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In Situ Chemical Trapping of CO/H, Surface Species
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CO hydrogenation reactions over RuKY catalysts were monitored in situ using a novel chemical
trapping technique to identify surface species. Study of alterations in the product distribution upon
addition of the trapping agent led to a good prediction of the type of reactive surface species
thought to be present on the surface of these catalysts. This work represents the first evidence that
this chemical trapping technique selectively traps active surface intermediate species. A number of
other significant changes in the surface chemistry of the catalysts occurred upon addition of the
trapping agent, indicating that the action of the trapping agent appears to be more complex than had
previously been suggested. Although these results have uncovered interesting and revealing
phenomena, it is evident that additional investigations are needed before the full value and import

of this technique as a means of identifying reactive surface species can be fully assessed.

Academic Press, Inc.

INTRODUCTION

Understanding the nature of active inter-
mediate species present on the surface of
supported metal catalysts has long been a
goal of catalytic scientists. The rich chem-
istry of the reactions that carbon monoxide
(CO) and hydrogen (H;) may undergo on
different transition metals leads to a wide
spectrum of products depending on the
reaction conditions, the characteristics of
the support, and the type of transition metal
itself. Although many different techniques
have been uscd to probe the surface chem-
istry of catalysts in situ during CO hydro-
genation reactions, much remains to be
learned about the nature of thc surface
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species and the mechanisms by which they
participate in catalytic reactions.

This paper reports investigations of CO
hydrogenation over supported Ru catalysts
using a novel chemical trapping technique
proposed by Deluzarche and co-workers (/,
2). They have reported the use of this
technique to identify surface species under
conditions quite far removed from those of
conventional CO hydrogenation reactions.
We have extended the chemical trapping
technique for the first time for in situ use
during CO hydrogenation reactions over Ru
catalysts.

Two important questions remain to be
addressed from the previous work on this
technique. First, what is the naturc of the
interaction between the trapping agent and
the adsorbed species? While the Strasbourg
group has reported identification of an ex-
tensive number of surface species using this
technique, to date the work has not focused
in detail on the mechanism(s) by which the
trapping agents react. Of great interest also
is the question of whether the trapping
agent can selectively trap active surface
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species, or if it merely acts as a nonselec-
tive alkylating agent for any and all species
on the surface.

BACKGROUND

Since the early work of Emmett and
co-workers (3, 4), a number of studies
have attempted to identify reaction inter-
mediates using tracer or probe molecules
added to the reaction mixture (5—9). Other
kinds of experiments have involved gener-
ating CH, species on the surface to confirm
their role in CO hydrogenation reactions
(10-14). Biloen et al. (15) and others (/6,
17) have performed elegant tracer experi-
ments in which a steady-state CO hydroge-
nation reaction is suddenly subjected to a
switch of one of its reactive components to
an isotopic analog of that component (D,
substituted for H,, or *CO for '*CO, for
example). The transient period in which the
surface changes to species rich in the new
isotopic component is then monitored.

Other imaginative experiments have in-
volved the scavenging of surface species by
reaction with molecules not part of the
reaction scheme (I8, 19). A novel variation
on this theme was developed by Delu-
zarche and co-workers (2) in which alkylat-
ing agents such as methyl iodide (CH;I)
have been used in attempts to chemically
“trap’” species on the surface by selec-
tively attacking metal-adsorbate bonds.
They proposed that an alkyl group inserts
at each former place of attachment of the
species to the surface. The nature of the
original surface species is then deduced
from analysis of the product which is
formed in this trapping reaction. Figure 1
illustrates the manner in which this chemi-
cal trapping reaction is thought to occur.

Deluzarche and co-workers (I, 2) have
exploited this technique in extensive work
suggesting that a wide array of surface
species present on different catalyst sur-
faces could be identified. However, their
work was carried out under static ad-
sorption and under temperature and pres-
sure conditions far removed from those of
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Fi1G. 1. The proposed mechanism of chemical trap-
ping of surface species (/). An alkylating agent attacks
bonds between an adsorbed species and the surface of
a catalyst. An alkyl group is inserted at each former
place of attachment to the surface. The original sur-
face species is deduced from the gaseous product
which is formed. Reagents with different alkyl groups
may be employed for unambiguous determination of
the identity of the surface species.

actual catalytic reactions. The need for
identification of surface species under dy-
namic conditions is emphasized by recent
work (15, 16} indicating that in many cases
only a small fraction of the surface sites
actually participate in the CO hydrogena-
tion reactions. Being able to identify these
sites and distinguish them from inactive
adsorbed species is important to our overall
understanding of how catalytic reactions
take place. Our group has undertaken in-
vestigations to explore the use of this trap-
ping technique under dynamic conditions.

