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Catalysis and Surface Chemistry
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When cyclopropane was isomerized using a microcatalytic pulse technique over a reduced
molybdena—y-alumina catalyst (0.3 to 1.5 ¢/Mo), the resulting propene underwent secondary
reactions including polymerization, metathesis to ethene and butenes, and hydrogenation (in H,
carrying gas) to propane, ethane, and butane. Isotope exchange also occurred when D, or
cyclopropane-ds; was used. Complementary tracer studies were also made with propene-d, and D,
using a static recirculation system. The kinds of sites required for the several reactions were
classified and estimates made of their concentrations using strongly adsorbed (poison) molecules as
probes. Small amounts of CO and NO were effective poisons for hydrogenation and exchange, but
not for isomerization or metathesis in these experiments, but some poisoning of isomerization by
CO was observed in pulse experiments. H,O, pyridine, and NH; were less selective, but all of the
reactions tested were poisoned. CO, and N,O were ineffective and O, appeared to selectively
reoxidize the active hydrogenation sites. From the data obtained, it could be estimated that the site
concentrations utilized for these reactions were much lower than the measurable parameters such
as anion vacancies, Mo** or Mo’* centers, etc; they amounted to no more than a few percent of the
Mo present and may have corresponded to multiplet vacancies. The chemisorption of NO and of
CO correlated with both the extent of reduction and the vacancy concentration as did hydrogena-
tion and exchange, and these same molecules, when chemisorbed, effectively poisoned these

reactions.

INTRODUCTION

Molybdena—alumina catalysts are of con-
siderable current interest because of the
possibility that they may be used for the
hydrogenation of coal to synthetic crude
oil. During the past several years, work in
our laboratory has been directed toward
defining the surface chemistry of these ma-
terials (/-3) and relating this to catalytic
function @-6).
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The reduction process was studied (7, 2)
and the changing surface composition char-
acterized in terms of the anion vacancies
(O) produced as H,O is removed from the
epitaxial monolayer and the hydrogen re-
tained on the catalyst surface (H)) as a
result of reduction. During the early stages
of reduction, approximately half the hydro-
gen consumed was used in each process.
Thus, when the overall extent of reduction
corresponded to an average valence of
Mo’*, then ¢/Mo = 1.0, HMo = 0.5, and
O/Mo = 0.25, where ¢/Mo is the average
number of electrons the Mo®" has been
reduced (in this case to Mo’*). The data
were further interpreted, however, to mean
that at this point about 50% of the Mo was
Mo**, about 25% Mo**, and 25% remained
Moft. On further reduction, H;/Mo re-
mained about constant and then decreased
while [0/Mo increased monotonically as
e/Mo approached 2.0; the catalyst studied
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(8% Mo) was not reduced much beyond
Mo** with H, below 600°C, although some-
what higher values of ¢/Mo could be ob-
tained using CO as the reducing agent.
These characteristics enabled us to make
subsequent catalytic studies (4-6) where
the reactions were selected to test for par-
ticular catalyst functions.

Cyclopropane was selected as a test reac-
tant primarily because (although it is ther-
mally stable to 450°C) its isomerization to
propene is facile in the presence of a strong
Bronsted acid, and it was suspected that H,
might be such an acid. Indeed, a correlation
between isomerization activity at 109°C and
H, was reported (4), but it was shown later
(5) that CO-reduced catalysts possessed
about the same activity as those reduced
with H, and tracer results indicated that
the surface concentration of active Bron-
sted sites was nearly two orders of mag-
nitude less than that for H,. It was also
found in microcatalytic pulse experiments
that the isomerization activity was ap-
preciably higher in H; carrying gas than in
He.

Cyclopropane turned out to be a happy
choice of test reactant for another reason.
The propene formed by isomerization was
completely hydrogenated to propane at
room temperature, thus illustrating the
great activity of this catalyst for this func-
tion. Moreover, the disproportionation of a
portion of the propene to ethene and butene
was also catalyzed and the corresponding
paraffins appeared when H, was present.
Both hydrogenation and metathesis correl-
ated with anion vacancy concentration (4).
A portion of the first pulse of cyclopropane
reacted with the surface to form the methyl-
ene carbene, the intermediate for metathe-
sis, freeing an equal quantity of ethene (5).
The extent of this process also correlated
with 0/Mo, but the slope of the plot indi-
cated that carbene was formed on only
about 2% of these coordinatively unsatu-
rated sites (CUS).

A tracer study (6) was made of the hy-
drogenation of ethene as a function of sur-
face chemistry. The principal product was
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always ethane-d, (from C,H, + D,), but
multiple deuteration occurred as the CUS
was increased. The characteristic multiple
exchange patterns in the ethane product
could be explained by the participation of a
carbene intermediate formed as a side reac-
tion from the alkyl intermediate required
for hydrogenation. Polymerization could be
fit into the same scheme and evidence was
advanced that this process also correlated
with the CUS concentration. Thus, olefin
hydrogenation, disproportionation, and po-
lymerization, as well as carbene formation,
may all utilize a common set of sites and the
concentration of these may be much less
than measured by (O/Mo. In the work re-
ported herein, the effects of ‘‘selective poi-
sons’’ on the several reactions have been
studied and estimates made of the maxi-
mum concentrations of the active sites.
tracer results for propene are compared and
contrasted with the earlier ones for ethene
(6) and for cyclopropane (5).

