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Hydrocarbon species produced on the surface of a Ru/SiO, catalyst during CO hydrogenation
have been detected by analysis of the products formed when these species react with cyclohexene,
benzene, cyclopentene, or cis-2-butene, added in low concentration to the synthesis gas mixture.
The presence of adsorbed methylene groups is strongly supported by the formation of norcarane
and 1,2-dimethylcyclopropane from cyclohexene and cis-2-butene, respectively, and by the forma-
tion of ethylcyclopropane from 1-butene produced by the isomerization of cis-2-butene. Methyl and
higher-molecular-weight alkyl groups are detected through the observation of alkyl derivatives of
cyclohexene and benzene when cyclohexene or benzene is used as the scavenger. The addition of a
scavenger to the synthesis gas is found to decrease the formation of higher-molecular-weight
hydrocarbons produced by CO hydrogenation. This suggests that the species removed by the
scavenger are intermediates in the process of hydrocarbon chain growth.

INTRODUCTION

A number of recent investigations (/—-14)
concerned with CO hydrogenation over
Group VIII metals have suggested that CH,
(x = 1-3) species present on the catalyst
surface play a vital role in the formation of
methane and higher-molecular-weight hy-
drocarbons. These species are assumed to
be formed via the dissociation of adsorbed
CO followed by stepwise hydrogenation of
the atomic carbon thus released. Biloen et
al. (3-5) and Bell and co-workers (6—10)
have proposed that CH; groups can act as
precursors to methane as well as chain initi-
ators for the formation of higher-molecular-
weight hydrocarbons. Chain growth is envi-
sioned to begin with the insertion of a
methylene group into the metal-carbon
bond of a methyl group. Further addition of
methylene groups propagates the chain
growth. Termination of the alkyl chains
takes place either by elimination of a B-hy-
drogen atom, to form an a-olefin, or by hy-
drogen addition to the a-carbon of the
chain, to form a normal alkane.

Kellner and Bell (9, 10) have demon-

strated that the proposed mechanism can
be used to interpret the kinetics observed
for the synthesis of methane, and C,. ole-
fins and paraffins, over Ru/SiO; and Ru/
Al,Oj; catalysts, as well as the nature of the
H./D, isotope effects observed over these
catalysts. Further evidence supporting the
mechanism has come from the recent work
of Brady and Pettit (12, 13). These authors
have shown that a spectrum of hydrocar-
bon products, resembling that observed
during CO hydrogenation, can be obtained
upon passage of diazomethane and hydro-
gen over supported Ni, Fe, Co, and Ru cat-
alysts. To explain these results it was pro-
posed that diazomethane decomposes to
produce surface methylene groups, which
then add hydrogen to form methyl groups.
The formation of methane and C;, hydro-
carbons was taken to occur as described
above.

Several spectroscopic studies have been
undertaken in an attempt to detect the in-
termediates involved in hydrocarbon syn-
thesis. Blyholder and Neff (/5) have re-
ported infrared evidence for CH and OH
bands on the surface of an Fe/SiO; catalyst
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heated in a mixture of CO and H,. These
bands were ascribed to M=C(OH)R and
M—CHj;R species; however, the evidence
for the first of these structures has been
questioned by King (/6). Extensive efforts
have been carried out with Ru/SiO; and Ru/
Al O, catalysts by Dalla Betta and Shelef
(17), King (16), Ekerdt and Bell (6), Kellner
and Bell (/8), and Yamasaki et al. (14).
While each of these investigations pro-
duced strong evidence for the presence of
hydrocarbon moieties, differing conclu-
sions were reached regarding the location
of the hydrocarbon species and their role in
the synthesis process. Dala Betta and She-
lef (17) and Kellner and Bell (1/8) concluded
that the species observed are due to the ac-
cumulation of reaction products on the cat-
alyst support. Ekerdt and Bell (6) and King
(16) proposed that the hydrocarbons are at-
tached to the surface of Ru but indicated
that the species are not likely to be reaction
intermediates. Yamasaki et al. (14), on the
other hand, has recently suggested that the
observed species are attached to the metal
and represent a reservoir of alkyl groups
which undergo release of CH, units during
hydrogenation of the catalyst, following a
reaction.