In the present study, two supported
Ru catalysts exhibiting slightly different
Fischer-Tropsch (F-T) product distribu-
tions were exposed to the trapping agent
CHsl in situ during the CO hydrogenation
reaction. The results have allowed us to
make suggestions about the nature of the
interactions between the trapping agent and
the surface species. For this system, it
appears that chemical trapping involves re-
actions which proceed along with and com-
pete with the CO hydrogenation reaction
steps. While chemical trapping is overlaid
on the existing reacting system, it also
perturbs the system causing irreversible
poisoning of some sites. Thus, while chemi-
cal trapping may provide useful information
about the nature of surface reactions, its
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influence on the main reaction pathways
must be considered before it may be used
as a method of studying reactive surface
species.

EXPERIMENTAL

Catalyst preparation. The KY support
used in this work was prepared by ion
exchange of NaY zeolite (Strem Chemicals)
with potassium nitrate (Alpha Products,
ultrapure). Two different procedures were
used to carry out the ion exchange: a one-
step procedure in which the solution con-
taining the KNO; and the support was
stirred at ambient temperature for 24 hr,
and a three-step exchange procedure in
which the ion-exchange solution was re-
plenished three times while being stirred
over a period of 72 hr. This second pro-
cedure causes more complete replacement
of Na with K, yielding a zeolite with fewer
acid sites (20, 21).

After the support was dried overnight at
110°C, the Ru-loaded catalyst was then
prepared by a further ion exchange of the
KY zeolite with Ru(NH3)¢Cl; (Strem
Chemicals). The weight loading of Ru was a
nominal 3% for both catalysts. More de-
tailed procedures for the preparation and
pretreatment of the RuKY catalyst are de-
scribed elsewhere (22).

Reaction studies. Fischer-Tropsch syn-
thesis was carried out in a stainless-steel
tubular microreactor of % in. (0.95 cm) di-
ameter. Approximately 0.25 g of pre-
reduced catalyst was loaded into the reac-
tor. Under a hydrogen stream of 3 liters/hr,
the catalyst was heated to 673 K at 2 K/min
and held there for 2 hr. Ultrahigh-purity H,
(Linde) and CO (Matheson) were further
purified by passage through molecular sieve
traps. The H, stream was passed over a
Deoxo unit prior to the molecular sieve
trap.

Reaction temperature was controlled by
a thermocouple inserted into the catalyst
bed. Reaction conditions were 101 kPa and
523 K using a 1: 1 mixture of H,: CO flow-
ing at 2.4 hters/hr. During trapping experi-

ments, the CO stream was diverted through
a saturator containing CH;l (Aldrich, 99%
purity) which was kept in a Dewar flask
filled with a 32 wt% CacCl, solution main-
tained at 227 K to provide approximately
3.7 vol% CHj;l in the reactant stream. Un-
der these conditions CO conversions were
less than 3%. Effluent gas analysis was
carried out on line using a Perkin—-Elmer
Sigma 300 gas chromatograph fitted with
thermal conductivity and flame 1onization
detectors. Product analysis from reactions
with the Ru(K) catalyst was made using a
12-m SP-1700 column maintained at 343 K.
A 2-m 0.19% picric acid column packed
with 80/100 Carbopak C was used for
analysis of products from reactions with
Ru(KK). Peak areas were determined by an
electronic integrator (Varian CDS 111). A
hydrogen bracketing technique was used
during these experiments in which the cata-
lyst surface was flushed with H, at reaction
temperature for 40 min after every S min of
reaction.

Trapping reactions on Ru(KK) were also
carried out with *C-labeled CH;I (Aldrich,
99.55% "*C) as the trapping agent. Reaction
products were collected for injection into
and analysis by a GC-MS system (Finne-
gan) using the picric acid column described
above.

1-Butene (Matheson) isomerization reac-
tions were carried out over fresh and used
catalysts in the same microreactor system.