EXPERIMENTAL

Catalyst and pretreatment procedures.
The same molybdena—alumina catalyst (8%
Mo) and activation procedures used previ-
ously (2-6) were adopted for the present
work. Before each run, the catalyst was
calcined in flowing dry O, overnight at
500°C. After evacuation for 40 min at this
temperature, it was reduced with a known
amount of H, or CO and the extent of
reduction measured from the amount of gas
consumed (after correction for adsorption)
(1, 2). When the desired extent of reduc-
tion was reached, the catalyst was evacu-
ated for 90 min. The data were calculated as
the average extent of reduction (below
Mo%*) measured as H./ Mo (atoms/atom) or
as the average number of electrons (¢/Mo)
the catalyst was reduced. On evacuation at
500°C after reduction, weakly adsorbed hy-
drogen (Hg) was pumped off the surface
while strongly held hydrogen (H;) or carbon
monoxide (CO,) remained on the surface
(3, 6). By using graphs obtained in earlier
studies (2, 3), the amounts of H,, CO,, and
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oxygen vacancies [0/Mo could be esti-
mated for a given extent of reduction.

Reaction procedures. One type of experi-
ment was carried out in the same all-glass
circulation system used earlier (6). The
gases were pumped over the catalyst at
room temperature and into a mixing cham-
ber which contained about 95% of the total
system volume (~300 cm®). The exit stream
from this could be sampled for glc analysis,
before passing once again over the catalyst.
Less than 1% of the circulating gas was
removed for each analysis.

The reactant mixtures were prepared vol-
umetrically (in an attached BET system) by
introducing a measured amount of propene
first into the circulation system, where it
was frozen and outgassed before H, or D,
was admitted in the desired amounts. The
gases were thoughly mixed before contact-
ing the catalyst.

A second type of experiment was made
with a microcatalytic pulse system, using
the same reactors and glc system as in the
static experiments. Pulses [1.15 cm® (NTP)]
of cyclopropane or propene were injected
into the H, or He carrier gas stream and
passed over the catalyst at 1 atm total
pressure. The products emerging from the
catalyst were collected in a —195°C trap for
20 min before flashing into the chromato-
graphic column.

Mass spectrometric analysis. Provisions
were made to trap and recover the individ-
ual products at the exit of the glc column
for mass spectrometric analysis. Blank
tests showed that no detectable isotopic
mixing occurred on the column. The differ-
ent compounds were analyzed at low ion-
ization voltage, 13 eV; more details are
given elsewhere (5, 6).

Gases and purification procedures. H,
and He were used as carrier gases in the
microcatalytic pulse experiments; they
were passed over anhydrous CaCl, and
MgCl0, and given a final cleanup with acti-
vated charcoal thermostated at —195°C.
Ethene, propene, and cyclopropane were
research grade, but were outgassed using a
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freeze-pump—thaw technique. Cyclopro-
pane-d; and C,D, were prepared by re-
peated exchange of these hydrocarbons

‘with D, over a highly pure alumina (7).

CO,, N.O, and O, (all research grade) were
distilled between dry ice and liquid nitrogen
temperatures to eliminate possible traces of
water; NO was also distilled between these
temperatures to eliminate both H,O and
NO,; NH; (research grade) was used as
received.

RESULTS
Reactions Studied

The three types of reactions shown in
Scheme 1 were studied. Hydrocarbons
were reacted with D, and deuterated hydro-
carbons with H, (as well as different combi-
nations of these). The catalyst was reduced
with H;, CO, or D,, as required.

CHZ\ _H_+_ +Hy
HyC CHy  Isomerization HC = CH-CH3——>C3H8
Metathesis +CHg
+H.
CoHg CoHg

+ +H

2
n-CHg—— > CgHyo
SCHEME 1

Thus isomerization, metathesis, and hydro-
genation could be assayed simultaneously
and additional information obtained by em-
ploying tracers. Still another reaction,
olefin polymerization, was always present;
it was repressed by hydrogen, but en-
hanced by further reduction. The reactions
of propene with H, were studied in the
recirculation system at 21°C. Because of
the complexities introduced into the ki-
netics by the metathesis reaction (8§-12),
initial reaction rates were used for purposes
of correlation.

A series of experiments were made in
which 22 cm® (NTP) of propene and 110 cm?
(NTP) of H, were reacted over the catalyst
reduced to different extents (0.3 to 1.5
e/Mo). These data are summarized in Fig. 1
and show that hydrogenation was greatly
enhanced by increasing the extent of reduc-
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tion while the metathesis activity was only
slightly affected. This was further
confirmed in two runs where the metathesis
reaction was studied in the absence of H;.
The empty squares in Fig. 1, which repre-
sent the initial rates for the latter experi-
ments, fitted well with the data obtained in
presence of H,. Evidently the rate of me-
tathesis is not limited by hydrogenation as
might be expected if both reactions took
place on the same sites. A blank experi-
ment was made over an oxidized catalyst.
— As shown in Fig. 1, this catalyst had no
15 activity for hydrogenation.