As an alternative to spectroscopic tech-
niques for detecting the intermediates in-
volved in CO hydrogenation, one might
consider addition to the synthesis gas of a
reagent which would react with one or
more of the intermediates to produce dis-
tinctive products. The earliest demonstra-
tions of this approach were carried out by
Eidus (19). The addition of benzene to the
synthesis gas passed over either a Co—Ni or
Fe~Cu catalyst resulted in the formation of
toluene. Since toluene was not observed in
the absence of benzene addition, it was
concluded that this product was formed via
a hydrocondensation reaction of benzene
with surface CH, or CH; groups. Subse-
quent studies (20, 2I) conducted with a
Co-ThO,—kieselguhr catalyst led to the ob-
servation of a small amount of cyclohepta-
triene, in addition to toluene, strongly sug-
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gesting the presence of CH, species over
this catalyst. Scavenging experiments were
also conducted over this catalyst using cy-
clohexene (19), cyclopentene (22, 23), 1-
pentene (24), 2-pentene (25), 1,3-butadiene
(26), and 1,3-cyclopentadiene (26). In each
case, derivatives of the scavenger resulting
from methylene or methyl hydrocondensa-
tion with the scavenger were observed.

It is significant to note that the mechanis-
tic interpretations given by Eidus et al.
(19-26) to explain the results of their exper-
iments were not supported by any prece-
dents for similar chemistry observed with
organometallic complexes, since at the time
of publication such evidence was unavail-
able. Only relatively recently have ad-
vances in synthetic organometallic chemis-
try and product identification led to
unambiguous examples for alkylidene and
alkyl species as ligands associated with
both mono- and polynuclear metal com-
plexes (27, 28). The reaction of such li-
gands with low-molecular-weight olefins to
produce distinctive products has now been
observed in a significant number of in-
stances (29-37). In most cases, alkylidene
ligands react with an olefin or other alkene
to form an alkylcyclopropane. This corre-
sponds to the addition of the carbene across
the double bond of the olefin or alkene. The
formation of higher-molecular-weight ole-
fins via transfer of an alkylidene group has
also been observed (32-35, 37). Finally,
Evit and Bergman (37) have reported the
reaction of (Cp)(Ph;P)Co(CDs), with C,H,
to produce CD;CH=CH, and CD;H,
thereby demonstrating the scavenging of an
alkyl group by an olefin.

In most of the experiments conducted by
Eidus et al. (19-26), the scavenging reagent
constituted 10 to 50% of the total gas feed.
While not demonstrated in those studies, it
could reasonably be expected that such
massive additions of hydrocarbon would
substantially perturb the surface concentra-
tions of the intermediates involved in hy-
drocarbon synthesis, and hence seriously
alter the kinetics of the synthesis process.
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To avoid such perturbations, it would be
preferable to use much smaller concentra-
tions of the added reagent (i.e., <2%). Ex-
periments carried out under such circum-
stances have been reported by Ekerdt and
Bell (7). The addition of 1.8% ethylene to
the synthesis gas feed resulted in a 3.6-fold
increase in the production of propylene.
When cyclohexene was used as the scaven-
ger (~2%), 1-methylcyclohexene, 3-methy-
Icyclohexene, ethylcyclohexene, and
methyl-, ethyl-, propyl-, and butylcyclo-
hexane were formed. Moreover, the addi-
tion of cyclohexene was found to suppress
the extent of hydrocarbon chain growth
during CO hydrogenation. While the exact
nature of the species present on the catalyst
surface could not be determined from these
results, strong evidence was obtained for
the presence of both alkylidene and alkyl
groups. The present work was undertaken
with three objectives in mind: to determine
the effects of scavenger composition on the
reactivity of the scavenger and the nature
of the products obtained; to study the ef-
fects of reaction conditions on the conver-
sion of each scavenger to products; and to
evaluate the effects of scavenger addition
on the distribution of hydrocarbons pro-
duced via CO hydrogenation. All of these
studies were carried out with a Ru/SiO, cat-
alyst.

EXPERIMENTAL

A 4.3% Ru/SiO, catalyst was used for the
present investigations. Details concerning
the preparation and initial reduction of this
catalyst have been presented previously
(6). The dispersion of ruthenium was deter-
mined to be 0.22 by CO chemisorption and
is in reasonably good agreement with the
value of 0.17 determined from transmission
electron micrographs.