RESULTS

CO hydrogenation reactions were per-
formed over the two RuKY catalysts in
both the absence and the presence of CH;l
in the reactant mixture. Ru catalysts pre-
pared from the extensively exchanged KY
(Ru(KK)) gave an overall product distribu-
tion similar to the lesser exchanged Ru(K)
catalyst, but they showed decreased hydro-
genation capability, with a higher C37/Cy
ratio. The parent NaY support possesses
only weak acid sites; the exchange of Na
for K decreases the number of these weak
acid sites to a greater extent on the exten-
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TABLE 1

Fischer-Tropsch Product Distributions for Ru(K) and Ru(KK) Catalysts® in the
Absence and Presence of CH;I Trapping Agent

Catalyst Step 1 Step 2
without CH,l with CH;l
Ru(K) Ru(KK) Ru(K) Ru(KK)

CO conversion (%) 2.3 1.3 0.8 0.3

Activity (umol/hr * g cat.) 4.7 2.5 1.5 0.5

Turnover frequency X 1000 (s™') 6.4 33 2.0 0.7

Propylene/propane ratio 5.7 18.2 24.3 55.7
Selectivity (wt%)

C, 33.4 36.5 19.1 53.2

C, 13.2 10.4 4.7 8.0

Cs 20.8 20.6 8.3 9.9

C, 10.6 13.8 32.0 10.4

Cs 8.6 11.2 18.9 6.7

C¢ 13.4 7.5 17.0 11.8
Selectivity in Cg:
fraction (wt%)

Isobutane 0.2 0.3 28.8 0.0

n-Butane 16.3 6.9 0.3 1.0

1-Butene — 18.5 — 0.0

Isobutene 23.9 36 54.8 57.7

trans-2-Butene 18.4 42.0 9.6 26.9

cis-2-Butene 41.2 28.7 6.5 14.4

¢ Reaction conditions were 523 K and 101 kPa; details given in text. Details of
catalyst characterization given in Ref. (/8).

b Indicates a combination of the Cq fraction and all higher hydrocarbons.

¢ Isobutene and 1-butene were not separated by analysis for Ru(K). The number
given for isobutene is actually isobutene + I-butene.

sively exchanged Ru(KK) than on the
Ru(K) catalyst. The more basic the nature
of the support, the more olefinic is the
product distribution (20). Table 1 gives ki-
netic data for the two catalysts during reac-
tions without and with the addition of CH;1.

Table 1 and Figs. 2-5 compare hydrocar-
bon product distributions in the presence
and absence of the trapping agent. When
CH.l was added to the reaction mixture,
the products changed dramatically from a
characteristic F-T distribution. Ru(K) ex-
hibited a strong shift to higher carbon num-
bers upon addition of CHsl while for
Ru(KK) the major effect was an increase in
the amount of methane. Both catalysts
showed alterations in the distribution of
products within a particular carbon num-
ber, as is shown for the C, fraction in Figs.

4 and 5. After addition of CHsl the C,
fraction was lower in n-butane and cis- and
trans-2-butene for both Ru(K) and Ru(KK).
The most significant change upon CH;l
addition was a dramatic increase in
branched C; products: Ru(K) showed a
strong increase in the amount of isobutane
formed while isobutene increased substan-
tially over Ru(KK). Product analysis for
the Ru(K) catalyst showed an increase in a
combined peak for 1-butene and isobutene
which could not be separated by the col-
umn used. It is likely but not certain that an
increase in isobutene occurred for Ru(K) as
well as for Ru(KK) during trapping.

The conversion of CO decreased by at
least a factor of 3 for both catalysts during
the period in which CHil was added to the
reactant mixture. However, even after tak-



CHEMICAL TRAPPING OF SURFACE SPECIES h!

ur
o

CSIw/o CH3I
CZIwith CH3I

>
o

Weight %
N o
(=) (=]

10

c4 €5 ¢
Carbon Fraction

Fig. 2. Ru(K) catalyst. Comparison of the total
hydrocarbon product distributions from CO/H, reac-
tion in the absence and in the presence of CHsl, a
chemical trapping agent. Note: C, represents C, and
higher hydrocarbons.

ing this activity decrease into account,
quantitative analysis of the products
showed absolute increases in the amounts
of the branched C, products compared to
their amounts during CO hydrogenation in
the absence of the trapping agent.