3 8 8

1
[
?

and (i) x 0 [motecutes x mir? x(g cMaIystf']

Metathesis

(rH)i

05 0
Extent of Reduction, e/Mo

FiG. 1. Effect of catalyst reduction on initial rates of
hydrogenation of propene, A (ry);, and of its metathe- . . R
sis, @ (r); a static recirculation system was used; 1 oisoning Experiments
reaction temperature was 21°C; reactants were 22 cm® Eight different poison molecules were
(NTP) C;H,, 110 cm®H,; amount of catalyst was 1.0 g .
. tested to establish the nature and concen-
up to 1.0 ¢/Mo and 0.1 g at higher extents of reduc- . R N .
tion. Empty squares correspond to runs without H, tration of active sites for the different reac-

but with 22 cc C;Hs. tions. These are listed in Table 1, together

TABLE 1

Effect of Different Poisons on the Catalytic Activity of Molybdena—Alumina for Various Reactions?®

Poison Amount Y Extent of Isom. of Exchange  Metathesis  Hydrogenation Polymeri-
adsorbed (°C) reduction cyclopropane at 2§ of C;Hg at of olefins zation at 90°C?
(cm®/g) (e/Mo) at 90°C* and 90°C* 25°C and at 25°C
90°C
H, O Sat. 25 0.9 CcP (CP) cp CP) CP
1.43 CP CcP) CP cp
CO, 0.28 25 0.9 NP NP NP NP NP
NH; 19.9 25 0.9 cp NT Ccp (CP) CP
6.1 300 0.9 CP NT CP (CP) CP
0. 25¢ 0.9 30% P NT NP NT 30% P
0.6 25 0.9 90% P NT NP NT 55% P
0.8 25¢ 0.9 95% P NT 35% P NT 75% P
Pyridine 4.7 400 1.5 CP NT Ccp NT CP
N, O 0.2 25 0.9 NP (NP) NP NP NP
CcO 0.18 25 0.9 25% P PP NP 75% P (NP)
NO 1.15 25 0.9 NP CpPf NP CP NP
2.5 25 1.35 NP P NP CcpP NP
O, 0.35 25 0.9 Partial Reoxida- NT NP cp Partial reoxida-
tion at 90°C tion at 90°C

¢ Reaction network shown in reaction Scheme 1. Poisoning is represented by P, complete poisoning by CP, not poisoned by
NP, not tried by NT, and partial poisoning by PP. When poison effect is given in parentheses, the most probable result expected
from related observations is indicated (but as yet untested). Data for metathesis and hydrogenation were for propene in circulating
system; the remainder, except as otherwise indicated, are for cyclopropane in microcatalytic system.

® Desorption temperature. Adsorption temperature was 25°C in all cases; 1 cm*(NTP) = 2.69 x 10'® molecules = 5.38 x 1072
molecules/Mo.

< Pulse technique.

¢ Polymerization is the estimated mass loss in pulse experiments and the data may include strongly adsorbed olefins and
dehydrogenated residue as well as polymer.

¢ Small successive additions of NH,.

7 Olefin —D, exchange.

¢ Hydrocarbon —D catalyst exchange.

" Intermolecular exchange.
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with information concerning their effects.
Data for hydrogenation and metathesis
were taken from experiments in which pro-
pene and hydrogen, or propene and helium,
respectively, were circulated over the cata-
lyst; the remainder were derived from cy-
clopropane pulse experiments. For conven-
ience the data for the different poisons will
be discussed separately below.

H,0. Catalysts reduced to 0.9 and 1.43
e¢/Mo were exposed to water at its vapor
pressure at room temperature for 3 min
before reacting cyclopropane at 90°C using
the pulse technique with He carrier. The
isomerization activity almost completely
disappeared. Moreover, no activity was
observed for any of the reactions when
propene was substituted for cyclopropane.
When a poisoned catalyst was evacuated
for 30 min at 110°C, a conversion of about
5% of the cyclopropane was observed. As
shown previously (4), the conversion level
was further increased after evacuation at
210 and 300°C and the original activity was
almost completely restored after evacua-
tion at 500°C. The large amount of water
adsorbed and the nonselectivity of the poi-
soning did not justify further studies.

CO,. In contrast with the alumina base
(13, 14), CO, was not irreversibly adsorbed
on the oxidized catalyst at room tempera-
ture, even after pretreatment and evacua-
tion at 550°C. Evidently the molybdena
layer covers the alumina sites which are
active for olefin —D, exchange. Chemisorp-
tion did occur on reduced catalysts, how-
ever, in amounts which increased almost
linearly with extent of reduction, but CO,
was not an effective poison (Table 1). At 1.5
e/Mo, 1.1 cm® (NTP)/g was chemisorbed,
but a portion of this could be displaced by
olefin; three pulses reduced the amount left
onthe catalyst to 0.8 cm®/g and the reactions
of propene and cyclopropane were virtually
unaffected. When a pulse of C,D, was
passed over the catalyst at this point at
25°C using H, carrier gas, neither the activ-
ity nor the exchange pattern was altered by
the chemisorbed CO,. Again, this is in

LOMBARDO, LO JACONO, AND HALL

contrast with results for alumina (/3, 14). A
similar conclusion was reached in a tracer
experiment in which cyclopropane was re-
acted at 90°C using He as carrier gas. In this
case, the catalyst was first reduced with
CO; the first pulse was cyclopropane-dg and
the following ones were cyclopropane-d,.
Deuterium from polymer residues appeared
in the products from the latter as previously
reported (5).