Carbon monoxide (99.8%) was passed
through a dry-ice/acetone trap to remove
iron carbonyl and a trap packed with 5-A
molecular sieve to remove water. Hydro-
gen (99.999%) was purified of traces of oxy-
gen by passage through a Deoxo unit
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(Engelhard Industries, Inc.) and then
passed through a trap packed with 5-A mo-
lecular sieve to remove water. Helium
(99.998%) was passed through an Oxy-sorb
trap (Alltech Associates) and a trap filled
with 5-A molecular sieve to remove traces
of oxygen and water, respectively.

The following compounds were used as
scavengers: cyclohexene (MCB—99.5%
purity); benzene (MCB—99.8% purity); cy-
clopentene (Aldrich—99.6% purity); cis-2-
butene (Union Carbide—99.3% purity).
Each of these compounds was used as re-
ceived without further purification.

The apparatus used for these studies is
similar to that described by Ekerdt and Bell
(6, 7). The central part of this apparatus is a
glass microreactor, containing 0.210 g of
the catalyst (+120, —80 mesh), heated in a
fluidized sand bath and supplied with reac-
tants from a flow manifold. The scavenging
reagent was admitted to the reactor by
passing the synthesis gas through a gas sat-
uration bottle containing a small amount of
the scavenging reagent. The partial pres-
sure of the scavenger in the reactor feed
was controlled by the temperature at which
the gas saturation bottle was maintained.

Products from the reactor were analyzed
by gas chromatography. Analyses for C,
through Cs hydrocarbons were conducted
off-line using a chromatograph containing a
pair of 0.125-cm-0.d. X 0.91-m stainless-
steel columns packed with Chromosorb 106
and equipped with flame ionization detec-
tors. Typically, a 2.5-cm® sample of reac-
tion products was injected into this chro-
matograph from a gas-tight syringe
equipped with a Chaney adapter. Products
containing more than four carbon atoms
were analyzed on-line using a chromato-
graph (equipped with a flame ionization de-
tector), containing a 0.23-mm-i.d. X 50-m
fused-silica capillary column coated inter-
nally with SE-54. A variation on the Grob
injection technique (38) was employed to
introduce the gas sample into this chro-
matograph.

The peaks appearing in the chromato-
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grams obtained from the capillary column
were identified with gas chromatography/
mass spectrometry using a Finnigan model
4023B gas chromatograph/mass spectrome-
ter (GC/MS). The quality of the identifica-
tion for each chromatographic peak was
characterized by three parameters: the pu-
rity, the forward fit, and the reverse fit.
Each of these parameters ranges from zero
(no fit) to 1000 (perfect fit). The purity rep-
resents the extent to which the sample mass
spectrum contains peaks which do not ap-
pear in the library spectrum of the assigned
compound. The forward fit provides a mea-
sure of the extent to which the sample peak
positions and intensities agree with those of
the library spectrum. The reverse fit repre-
sents the extent to which the peak positions
and intensities of the library spectrum coin-
cide with those of the mass spectrum of the
sample. The most useful of these parame-
ters is the forward fit, since it is least depen-
dent upon spectral noise and instrument op-
erating conditions.

Assignment of a chromatographic peak
was initiated by consideration of the ten
best matches between the mass spectrum of
the unknown peak and spectra in the library
of the GC/MS. The library compound hav-
ing the highest forward fit above 750 was
then selected as the most likely match to
the sample peak. If several library com-
pounds had forward fit values agreeing to
within 10%, identification was based upon
the values of the reverse fit and purity. To
confirm the identification thus obtained, a
chromatogram was taken of a calibration
mixture made up of n-hexane or n-butane
and the pure component selected by the
GC/MS. The relative retention index of the
pure component (defined as the ratio of the
retention time of the pure component to
that of either n-hexane or n-butane) was
then compared to that of the peak under
consideration in the chromatogram of the
reaction products. If the ratio of the relative
retention indices was within 2% of unity,
then the identification proposed by the GC/
MS was taken to be confirmed.
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Prior to each experiment, the catalyst
was reduced in pure hydrogen at 498 K for
1 hr. The synthesis gas was then substituted
for the flow of hydrogen and reaction was
allowed to proceed for 10 min prior to tak-
ing a sample for product analysis. For those
experiments in which a scavenger was in-
troduced, the reagent was added to the feed
stream after the reaction had proceeded for
9 min. After three experiments were com-
pleted, the catalyst was reduced at 573 K
for 8 hr. This procedure was found to re-
store the catalyst activity to within 4% of
the reference activity.