During the first few minutes of trapping,
the CHj;l in the feed stream was consumed
in large quantities by the catalyst, with as
much as 80% of the entering CHsl remain-
ing on the surface in the first few minutes of
trapping. Carbon deposition on the catalyst
surface by CH;l might account for the
decrease in CO conversion observed during
trapping.
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Fi1c. 3. Ru(KK) catalyst. Comparison of the total
hydrocarbon product distributions from CO/H, reac-
tion in the absence and in the presence of CH;l, a
chemical trapping agent.
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Fi1G. 4. Ru(K) catalyst. Composition of C, products
in the absence and in the presence of CH;l, a chemical
trapping agent. iC4H10, isobutane; nC4H10, n-butane;
IC4HS, 1-butene*; iC4HS8, l-butene and isobutene;
t-2C4HS8, trans-2-butene; ¢-2C4H8, c¢is-2-butenc.
*Note: 1-Butene and isobutene were not separated in
this product analysis. The C4 fraction labeled iC4H8 is
actually the combination of i- and 1-butene.

Table 2 summarizes the sequence of re-
action steps employed in these studies.
Each step was bracketed by a 40-min purge
in H, at reaction temperature. When the
addition of CHsl was stopped, the activity
of the catalyst for the conversion of CO was
reduced by nearly an order of magnitude.
For Ru(K), the olefin/paraffin ratio in-
creased after exposure to CHsl, suggesting
that the hydrogenation ability of the cata-
lyst was partially poisoned. It was also
found that further addition of CHsl to the
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Fi1G. 5. Ru(KK) catalyst. Composition of C, prod-
ucts in the absence and in the presence of CH:l, a
chemical trapping agent. iC4H10, isobutane; nC4H10,
n-butane; 1C4HS8, I-butene; iC4HS, isobutene; t-
2C4HS, trans-2-butene; ¢-2C4H8, cis-2-butene.
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TABLE 2

Summary of the Experimental Sequence in the Study of Chemical Trapping of
CO/H, Surface Species over Ru(K) and Ru(KK)

Step Feed Products
| CO + H, Typical C,-C¢ F-T hydrocarbons
2 CO + H, + CH;l Shift in C,4 fraction to more branched products
2 CO + H, C—C¢ hydrocarbons; lower conversion
4 CO + H, + CH,l Same distribution as Step 2; lower conversion
S He + H, + CHsl Small amount of CH,; trace C,, Cs

Note. Each step was bracketed by a 40-min purge in pure H. at the reaction

temperature.

reaction mixture yielded the same product
distribution obtained with the first CH,l
addition, albeit with lower activity.

In the last step in the reaction sequence,
the CO in the reaction mixture was re-
placed with helium. Only a small percent-
age of the CH;l reacted in the absence of
CO, forming mostly methane and traces of
ethane and propane. This same step was
also carried out on a catalyst sample which
had not been contacted with CH,I, with
very similar results. This indicates that the
reactions observed did not stem merely
from interactions between the trapping
agent and the zeolite support, but that the
presence of CO was required to obtain a
product distribution characterized by sig-
nificant amounts of branched C; hydro-
carbons.

All of the reaction steps discussed above
were also carried out with Ru(KK) using
3C-labeled CH;l as a trapping agent. Be-
cause of the significant drop in CO conver-
sion which occurred during trapping, the
concentrations of products were very low
and the MS signals observed were quite
weak and noisy, especially as the time of
trapping increased. However, the spectra
obtained at 3 min trapping time clearly
show that '3C was selectively incorporated
into isobutene alone of the major products.

Figure 6 shows MS results for four of the
hydrocarbon products from CO hydrogena-
tion reactions both without CHsl and with
BC-labeled CH;l. For the spectra of propyi-

ene, l-butene, and cis-2-butene, the only
influence of the trapping agent was an over-
all decrease in the signal intensity, indicat-
ing a decrease in the amount of product
formed. The spectrum of isobutene pro-
vides a very different picture. Significant
signal intensity was observed at ion frag-
ment numbers different from those of
["*Clisobutene, indicating incorporation of
BC into the branched product. There was
no evidence for the incorporation of *C
into C; products, into C4 products other
than isobutene, or into Cs products. MS
analysis of the C, and C, products was
hampered by the large CO background sig-
nal resulting from the similar retention
times of these compounds in the chromato-
graphic column.

1-Butene  isomerization experiments
were performed over both Ru(K) and
Ru(KK) catalysts. The fresh catalysts
showed only cis—trans isomerization and
no significant structural isomerization. This
activity was unchanged for the Ru(KK)
after exposure to CHil, but the Ru(K)
catalyst exhibited some activity for the
structural isomerization of 1-butene after
reaction with CH;I.

