

Some minor products of the reaction, ie.
ethylene, ethane, and methane, could be
formed as follows:

5. Other Reactions

PR U———

(3a)

H,(g) (3b)

too, such as polymerization of the com-
plexes (8).

Kinetics

The kinetics was based on the simplified

+H (ads) (42)
a,

(4b)

version of the reaction scheme postulated
above, including only reactions (1a), (1b),
(le), (2a), (2d), (3a), (4a), and (4b),
which are decisive from the kinetics point
of view.

Let A, B, C, D, and F be the fractions
of the active surface of the catalyst covered
with C;H,, C;H,, H, C,H,, and CHj;, cor-
respondingly. Then the rates of decom-
position of propylene and formation of

+H (ads)

C,H, (ads) ~CHs 48 ¢ 1 (ads) C,H, (ads)
2H(ad
+ (ads) C,H, (¢) (5a)
C2H4(g)

C,H,(ads) + CH,(ads) —— C,H;(ads) + CH,(g) (5b)
CH,(ads) + H(ads) ——> CH,(g) (5¢)
C,H,(ads) ——> C,H, + C (5d)
2C,H4(ads) ———— > 3CH, + 3C (5e)



210

products could be represented by the fol-
lowing equations:

_diesH kyaxo (1-A-B-C-D~F)
at
d([::’] = kqaa BC

where 1, is the mole fraction of propylene
in the gas phase.

Variations in the fractions of the sur-
face covered with species are given by

dA/dt = kol —A —B—C—D —F)
— kA — ksAC & kgBC — kiAF — kA
AB/dt = ksuAC — kouBC — k3BC

dC/dt = aHku,A bt kzaAC
— koaBC — k3.BC + kgD
dD/dt = k4aAF - k4bD
dF/dt = k1A — kuAF
When the steady state treatment is
applied (dA/dt = dB/dt = dC/dt = dD/
dt = dF/dt = 0) the following expressions

for the fractions of the surface covered
with species are obtained:

klabxo
4= ¢ + kihxo
B = koa k1abxo
- koq + Fza ¢ + K1ahxo
_ ankw + ki
C - 2k2a
D - k_lc klabxo
kwc+ k1ahao
klc
F =
where
=1 aHklb+klc_k_lc

2k2a k4a

TANIEWSKI AND OTREMBA

Lawk
o=t (1420

to k‘ld + kSa
k2s klc

h=1+ -2 4 =
+k2d+k3a

kan

By substituting the expressions for A,
B, C, D, and F into the equations given
above the following expressions for the
rates are obtained:

d|CsHe]  kiabexo
dt - [4 + klahxﬂ

Assuming ¢ 3> kih

OB g,
In a similar way
d[CsH 1
[ dBt 8] = é (aHklb + klc)
k?d klabxo ~ const. - 2
ksq + ks € + kiahao onst. « Lo
d[H 1
[dt ! =35 (auk1s + k10)
ksa Fubry
X kog + kaac + kuahzo const. - 2o
d[C4HS] _ kluklcbxo

d o F ke = const. - Lo

Assuming ¢ 3> kqa,ht,, 1.6, kip>> k1, the
reaction scheme is seen therefore, to lead
to the first order kinetics of propylene de-
composition, as well as propane, hydrogen,
and butenes formation, in agreement with
what was found experimentally.

The assumption made above means that
the associative chemisorption of propylene
is the rate-determining step.

The ratio d[H.]/d[CsHs] = ksa/kog
should be independent of propylene concen-
tration. Some small variations in this ratio
observed in the course of the reaction or
with high propylene concentrations can be
attributed to the contribution of reaction
{2¢), usually of a minor importance.

The first order kinetics of the propylene
decomposition and product formation sup-
ports our view about the negligible role of
direct desorption of hydrogen from the
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catalyst [reaction (3b)]. The yield of bu-
tenes from converted propylene, d[C,Hg]/
d|C;Hg] = kqo/c, is independent of the
concentration of propylene in the gas
phase. The decrease of the butenes yield
with the rise of temperature shows that
activation energy for the abstraction of a
methyl group is smaller than that for hy-
drogen abstraction by about 4 kcal mole™.