NH;. Since the facile isomerization of the
cyclopropane ring requires protons
(Bronsted acidity), basic molecules would
be expected to poison this reaction. This
proved to be true, but these chemisorptions
were not very selective and the other reac-
tions were poisoned also. Table 1 contains
five rows of data describing NH; poisoning
of the isomerization of cyclopropane at
90°C in He carrier gas. In the first experi-
ment, a large amount of NH; was chemi-
sorbed irreversibly at room temperature
(19.9 cm®/g); this poisoned the catalyst
completely. In another experiment, NH;
was adsorbed at room temperature and
then evacuated at 300°C. The amount re-
tained was lower (6.1 cm?®/g), but was still
enough to completely poison the catalyst.
The catalyst could not be evacuated at a
higher temperature because the NH, de-
composed and further reduced the catalyst.
To avoid this problem, small doses of NH,
were adsorbed at 25°C on a new sample of
reduced catalyst. It was recognized that a
serious chromatographic effect could de-
velop and that nonuniform coverage of the
bed length would undoubtedly occur. This
should have the effect of increasing the size
of the lethal dose, i.e., yield a site density
that was too high. However, the remaining
experiments using NH; (Table 1) showed
that much smaller amounts of NH; were
sufficient to deactivate the catalyst than the
6.1 cm®/g measured by the ‘‘proper’’ ex-
periment. The acid function was elimi-
nated, as postulated, and NH; and C;H;N
were the only poisons tested which accom-
plished this (see below). Note also that the
mass loss (polymerization and/or strong
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TABLE 2
Effect of Ammonia Poisoning on Cyclopropane and Propene Reactions®
Reactant passed over poisoned or unpoisoned
catalysts in pulse experiments®
Cyclop. Propene Cyclop. Cyclop. Propene Cyclop. Propene
(0 cm?/g) (0Ocm?/g) (0.3 cm?/g) (0.6cm®/g) (0.6 cm3/g) (0.8cm®/g) (0.8 cm?/g)
Product analysis (% of reactant)
C,H, and n-C,H, 20.9 22.9 13.2 1.3 23.8 0.7 14.7
Propene 29.8 50.9 25.2 4.7 64.4 3.6 79.1
Cyclopropane 26.0 — 49.1 94.0 — 95.7 —
Mass loss 23.3 26.2 12.5 0 11.8 0 6.2
Poisoning (%)

Isomerization

) — — 24 88 — 92 —

@) — — 31 92 — 94 —
Mass loss

(2y) — — 46 100 — 100 -

(C;He) — — — — S5 — 76
Metathesis — — — — 0 — 36

? Catalyst weight 1.00 g; CO reduced, 0.9 ¢/Mo; reaction temperature, 90°C; pulse size, 1.45 x 10'° molecules;
He carrying gas. The data shown correspond to a pulse passed after the catalyst is lined out.

® Reactant and amount of ammonia used as poison (cm*(NTP)/g).

¢ Calculated from 3 olefin/A° for poisoned and clean catalyst.

4 Calculated from (100 — A) for poisoned and clean catalysts.

adsorption of hydrocarbons) was also sus-
ceptible to poisoning with NH;. Care must
be exercised in evaluating the effectiveness
of the poison for the several reactions.
When the isomerization of cyclopropane is
partially poisoned, the propene pressure
available for polymerization and metathesis

is decreased and the poisoning effect there-

fore exaggerated. Consequently, it was ¢

necessary to evaluate the poisoning of § 801

these latter reactions using propene as the &

reactant. Data for the two reactions are g3 ] .
compared in Table 2 and poisoning plots -gu N

are shown in Fig. 2. It is evident that gg 40 1 \
isomerization is the most sensitive, poly- ©<3 N
merization next, and metathesis the least fzjg 20 1 N
sensitive to poisoning by NH;; the extrapo- }!}‘5 N o\
lated amount of poison required to com- e o s o

pletely kill the catalyst (upper limit) was
below 1.2 cm® (NTP)/g or about 3.2 x 10"
molecules/g. These figures may be com-
pared with the loading of 5 x 10?° Mo/g and
the anion vacancy concentration (expected

from CO, evolution on reduction with CO)
of about 1.2 x 10?°/g. The relative insensi-
tivity of metathesis to poisoning by NH; is
remarkable.

Pyridine. Pyridine was tried as a poison
in the same manner as NH;. A catalyst was

PN

100

Chemisorbed NHg5. cc (NTP)/g catalyst

F16. 2. Poisoning by NH; of the isomerization of
cyclopropane (A), and the polymerization () and
metathesis (O) of the propene by NH;.
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reduced to 1.5 ¢/Mo and evacuated. It was
then exposed to pyridine and evacuated at
400°C; a large chemisorption [4.7
cm’(NTP)/g] was observed. This com-
pletely poisoned the catalyst for all reac-
tions tested.

N,O. The catalyst (after reduction to 0.9
e/Mo) chemisorbed 0.2 c¢cm®*(NTP)/g of
N.O irreversibly at 25°C. This chemisorp-
tion did not affect the rate of either hydro-
genation of propene or its metathesis. In
another experiment, the catalyst was re-
duced to about the same extent and con-
tacted with N,O at room temperature; it
was then evacuated at 90°C, after which it
retained 0.05 cm?®/g. Neither the isomeriza-
tion of cyclopropane (in He) nor the me-
tathesis was affected.