DISCUSSION

Addition of CH;l as a trapping agent to
the reactant stream during F-T synthesis
caused changes in both the activity and the
selectivity of the catalysts. The increase in
isobutane for Ru(K) and isobutene for
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PRODUCTS WITH PROPOSED PRODUCTS WITHOUT
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FiG. 7. Proposed surface species which may explain
the product distributions found from CO/H; reactions
over Ru(K) and Ru(KK) in the presence and in the
absence of a chemical trapping agent CH,l.

Ru(KK)—branched hydrocarbon products
not normally produced during F-T reac-
tions on nonacidic catalysts—indicates that
the trapping agent caused significant pertur-
bations in the dynamics of the reaction
system. Our task then is to discern whether
these perturbations can be explained by the
trapping hypothesis as discussed by Delu-
zarche et al. (I). A reaction scheme which
incorporates the action of the trapping
agent into a dynamic F-T reaction network
is proposed in Fig. 7. C;H, surface species
such as those shown have been hypothe-
sized (15, 16) to explain commonly ac-
cepted F-T pathways to olefinic and paraf-
finic products.

The left side of Fig. 7 shows that these
proposed surface species can also correctly
predict the products observed in the
presence of CH;l acting according to the
scheme proposed by Deluzarche and co-
workers (I, 2). If CHil is introduced to a
catalyst surface undergoing normal F-T
reaction, surface intermediates responsible
for the normal secondary products might be
“‘derailed’’ from their usual pathway by
instead interacting with CH;l. Either of the
two proposed surface species can explain
the increase in isobutane for Ru(K) (or
isobutene for Ru(KK)) as well as the de-
crease in the normal secondary-reaction
products upon addition of CH;I. Hence for
this example the chemical trapping tech-
nique gives a reasonable prediction of the

type of reactive surface species in good
agreement with what has been suggested
from studies using other techniques (9,
15-18). Its value as a probe of surface
species stems from the fact that it appears
to ‘‘tag’” the former surface species by
producing from it products not normally
found in CO hydrogenation reactions over
these catalysts.

The decrease in activity for normal CO
hydrogenation suggests that the trapping
agent poisons sites on the surface neces-
sary for F-T reaction. Carbon deposition
on the surface from the trapping agent may
account for a large nonselective decrease in
activity due to site blockage. The increase
in the olefin/paraffin ratio observed for both
Ru(K) and Ru(KK) after the surface has
been contacted with CHsl indicates loss of
hydrogenation ability. This might be related
to the iodine introduced to the system as
CH.l. The effect of halogens on the che-
misorptive and catalytic properties of sup-
ported transition metals has been studied
(23-26). It has been reported that residual
chlorine from reduction of precursor metal
chlorides is partitioned between the metal
and the support (23, 24), and that it may in
some cases inhibit chemisorption (25, 26).
Halogens might act to poison hydrogen
adsorption on the surface much faster than
sites for CO and growing hydrocarbon
chains are perturbed (26).

Butene isomerization experiments were
performed over both Ru(K) and Ru(KK)
catalysts to detect the possible presence of
acidic sites. The fresh catalysts showed
only cis—trans isomerization. Lack of sig-
nificant structural isomerization indicated
the lack of strong acid sites on the surface
of either catalyst. This activity was un-
changed for the Ru(KK) after exposure to
CH;l, but the Ru(K) catalyst exhibited
some activity for the structural isomeriza-
tion of butene after reaction with CH;l.

The fact that the Ru(K) catalyst showed
activity in structural isomerization after
exposure to methyl iodide indicates that
irreversible changes in the surface chem-
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istry had taken place. The KY support in
Ru(K) was less extensively exchanged with
K and had some protons or Na cations
remaining in the structure. The protons
might interact with halogen ions to create
strong acid sites where there were none
initially. In the case of AlLO: (27) and
Pt/Al,O; reforming catalysts (28, 29), it is
well known that the addition of HCI or
other Cl-containing compounds increases
the acidity of the support. The results from
the CO hydrogenation reactions in the pres-
ence of CH;l might then be reinterpreted:
reactions taking place with surface species
on acid sites on the support could perhaps
explain the appearance of branched C,
products without invoking the scheme in-
volving the trapping of surface species on
metal sites. However, a number of other
observations discussed below preclude the
conclusion that formation of acid sites
might account for the changes in surface
chemistry of these catalysts.