RESULTS AND DISCUSSION
Identification of Synthesis Products

Prior to introducing any of the scaveng-
ing reagents, experiments were conducted
with CO and H, alone to establish the com-
position of the products formed via CO hy-
drogenation. Figure 1 illustrates a typical
capillary gas chromatogram. The identity of
each of the numbered peaks appearing in
Fig. 1 was determined using the GC/MS
and is listed in Table 1. With the exception
of peaks 8, 9, and 15 all of the products are
either olefins or paraffins, and both linear
and branched hydrocarbons are observed.

Scavenging by Cyclohexene

Chromatograms a and b in Fig. 2 charac-
terize the Cs through Cg products observed
in the absence and presence of cyclohexene
in the feed, and chromatogram c character-
izes a calibration mixture consisting of pure
components. Comparison of chromato-
grams a and b indicates that the addition of
cyclohexene produces five new peaks
which are not present in the absence of the
scavenger. The identities of these peaks
were established from GC/MS analyses and
comparisons of the relative retention indi-
ces for each peak with those of known com-
pounds. Table 2 indicates that the five
peaks can be assigned to cyclohexane, cy-
clohexene, methylcyclohexane, methylcy-
clohexene, and norcarane. The GC/MS
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FiG. 1. Chromatogram of reaction products: T = 498 K; p = 1 atm; H,/CO = 3; Q = 122 STP cm?¥/

min.

TABLE 1

Identity of the Numbered Peaks Appearing in Fig. 1

Peak number Compound Peak number Compound
1 Methane 31 1-Octene
2 Ethylene, ethane 32 n-Octane
3 Propylene, propane 33 2-Methyl-1-heptene
4 1-Butene 34 2-Octene
5 n-Butane 35 Dimethylheptenes®
6 2-Methylpropylene 36 Methyloctanes?
7 2-Butene 37 1-Nonene
8 Methanol 38 n-Nonane
9 Acetaldehyde 39 2-Methyl-1-octene
10 1-Pentene 40 2-Nonene
il n-Pentane 41 Dimethyloctenes®
12 2-Methyl-1-butene 42 Methylnonanes®
13 2-Pentene 43 1-Decene
14 2-Methyl-2-butene 44 Decenes
15 3-Pentanone® 45 n-Decane
16 3,3-Dimethylbutene 46 2-Decene
17 Methylpentanes 47 Undecenes®
18 2,3-Dimethylbutene 48 n-Undecane
19 |-Hexene 49 n-Dodecane
20 n-Hexane 50 n-Tridecane
21 2-Methyl-1-pentene 51 n-Tetradecane
22 2-Hexene
23 Dimethylpentenes®
24 Methylhexanes?®
25 1-Heptene
26 n-Heptane
27 2-Methyl-1-hexene
28 2-Heptene
29 Dimethylhexenes?
30 Methylheptanes®

2 Mixture of isomers.

b GC/MS identification not conclusive.
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FiG. 2. Chromatograms used to identify the products formed during cyclohexene scavenging.

analyses also showed evidence for ethyl-,
propyl-, and butylcyclohexane.

With the exception of norcarane, the
products reported in Table 2 are identical to
those observed by Ekerdt and Bell (7) over
a Ru/SiO; catalyst and by Eidus (19) over
supported Co catalysts. The failure of ei-
ther of these previous studies to observe

norcarane is most likely due to the choice
of experimental conditions and procedures.
The work of Ekerdt and Bell (7) was con-
ducted using an open-loop recycle system.
Repeated recirculation of the products over
the catalyst in that system could have re-
sulted in the isomerization of norcarane to
methylcyclohexene, and subsequent hydro-

TABLE 2

Identification of Chromatographic Peaks for Cyclohexene and Cyclohexene Derivatives

Peake Compound Forward Reverse Ratio relative
fit fit retention indices
(sample/calibration
mixture)?

oy Cyclohexane 991 966 1.02

B: Cyclohexene 994 977 1.01

v Methylcyclohexane 987 963 1.00

N 1-Methylcyclohexene 993 854 0.97

— 3-Methylcyclohexene® 966 906 ’