CO and NO chemisorption. These mole-

cules were studied in the greatest detail
because preliminary tests showed them to
be the most promising. Moreover, by anal-
ogy with coordination chemistry, these
compounds would be expected to interact
strongly with coordinatively unsaturated
molybdenum ions, with NO adsorbing
more strongly than CO. On the other hand,
they would not be expected to be adsorbed
by Bronsted sites nor be as strongly ad-
sorbed on a partially dehydroxylated alu-
mina surface as, for example, CO, or NH;.
Volumetric adsorption studies confirmed
these assumptions. Figure 3 shows that
while the oxidized catalyst did not adsorb
measureable amount of either CO or NO,
on reduction the irreversible chemisorp-

04

w
(=]
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£ o3 ]
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2 0.2k a
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T)’ Q'. 8
O; 1©6 S
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S

1 L S D
Ol 02 03 04 05
0/Mo

FiG. 3. Relationship between irreversible chemi-
sorption of CO and NO and anion vacancy concentra-
tion (0O); slopes are 0.063 CO/0 and 0.37 NO/O. (0.1
cm?® of gas/g catalyst = 5.4 x 10~3 gas molecules/Mo
(total).)
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D atoms exchonged by H,%
[
o O

20
10
0] 0.l 0.2
0/Mo

Fi1G. 4. Deuterium exchanged by hydrogen, (100/6)
3.ih,, after different extents of reduction (where h; is
defined as the mole fraction of C;H;D,_;) when cyclo-
propane-d; was reacted in pulse experiments using H,
as a carrier gas. Cyclopropane (O, ) and propane (A)
curves are shown. The effect of CO poisoning on
exchange of cyclopropane is also shown (@, ).

tions of these molecules at room tempera-
ture increased linearly with (O/Mo. Curi-
ously, the intercept was not at the origin,
but at about 0.05 [J/Mo. A similar result
was noted earlier (4) for metathesis. The
slopes of these curves indicated that only
about 6% of the vacancies were populated
with CO and 37% with NO.

Tracer experiments were carried out
over unpoisoned catalysts reduced to var-
ious extents with CO. Cyclopropane-d; was
used as a test reactant and H, as the carrier
gas. In an earlier study (4), it was reported
that the isomerization of cyclopropane oc-
curred about twice as fast in H, carrier as
in He carrier. When pulses of cyclopro-
pane-dy, (92% C;D¢, 8% C;D;H) were
passed over a slightly reduced catalyst (Fig.
4), cyclopropane-d; and multiply ex-
changed propanes appeared. With catalysts
reduced to still higher extents, both the
cyclopropane and propane became multiply
exchanged. In Figs. 4 and 5, the percentage
of the D atoms exchanged by H into the
unisomerized cyclopropane is shown. The
extent of exchange in both cyclopropane
and propane increased with extent of re-
duction. Since linear correlations exist be-
tween both the percentage of deuterium
atoms exchanged by H (Fig. 4) and the CO
and NO chemisorptions (Fig. 3) with the
CUS concentration, O/Mo, it follows that
the former must correlate with each other
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D atoms exchanged by H,%
¢ 8. ¢
1,
!

o o 0.2
COyy cc(NTP)/g catalyst

F1G. 5. Correlation of deuterium exchange in cyclo-
propane-dg (O) and propane (A) produced (pulse ex-
periments of Fig. 4) with catalyst’s ability to adsorb
CO irreversibly as the catalyst was reduced to differ-
ent extents. Solid points correspond to reaction over
CO poisoned catalyst. Broken line shows difference in
D exchanged between propane and cyclopropane.

(Fig. 5). Moreover, exchange was severely
poisoned in the presence of chemisorbed
CO (solid points). The exchange with cy-
clopropane was almost completely poi-
soned by CO while the reaction of H into
the propane was only partially poisoned. Of
course, one H was introduced into the
propane molecule from the Bronsted acid
site as the ring was opened. This could
account for the intercepts for the propane
curves of Figs. 4 and 5 if it is assumed that
the Bronsted sites undergo facile exchange
with the H, carrying gas.

The CO which was irreversibly chemi-
sorbed in this experiment (0.18 cm®/g or 4.9
X 10'®* molecules/g), corresponded to only
about 1% of the total Mo on the surface or
to 4.6% of the available 107 x 10'® anion
vacancies, which were related to the ex-
change of cyclopropane in Fig. 4. This
chemisorbed CO also reduced the rate of
isomerization from 63 to 17%. Moreover,
while the deuterium exchange in cyclopro-
pane dropped from 37 to 2%, in propane it
decreased only from 44 to about 20% (Fig.
5); the latter value was about the same as
the extrapolated values for the unreduced
catalyst and is about equivalent to the ex-
change introduced by proton transfer as the
ring is opened.

When propene and hydrogen were re-
acted in the same system over a catalyst
reduced to 0.9 ¢/Mo and poisoned with
0.18 cm?®/g of CO, the hydrogenation rate

157

was decreased by 75% while the metathesis
rate remained unchanged (Table 1).

When a catalyst reduced to about ¢/Mo
= 0.9 was exposed to excess NO and then
evacuated, 1.15 cm*(NTP)/g was irrevers-
ibly chemisorbed. The microcatalytic iso-
merization of cyclopropane and the second-
ary metathesis reaction were only slightly
affected by this chemisorption (Table 1),
whereas hydrogenation of propene was
completely poisoned.