Methylating agents have been shown to
react over materials such as ZSM-5 to give
hydrocarbons (30-32). However,, it has
been demonstrated (30) that CHil is an
order of magnitude less active for methyl-
ation on ZSM-5 than are other agents such
as dimethyl sulfate. The interaction be-
tween CH;l and the support alone is un-
likely to be sufficient to produce the sig-
nificant changes observed here.

It has also been observed (22) that F-T
reactions on metal catalysts with acidic
supports produce, in addition to an increase
in branched products, lower olefin/paraffin
ratios than nonacidic catalysts, not higher
ratios as were found in the present study. It
also appears that any acid sites present on
the support cannot be responsible for all of
the surface chemistry occurring on the
Ru(K) or the Ru(KK) catalyst. If this were
true, the reaction of CH;I ought to be able
to proceed in the absence of CO, which it
does not. It is unlikely that the formation of
acid sites can fully explain the resulits ob-
served in the present study.

The formation of hydrocarbon chains

from alkyl halogen molecules on metal sur-
faces has been reported by van Barneveld
and Ponec (/4) and by Fung and Sinfelt
(33). The former group postulated that CH,
Cly—, (x = 1-3) reactants formed (-CH,-)
intermediates on metal surfaces which led
to growing hydrocarbon chains even in the
absence of CO. This scheme is essentially
similar to the chemical trapping scheme
postulated by Deluzarche and co-workers
(I, 2); here, however, the alkyl halogen
molecule acts (in place of CO) as the entity
which generates surface species as well as
the entity which traps them. In addition, in
these authors’ scheme, the alkylating agent
is postulated as being able to sequentially
insert numerous (-CH,-) fragments into a
growing hydrocarbon chain on the surface.
In the chemical trapping scheme, the trap-
ping agent is thought to perform only one
alkylation on each surface—carbon bond.
Van Barneveld and Ponec (/4) found that
chloromethane (CH;Cl) was quite inactive
for chain growth compared to doubly or
triply chlorinated carbon. The authors con-
cluded that hydrocarbon chains had a bet-
ter chance of growing from more highly
substituted chlorinated methane species.
Perhaps the singly substituted CHsl used in
the present study was able to perform only
a single alkylation on a surface species. The
surface species might then have desorbed
without further addition of alkyl groups.
In earlier work, Brady and Pettit (/2)
added CH;N, in CO hydrogenation reac-
tions. They observed an increase in the
chain growth probability but the distribu-
tion of products was still that predicted by
the Anderson-Schulz-Flory polymeriza-
tion model, indicating the ease of CH, in-
sertion into normal F-T chain growth.
Comparison of these results with our own
findings strongly suggests that CH; groups
from CH;l do not insert into the growing
chain but rather terminate it in a way that
causes branched hydrocarbon products to
form. The ‘‘single alkylation’ of van Bar-
neveld and Ponec (/4) might then in fact be
synonymous with the “*‘chemical trapping™
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of Deluzarche and co-workers (I, 2). This
suggestion represents the first attempt since
the beginning of work on this ‘‘chemical
trapping’’ technique to explain the mecha-
nism by which the chemical trapping reac-
tion occurs.

Fung and Sinfelt (33) have also studied
the reaction of alkyl halides on supported
metal catalysts. They compared the hydro-
genolysis of C—C bonds with C-Cl bonds
on transition metals. Experiments with
CH;l as the only carbon-containing entity
(step 5 in the sequence) indicate that on a
clean catalyst surface the hydrogenolysis of
CH;I cannot account for the increase in the
absolute amount of branched C, products
formed during the trapping steps of the
reaction cycle. Again, the lack of significant
activity of the CH;l in the absence of CO
rules out this pathway as the major route to
the products obtained during the in situ
trapping reactions described in the present
study.

These studies lend support to the idea
that a molecule such as CH;I may be used
as an alkylating agent which can then be
traced in product molecules to help deduce
the nature of certain surface species. CH;l
may be active enough to perform a single
alkylation on the metal surface without
being so active as to aid in further hydro-
carbon chain growth. CH:l may also be
active enough to create acid sites on the
support and to lay down carbonaceous spe-
cies on the metal, but not so active as to
promote significant hydrocarbon formation
in the absence of CO. The actual reaction
scheme could involve interactions between
CO/H, surface species and CHsl on both
metal and support sites.