€ Norcarane 822 830 1.01

—_ Ethylcyclohexane? 985 921 —

— Propylcyclohexane? 935 872 —

— Butylcyclohexane? 875 903 —

2 Peaks appearing in Fig. 2.
b See text for definition of relative retention index.
¢ Present in very small concentrations in the sample taken for GC/MS analysis.
4 Jdentified solely on the basis of GC/MS analysis.
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genation of this product to methylcyclohex-
ane. The work of Eidus (/9) was carried out
at low space velocities and here too isomer-
ization of norcarane to methylcyclohexene
may have occurred.

The complete absence of cyclic com-
pounds from the products observed during
CO hydrogenation over the catalyst, in the
absence of cyclohexene, indicates that the
products listed in Table 2 arise as a direct
consequence of cyclohexene addition. The
question to be addressed next is whether
the additional carbon atoms required to
form norcarane and the alkyl derivatives of
cyclohexene and cyclohexane derive from
intermediates of CO hydrogenation or from
the cracking of cyclohexene. To exclude
the latter possibility, a series of experi-
ments was carried out in which cyclohex-
ene and hydrogen, diluted with helium,
were passed over the catalyst in the ab-
sence of CO. Product analysis showed that
95% of the cyclohexene was converted to
cyclohexane with no evidence for the for-
mation of any other products. Additional
experiments were conducted in which
perfluorocyclohexene was added to the
synthesis gas. The only new product ob-
served in this case was CH;(H)C¢F)o. Thus,
the results of both experiments strongly
suggest that the formation of norcarane and
the alkyl derivatives of cyclohexene and
cyclohexane occurs through the reaction of
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cyclohexene with hydrocarbon intermedi-
ates formed on the catalyst surface from
CO and H,.

Table 3 summarizes the effects of reac-
tion conditions on the conversion of cyclo-
hexene to products, as well as the conver-
sion of CO to C, through C4 hydrocarbons.
In all of these experiments the inlet concen-
tration of cyclohexene was maintained near
0.9%. For a total flow rate of 122 STP cm?/
min, the CO conversion increases from 4.4
to 7.0% as the H,/CO ratio increases from
3 to 9. The principal product obtained from
cyclohexene is cyclohexane, and the con-
version to this product rises from 10 to 22%
as the H,/CO ratio increases. The conver-
sion of cyclohexene to products containing
seven carbon atoms is on the order of a few
hundredths of a percent or less. Norcarane
is the principal C; product formed. The
conversion of cyclohexene to norcarane is
not a strong function of the H,/CO ratio and
appears to pass through a shallow maxi-
mum as the H,/CO ratio is increased.
Methylcyclohexene and methylcyclohex-
ane are produced in nearly equivalent con-
centrations and the conversion of cyclohex-
ene to each of these products increases
monotonically with increasing H,/CO ratio.

Increasing the gas flow rate from 37 to
403 STP cm*min, at an H,/CO ratio of 3,
causes the CO conversion to decrease from
22 to 2.1% and the conversion of cyclohex-

TABLE 3

Effects of Reaction Conditions on the Concentration of Cyclohexene and Cyclohexene Derivatives

T (K) 498 498 498 498 498 498
H,/CO 3 6 9 3 3 3
Q (STP cm*/min) 122 122 122 37 122 403
Mole fraction C¢H,, 85x 103 85x107° 86x107° 86x103% 85x103 9.1x103
Xco with CgHyy added 44 x 1072 S53x1072 7.0x1072 22x10' 44x102 2.1x10?
Xco without C¢Hy added 5.0 x 1072 5.8 x 1072 7.4 X 1072 2.3 x 107! 5.0 x 1072 2.4 x 1072
[PVICeH,0]
Cyclohexane 1.0 x 10~} 1.7 x 107! 2.0 x 107" 2.0 x 107! 1.0 x 10-' 8.0 x 1072
Norcarane 36 x107%  59x10* 43x10* 30x10°% 3.6x10* 4.1x 10
Methylcyclohexene 19X 1075 41 x10°5 87x10° 22x10% 19x105 1.7x 103
Methylcyclohexane 2.1 x 103 3.3 x 1073 1.1 x10* 6.8x 105 2.1 x 105 2.3x 105
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ene to cyclohexane to decrease from 20 to
8%. The conversion of cyclohexene to ¢-C;
products is virtually the same for flow rates
of 122 and 403 STP cm*min. When the flow
rate is reduced to 37 STP ¢cm?/min, the con-
version to norcarane decreases by an order
of magnitude. The conversion to methylcy-
clohexane increases by a factor of 3.4, but
the conversion to methylcyclohexene in-
creases only slightly over that observed at a
flow rate of 122 STP cm*/min.