The hydrogenation of propene was stud-
ied in the circulating system. The effects of
NO poisoning on this hydrogenation and
metathesis are presented in Fig. 6. In the
first series of experiments, the catalyst was
reduced to 0.9 ¢/Mo and then saturated
with NO at room temperatue (1.15 cm?®/g).
The activity for hydrogenation at 21°C was
close to zero (Fig. 6) while the metathesis
activity was unaffected by the NO. In a
second experiment, made after the catalyst
had been reoxidized and reduced to 0.9
e/Mo, NO was adsorbed at room tempera-
ture and desorbed at 200°C; volumetric
measurements indicated that 0.67 cm® of

'

200)

IS0 Hydrogenation

LS

100

400°Ca

) x10%® [molecules xmir’ x(g catalyst)”

Fo =]

i
o
o

* aboc\a200°C

(rH)i and (r,,

Al

[

05 0
NO adsorbed, cc(NTP)/ catalyst

Fi1G. 6. The poisoning of hydrogenation (vs metathe-
sis) of propene by varying amounts of NO. Experi-
ments made at 21°C in the recirculating static reactor.
The catalyst was reduced to 0.9 ¢/Mo; NO desorption
temperatures are indicated (A, @). In all other experi-
ments, NO was adsorbed at room temperature (A, (0);
1 cm®*(NTP) = 2.69 x 10" molecules or 0.054
molecules/Mo.
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NO remained adsorbed on the catalyst.
However, when the gas recovered was ana-
lyzed by mass spectrometry, it was found
that it contained about 20% N,O; no O, or
N, was detected. Consequently, some
reoxidation occurred at the catalytic sites.
Nevertheless, the catalytic activity for hy-
drogenation increased somewhat compared
with the previous experiment, suggesting
that another portion of the active sites was
freed in the process. In a third experiment,
NO was again adsorbed at room tempera-
ture but desorbed at 400°C and 40% N,O
was detected in the gas phase. The hydro-
genation activity again increased compared
with the previous experiments as shown in
Fig. 6. The extent of reoxidation suggested
by the amount of N,O produced was still
small compared with the overall extent of
reduction (see Fig. 3).

In a second series of experiments, small
puises of NO were added successively. As
noted before, this technique should effec-
tively increase the size of the lethal dose.
However, the open triangles in Fig. 6 show
that the actual concentration of active sites
determined in this way was much lower
than that suggested by the previous series
of experiments. The 0.2 to 0.3 cm?/g, which
was sufficient to poison the active sites for

0 10 20
NO adsorbed, cc(NTP)/g catalyst

(), and{n,), xIO '8 [molecules x mir' x(g catalyst)']

Fi1G. 7. The poisoning of hydrogenation (vs metathe-
sis) of propene by varying amounts of NO. The
catalyst was reduced to 1.35 e/Mo; NO desorption
temperatures are indicated (A, ). In all other experi-
ments, NO was adsorbed at room temperature (A, ).
Conditions were otherwise the same as those of Fig. 6.

LOMBARDO, LO JACONO, AND HALL

b &/Mo/0.87]1.63
X do | & | &
Qs PN d [ o[ e
& AN GGlol=
E BN dy | 0 ¢
& 06
K]
©
= Q4
-
02
0] I

Conversion, %

FiG. 8. Istopic distribution in the propene produced
by reactions of propene-d, with D, over 1 g of catalyst
reduced to different extents. The recirculation system
contained 22 cm?*(NTP) of C;H; and 110 cm®*(NTP) of
D,. The reaction was carried out at 21°C.

hydrogenation, is in fair agreement with the
value deduced from CO poisoning experi-
ments. If 0.2 cm?/g is a fair estimate of the
active site concentration, then no more
than about 5 x 108 site/g or about 1% of
the total Mo is active and this is less than
20% of the total NO chemisorption.

Figure 6 shows that in all these experi-
ments, the metathesis activity was remark-
ably constant. In another set of experi-
ments, in which the catalyst was reduced to
an average extent of 1.35 ¢/Mo, the same
behavior was found. The addition of suc-
cessive small amounts of NO, as shown in
Fig. 7, yielded data suggesting an active site
concentration for hydrogenation of about
2.7 x 10'*/g (or about 5% of the Mo). For
this catalyst, this is equivalent to nearly
20% of the vacancies.

The reaction of propene with D, was
studied over the catalyst reduced to 0.9 and
1.5 e/Mo, respectively. The reactant mix-
ture consisted of 22 cm® of CG;Hg and 110
cm?® of D,. The data of Figs. 8 and 9 show
extensive exchanges in both sets of reac-
tion products. In a similar experiment, the
catalyst was reduced to 0.9 ¢/Mo and ex-
posed to excess NO at 25°C. On evacua-
tion, 1.1 cm*(NTP) was retained. With
identical reactant the metathesis reaction
proceeded at its usual rate, but less than 2%
propane was formed in several hours (by
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F1G. 9. Isotopic distribution in propanes produced
by reactions of Fig. 8.

the time metathesis was close to equilib-
rium). This is longer than it would take to
completely hydrogenate the C;Hg; on the
same catalyst in the absence of NO. Mass
spectrometric analysis of the propene
showed that it contained less than 2% pro-
pene-d, ; essentially all of the hydrogenated
product was propane-d,.

Oxygen. OXxygen was selectively chemi-
sorbed on reduced catlaysts in a way simi-
lar to NO (I5, 16). In a poisoning experi-
ment, 0.35 cmd/g of O, was retained
irreversibly by the catalyst at 25°C (com-
pared with 1.1 cm? NO/g) after reduction to
0.9 ¢/Mo. The hydrogenation of propene
was completely poisoned by this chemi-
sorption, while the metathesis activity re-
mained unchanged. Previously, using a
modified technique to determine the chemi-
sorption, we showed that the O, chemisorp-
tion mimicked Fig. 1, and indeed a linear
curve was obtained when the hydrogena-
tion rate was plotted against the amount so
adsorbed.