The labeled trapping studies on Ru(KK)
showed that the carbon group from the
trapping agent was selectively incorporated
in isobutene, confirming that this trapping
agent was indeed involved in the formation
of branched products. The fact that this
branched C, product contained some "“C
and some "*C supports the suggestion that

the trapping agent participates in some sort
of alkylation reaction that occurs on a sur-
face hydrocarbon entity which was pro-
duced from the original CO and H, reac-
tants, as envisioned in the trapping reaction
scheme. This mixture of isotopes is also
further evidence for the assertion that the
increase in the production of isobutene is
not due simply to the self-reaction between
CH;I molecules.

These isotopic labeling studies show that
initially the trapping reaction over Ru(KK)
is quite specific for (-C,H,) species where x
may be 1, 2, or 3. Under CO hydrogenation
conditions, the catalyst surface is covered
with a variety of species including CO,
H.4, and perhaps other C-H-O species.
CHsl selectively attacks partially hydroge-
nated adsorbed carbon species and growing
carbon chains. This important finding is the
first real evidence that this chemical trap-
ping technique can indeed provide informa-
tion about active surface species.

At reaction times longer than 3 min, it
appeared that >C might be incorporated in
products other than isobutene, but weak
signals prohibited quantitative confirmation
of this. The possibility of gaining further
information from the mass spectra about
the nature of the surface species trapped by
BCH;I (including the position of the *C
atom(s) in the isobutene molecule) was
ruled out both because of the small ion
current obtained in the experiment and
because of the randomization of hydrogen
and carbon which occurs prior to fragmen-
tation of the isobutene molecular ion in the
mass spectrometer (34).

Suggestions that CHsl may be involved
in more extensive reaction as trapping
progresses indicate that interactions other
than the trapping or alkylation reaction may
take place between CH;l and other species
adsorbed on the surface. Competition be-
tween the various processes occurring on
the surface may lead to an extremely com-
plicated reaction network in which reac-
tions involving CHsl (including trapping
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and deactivation reactions) are overlaid
onto the existing F-T reaction scheme.

While these results are intriguing, they
demonstrate that the action of the trapping
agent is much more complex than had pre-
viously been suggested. There is a need for
a better understanding of how the trapping
agent reacts with the surface, how certain
sites may be deactivated by contact with
the agent, and how the kinetics of compet-
ing reaction processes may be altered by
the action of the agent. In addition, prelimi-
nary work by our group (35) has indicated
that parameters such as the type of trapping
agent, its concentration in the feed stream,
and the time of exposure of the catalyst
have significant effects on the trapping re-
action which need to be further explored.
Sorting out these processes is a crucial step
which must precede further investigation of
the usefulness of the trapping technique for
identification of catalytically important sur-
face species.

CONCLUSIONS

A novel technique which had been pro-
posed for use in identifying surface species
was employed for the first time under dy-
namic CO hydrogenation reaction condi-
tions over Ru catalysts, The results indicate
that the surface chemistry of this chemical
trapping reaction is more complex than had
been previously suggested. The most sig-
nificant observation was a change in the
selectivity of products obtained in the C,
fraction upon addition of CH:l to the reac-
tant mixture. This shift toward branched
products could be predicted quite well by
the trapping mechanism proposed by Delu-
zarche and co-workers (/, 2). Results from
studies using isotopically labeled CHsl pro-
vide the first evidence that chemical trap-
ping may indeed be selective for catalyti-
cally active surface species.

A number of other significant changes in
the reaction system occurred which indi-
cate that the addition of the trapping agent
irreversibly perturbs some aspects of the

reaction scheme. These processes resulted
in a decrease in the overall conversion of
CO and a suppression of hydrogen ad-
sorption.

These investigations suggest that CHsl
acts on adsorbed species as an aikylating
agent and that the identity of these ad-
sorbed species may indeed be inferred from
the products of the alkylation reaction. The
chemistry of this trapping agent (including
alkylation and deactivation) is overlaid
onto the already complex CO hydrogena-
tion reaction network of the Ru catalysts.
The relative magnitude of the competing
processes of hydrogenation, chain growth,
carbon deposition, acid site chemistry, and
chemical trapping of surface species must
be deconvoluted before the value of the
trapping technique in predicting surface
species may be fully assessed.
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