The change in activation energies for
propylene decomposition and formation of
hydrogen and butenes observed at about
400°C could be attributed to the change in
mechanism of propylene adsorption. One
can safely suppose that this is a result of
the reduction of the aetive component of
the catalyst to the form of lower molyb-
denum oxides, proceeding at the initial
stages of the reaction.

Deactiwation of the Catalyst

As shown above, the process of deacti-
vation of the catalyst can be represented
by two empirical equations.

An assumption that the fall in catalyst
activity is simply an effect of the blocking
of its surface by the deposition of the sur-
face complexes seems unlikely. This is ob-
vious from the comparison between the
number of active sites necessary to com-
bine complexes and the amount of the oxide
molecules in a catalyst sample.

The number of active sites necessary to
combine complexes formed when 1 mole of
propylene is converted is given by

4
2 M Ci 1+8 aN
H

N =2W,
ayg a

where W, and W, are the yields of propane
and hydrogen related to converted propyl-
ene, S is the ratio of H,/C;H; yields, ¢ is
the number of active sites combining one
complex and N is Avogadro’s number.

The number of moles of propylene con-
verted per unit of time is V, yx,/Vy, where
V, is a flow rate of the reaction mixture, ¥
is conversion of propylene, x, is mole frac-
tion of propylene, and Vi is the molecular
volume of propylene.

The number of active sites n blocked
per unit of time is

dn .. 1+8 Voyzo
E = 2W lﬁIHRCkN Vv[

By insertion in the last equation of
eliminated from the empirical equation In
Yy = a; —b, 772 and by integration from 0
to 7, one obtains finally

Voxg exp a;

1+ 8
ar NV o
X [1 — (1 4 byr'?) exp (Thyr'?)]

Use of the values for a single run (one of
those illustrated by Fig. 6), W, = 0.402,
S=046, ay =23, V, =124 cm® min™,
T = 0.617, Vi =21960 em®, a; = 0.02,
b; = 0131, ¢s =1, and ¢ =50 min gives
rise to n = 0.005 N. Similar values for n
were obtained for other runs.

Comparing this result with the number
of the molybdenum oxide molecules in a
catalyst sample (5 g, 14.5% of MoO;) equal
to 0.005N it is clear that even if the
smallest possible demand for the active
sites (c; = 1) is assumed, the molybdenum
oxide should already be fully covered by
the complexes and the catalyst completely
deactivated after about 1 hr. However, the
catalyst activity after this period, though
less than initial, is still quite considerable.
For thermodynamics reasons as well as
because of an absence of certain products
in a gas phase, it is difficult to suppose that
under the reaction conditions the ecomplexes
could be desorbed. Hence we conclude that
some part of the complexes migrates from
the molybdenum sites to alumina.

n = 4WY1

CoNCLUSION

The results of the present study clearly
show that the process of self-hydrogenation
observed in the past in the presence of
some metal films as catalysts and regarded
as being specific for metals proceeds also
in the presence of some metal oxides. Be-
cause of the relatively lower catalytic ac-
tivity of metal oxides, the reaction proceeds
in this case at much higher temperatures.
As a result, the reaction of self-
hydrogenation over metal oxides is accom-
panied by some other reactions not ob-
served by the authors studying similar
processes at low temperatures in a static
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system. Thus, at low temperatures no hy-
drogen was found in the reaction products,
except by McKee (4). The amount of hy-
drogen formed at low temperatures is really
very small and it is consumed for hydro-
genation of olefins. On the contrary, at
higher temperatures in a flow system, the
amount of hydrogen produced is much
larger and, as it is immediately removed
from the reaction zone, the major part of it
becomes a component of the reaction
products. Some other reactions accompany-
ing the self-hydrogenation of olefins could
not be noticed before, as almost all studies
were concerned only with ethylene. Using
propylene as a substrate it was shown in
the present work that the process of mi-
gration of a methyl group (“self-
methylation”) yielding C, hydrocarbons
was proceeding too.

On the basis of present observations of
specific transformation of propylene in the
presence of molybdenum oxide on alumina
as well as similar transformations in the
presence of some other oxides, as reported
in our preliminary report (7), one can
postulate that such processes usually ac-
company many other catalytic reactions
involving propylene.

TANIEWSKI AND OTREMBA

The reaction mechanism proposed pres-
ently satisfactorily accounts not only for
the transformation of propylene but of
other olefins as well. A study of the trans-
formation of other olefins will be a subject
of a special report.
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