A possible mechanism for the interaction
of cyclohexene with hydrocarbon moieties
present on the catalyst surface is illustrated
in Fig. 3. The formation of norcarane is en-
visioned to proceed through a metallocycle
produced by the reaction of a surface meth-
ylene group with adsorbed cyclohexene.
The indicated sequence of steps is similar
to that proposed by Grubbs and Miyashita
(35) to explain the formation and decompo-
sition of nickel metallocycles. Three path-
ways can be proposed for the formation of
1-methylcyclohexene. The first involves
the isomerization of intermediate 1 to pro-
duce intermediate 2, via an intramolecular
shift of hydrogen. Intermediate 2 is then the
precursor to I-methylcyclohexene. The
second possibility is that 1-methylcyclo-
hexene is formed by the addition of a sur-
face methyl group to cyclohexene. The se-
quence of steps for this process, illustrated
in Fig. 3, parallels that proposed by Evit
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and Bergman (37) to explain the reaction of
ethylene with a methyl ligand attached to a
cobalt complex. The third alternative is that
1-methylcyclohexene is formed via the
isomerization of norcarane. The presence
of 3-methylcyclohexene is somewhat sur-
prising, since it is not expected as a primary
product of the reaction of cyclohexene with
either methylene or methyl groups. It is
more likely that this product is produced by
the isomerization of 1-methylcyclohexene.
Finally, Fig. 3 shows two alternative path-
ways for the formation of methylcyclohex-
ane. The first involves the addition of a hy-
drogen atom to the a-carbon atom of
intermediate 3, which is formed upon inter-
action of a surface methyl group with cyclo-
hexene. The second alternative is the hy-
drogenation of either 1- or 3-methyl-
cyclohexene.

The formation of higher-molecular-
weight alkylcyclohexanes may occur via a
mechanism similar to that shown in Fig. 3
for the formation of methylcyclohexane. It
is also possible that an alkylcyclohexene is
formed first which then rapidly undergoes
hydrogenation. The present results do not
permit discrimination between these two
possibilities.

Scavenging by Benzene

Selected portions of the chromatograms
obtained in the absence and presence of

o

Fi1G. 3. Proposed mechanism for cyclohexene scavenging.
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F1G. 4. Chromatograms used to identify the products formed during benzene scavenging.

benzene are shown in Fig. 4, together with
the chromatogram for an appropriate cali-
bration mixture. Comparison of chromato-
grams a and b shows that eight new peaks
appear in the chromatogram upon addition

of benzene to the feed. The identities of
these peaks were determined by GC/MS
analysis and by a comparison of the relative
retention index for each peak with those of
known compounds. As noted in Table 4,

TABLE 4

Identification of Chromatographic Peaks tor Benzene and Benzene Derivatives

Peak Compound Forward Reverse Ratio relative
fit fit retention indices
{sample/calibration
mixture)?
® Benzene 997 985 0.96
a Cyclohexane 990 970 1.00
B, Cyclohexadienec 983 991 —
B: Cyclohexene 994 977 0.97
Y1 Methylcyclohexane 988 972 1.04
§; 1-Methylcyclohexene 977 863 0.99
—_ 3-Methylcyclohexene 976 875 —
€ Norcarane 820 831 0.98
Y2 Toluene 991 976 0.99
— ortho-Xylened 963 952 —
— Ethylbenzene? 951 876 —
— Propylbenzene? 891 672 —
— Butylbenzene? 826 523 —_

7 Peaks appearing in Fig. 4.
¢ See text for definition of relative retention index.
¢ Identified solely on the basis of GC/MS analysis.