In other experiments made with the same
poisoning conditions, pulses of cyclopro-
pane were passed over the catalyst at 90°C
using He carrier gas. Metathesis was tested
with the same system using propene pulses.
Both reactions (isomerization and metathe-
sis) decreased in conversion in the way
expected if the catalyst had been reoxidized
to around 0.3 e/Mo. However, the amount
of O, available was only enough to reox-
idized the catalyst from 0.9 to 0.8 ¢/Mo.
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DISCUSSION

The present work has taught us several
lessons. The first of these is that the reac-
tions studied occurred on only a small
fraction of the surface. Consequently, at-
tempts to characterize reaction intermedi-
ates or active sites in terms of the major
components which are easily measurable
are apt to prove futile. The catalyst studied
contained about 5 x 10?° Mo/g. The num-
bers of anion vacancies, Mo*t and Mo**
centers, and new hydroxyl groups intro-
duced during reduction (H,) were all within
an order of magnitude of this figure. The
poisoning experiments proved that the
numbers of sites which are active for these
reactions are at least another order of mag-
nitude smaller. Consequently, the applica-
tion of spectroscopic techniques which in-
tegrate over all surface observables will
tend to show the major species, and not
those of interest to catalysis. An interesting
corollary to this rule is that detailed spec-
troscopic studies of the chemisorbed poi-
son are likely to be more rewarding than
searching for reaction intermediates. For
example, we have shown (/6) that the NO
molecules which poison hydrogenation are
chemisorbed to form dinitrosyl surface
compounds, i.e., they select sites which
expose two or more coordinatively unsatu-
rated positions. Kokes’ studies (/7) of ZnO
catalysts present an interesting contradic-
tion to this view. Kokes and co-workers
proved that the chemisorbed species ob-
served by infrared spectroscopy were the
active intermediates. The apparent conflict
disappears when it is realized that the inter-
mediates on ZnO were relatively stable, the
rates were zero order and probably con-
trolled by desorption, and, in addition, side
reactions were negligible. Thus, Kokes’
work may be considered the exception
which proved the rule.

Some earlier indications of low active
site density have been reported. In one
instance, the catalyst acidity was tested by
reacting cyclopropane. Approximately 2 X
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10%° H,/g were introduced when our cata-
lyst was reduced with H, t0 0.9¢ /Mo (2). It
was suspected that these OH groups might
be Bronsted sites and indeed a linear corre-
lation was obtained (4¢) when the percent-
age conversion of cyclopropane was plot-
ted against H;/Mo or against (H; + () /Mo.
It was later found (5), however, that when
the catalyst was reduced with CO, almost
the same activity level was developed. In
this case, no new OH groups were intro-
duced, yet ~10?°/g were still present and
unreplaced by (MoQ,)~2 groups at the 8%
Mo loading level. Moreover, from the
results of tracer experiments, it could be
estimated that about 1% of these (~10'8/g)
had become active Bronsted sites. Neither
NHj; nor pyridine proved to be very selec-
tive poisons for these sites, yet it was found
that isomerization could be drastically re-
duced by 0.6 cm®(INTP)/g; polymerization
was completely eliminated and the me-
tathesis activity lowered by this same 1.6 x
10" molecules/g, and this figure is obvi-
ously considerably too high.

In a similar vein, it was initially reported
that metathesis activity correlated with
J/Mo (4), but later work (5) revealed that
only about 2 x 10'8/g carbene centers (re-
quired for metathesis) formed on a catalyst
reduced by about 0.9 ¢/Mo, i.e., about
1.7 x 107%/0. In the present work, the
metathesis activity was nearly invariant
with extent of reduction, i.e., the correla-
tion with (0/Mo was not confirmed. The
earlier work (4) was carried out with cyclo-
propane as the source of olefin, using the
pulse technique; hence, the olefin pressure
increased with extent of conversion, which
in turn increased with the extent of reduc-
tion. Consequently, the earlier result
reflected the increasing olefin pressure, not
an increasing number of active sites. In the
earlier work (4), it was also found that
metathesis decreased with increasing
O/Mo in H, carrying gas. This was attrib-
uted to competition with hydrogenation on
the same sites. The present work also
showed that this was not so, because hy-
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drogenation could be eliminated by poison-
ing with NO or CO without noticeably
affecting the metathesis conversion. The
reaction network shown as Scheme 1 af-
fords several possible explanations for this
result when it is recalled that the experi-
ments were made at different temperatures
as well as with different partial pressures of
the reactants. The blank runs shown in Fig.
1 suggest that H, is not the factor control-
ling the selectivity for metathesis.

It is of considerable interest that me-
tathesis was not noticeably affected by
chemisorbed NO (which completely elimi-
nated hydrogenation), but was substantially
poisoned by comparable quantities of NH,.
The carbene mechanism for metathesis
would be expected to require sites having
multiple coordinative unsaturation together
with at least two available electrons (Mo*").
It is on this kind of center that NO and CO
would be expected to adsorb. However,
this finding has been confirmed by the ex-
periments of Engelhardt (/8) who found
that metathesis of propene was completely
poisoned, not by NO, CO, or O,, but by a
form of hydrogen which is chemisorbed at
high temperature and which we have char-
acterized (/, 2, 4) as Hg. This hydrogen
does not poison the hydrogenation of C;H,.
Evidently, a key element is missing in our
present understanding of the nature of the
site requirements for these reactions.

Tracer studies of a reaction mechanism
provide another approach to relating cata-
lyst function to surface chemistry. From
such work a reaction scheme can be de-
duced which usually requires the postula-
tion of surface intermediate species. This
approach was taken in a study (6) of the
reactions of C,H, with D,. The chemistry
deduced suggested that hydrogenation, me-
tathesis, polymerization, and isotope ex-
change between olefin and D, could all be
accounted for by a common intermediate
(adsorbed alkyl) on the same CUS molyb-
denum ions. The present poisoning experi-
ments did not support this hypothesis; hy-
drogenation could be eliminated without
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affecting metathesis. Of course the site re-
quirements might be quite similar, e.g.,
Mo** centers for metathesis (in plentiful
supply) and Mo?* (sparse) for hydrogena-
tion. If so NO and O, chemisorb strongly
only on the latter (15, 16) and it may be that
hydrogen is chemisorbed in an active form
only on these same sites.

Reaction Scheme 1 includes several im-
plicit reaction steps, such as chemisorption
(and the dissociation) of H,, metathesis,
and the bonding and insertion of monomer
olefins to produce polymer. Moreover,
these processes may be competitive. Con-
sequently, it is not possible at this stage to
be very explicit. What may be said is that
the concentration of such sites is
sufficiently small to require that some
rather special conditions be fulfilled, e.g.,
that they contain a rare species such as
Mo?3*, or that the concentration reflects the
joint probability of finding two or more
minor species at one site. The latter (multi-
plet) could, for instance, be what Siegel (/9)
has termed a CH site, i.e., a CUS site
containing Mo-H, or, perhaps, the ensem-
ble of Mars and co-workers (20), where
chemisorption of substrate occurs on a
higher valent ion (Mo**) while H, is chemi-
sorbed on a neighboring ion of lower va-
lence (Mo3*t0). This model would be in
agreement with our findings since NO is
known to interact most strongly with the
lower valence states of molybdenum (27).
The sharp upturn in the hydrogenation rate
at a reduction of about ¢/Mo = 1 tends to
support the multiplet theory. It is in this
region that multiple coordinative unsatura-
tion begins to develop; at lower extents of
reduction, the anion vacancies are thought
to appear randomly and mostly singly (2).

The tracer experiments on the unpoi-
sioned catalyst revealed some similarities
and differences with similar work with
ethene (6). Ethene underwent negligible
exchange with D,, even at high conversions
and ethane-d, was almost the sole product
at low D,/olefin ratios and extents of reduc-
tion. As these two factors increased, how-
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ever, other deuterated ethanes appeared,
i.e., the d,, d;, and d, species. This particu-
lar distribution was interpreted in terms of a
carbene intermediate that allowed the pro-
duction of ethane containing not more than
four deuteriums per molecule (6). By con-
trast, propene exchanged continaully with
D, as the conversion increased and conse-
quently the propanes contained a wider
distribution of deuterated species (Figs. 8
and 9). Formation of an allyl intermediate
could explain these results in the same
manner as with ZnO where ethene was
converted exclusively to ethane-d,, while
propene, as well as the product propane,
became multiply exchanged (77). The dis-
tributions shown in Figs. 8 and 9 are re-
markably similar to those obtained by
Kokes and Dent (/7), who discovered, us-
ing infrared, that a m-allyl specie was
formed from propene on CUS sites.

NO was an excellent poison for hydroge-
nation. The intercept of Fig. 6 suggests
that, at most, 0.25 cm® (NTP) of NO is
enough to poison hydrogenation. This cor-
responds to 6.7 X 10'® active sites/g, a
number two orders of magnitude smaller
than the total molybdenum available on the
catalyst. This NO is adsorbed on these sites
as dinitrosyl species (/6). NO has been
shown to be an excellent poison for me-
tathesis reactions occurring over molybde-
num carbonyl supported on silica (22).
However, over our reduced molybdena cat-
layst, NO did not affect the metathesis
activity. We can offer no explanation for
this interesting contradiction.

Some of the observations concerning poi-
soning might be attributed to selective
reoxidation at the active sites. Thus, the
chemisorption of O, at 25°C completely
poisoned hydrogenation; it also lowered the
isomerization activity for cyclopropane at
90°C so that it acted more like a catalyst
reduced to about 0.3 ¢/Mo, rather than 0.9.
However, even if the entire 0.35 cm*(NTP)
adsorbed was totally consumed to reox-
idize the catalyst, the overally extent of
reduction should have been lowered only
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slightly, i.e., from 0.9 to 0.82 ¢/Mo. A
similar partial reoxidation process occurred
when NO was desorbed at elevated temper-
ature as N,O was detected in the gas phase.
Again, the extent of reoxidation by this
process would not have been enough to
explain the data of Figs. 6 and 7, were the
adsorption not site specific.

The metathesis sites are most difficult to
characterize. None of the poisons selec-
tively affected metathesis. These sites ap-
pear to occupy only a small fraction of the
surface (5). Moreover, Fig. 1 demonstrates
that the metathesis activity was not much
affected by the extent of reduction. What-
ever their nature, two facts have been es-
tablished, viz., they are rapidly formed at
low extents of reduction and further reduc-
tion does not seem to increase their num-
ber; also, they are not affected by NO, but
are poisoned by Hy. These two facts favor a
higher oxidation state for the metathesis
site than for the hydrogenation site.
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