4 Present in very small concentrations in the sample taken for GC/MS analysis.
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the new peaks can be assigned to benzene,
cyclohexadiene, cyclohexene, cyclohex-
ane, toluene, methylcyclohexane, methyl-
cyclohexene, and norcarane. The GC/MS
analyses also showed evidence of small
quantities of ortho-xylene and ethyl-, pro-
pyl-, and butylbenzene.

The appearance of toluene as one of the
products formed by the interaction of ben-
zene with species produced by the hydroge-
nation of CO is in good agreement with the
observations reported by Eidus et al.
(19-21) in studies conducted using a sup-
ported Co catalyst. While a small amount of
cycloheptatriene was also found in those
studies, none could be detected here. It
should be noted that detection of very small
amounts of cycloheptatriene in the pres-
ence of toluene would have been virtually
impossible since toluene and cyclohepta-
triene have similar boiling points and virtu-
ally indistinguishable mass spectrometric
cracking patterns.

The effects of reaction conditions on the
conversion of benzene to products and the
conversion of CO to C, through C,; hydro-
carbons is given in Table 5. It is noted that
in all of these experiments the feed concen-
tration of benzene was between 0.9 and
1.5%. As was observed in the case with cy-
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clohexene addition, the presence of the
scavenger has relatively little effect on the
CO conversion or its dependence on either
the H,/CO ratio or the total flow rate.

Between 96 and 98% of the benzene
added to the feed is converted to cyclohex-
ane. The small amounts of cyclohexadiene
and cyclohexene observed are formed as
intermediates during benzene hydrogena-
tion. The conversion to these products
passes through a maximum as either the H,/
CO ratio or the total flow rate is increased.
The C; product obtained from benzene in
the highest concentration is toluene. The
conversion of benzene to toluene increases
as either the Hy/CO ratio decreases or the
flow rate increases. It is interesting to note
that methylcyclohexane is also observed in
relatively high concentration. The conver-
sion to this product passes through a mini-
mum as the H,/CO ratio increases but de-
creases monotonically with increasing flow
rate. A similar pattern is exhibited by
methylcyclohexene.

The decline in the conversion of benzene
to toluene with either increasing H,/CO or
decreasing feed flow rate, noted in Table 5,
parallels the decrease in the concentration
of benzene over the catalyst and clearly in-
dicates that toluene is formed via reaction

TABLE 5

Effects of Reaction Conditions on the Concentration of Products Formed from Benzene

T (K) 498 498 498 498 498 498
H,/CO 3 6 9 3 3 3
Q (STP cm’/min) 122 122 122 37 122 403
Mole fraction C{Hg 1.1 x1072 12x102 1.1x102 90x103 11x102 1.5x10?
Xco with C¢Hg added 43 x 1072 51 x102 60x102 19x107! 43x102 22x107?
Xco without C¢Hg added 5.0 x 1072 5.8 x 1072 7.4 x 1072 23 x 107" 50x 1072 2.4 x 102
[PVICeHql
Cyclohexane 9.6 x 107t 97 x 10" 98x 10! 96x 107! 9.6x 10t 97 x 107!
Cyclohexadiene 3.6 x 1073 — — 50x10°% 36x102 6.0x 10°*
Cyclohexene 6.9 x 103 1.3 x1072 38x107% 42x103% 69x103 69 x 10~*
Toluene 1.6 X102 1.3x102 69x103 13x102 1.6x 102 2.6 x 102
Norcarane 8.1x10% 1.6x10° 11x103 47x102* 81x10* 3.6x10"*
Methylcyclohexene 1.5 x 103 1.3 x 103 1.5 x 1073 7.0 x 1073 1.5 x 103 72x10™
Methylcyclohexane 1.0 x 1072 32 x10"* 6.0 x 1073 1.3 x 102 1.0 x 102 5.2 x 104
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of benzene with one or more surface spe-
cies. The nature of the adsorbed species
cannot be established unambiguously. One
possibility is that toluene is formed by in-
sertion of a CH, group into one of six car-
bon-hydrogen bands of benzene. As an al-
ternative one can envision the direct
alkylation of benzene by a surface CH;
group. Such a mechanism might also ex-
plain the formation of the other alkylben-
zenes observed in GC/MS analyses of the
reaction products. The possibility that cy-
cloheptatriene, formed via CH, insertion
into the benzene ring, might act as a precur-
sor to toluene seems unlikely in the light of
the results obtained by Eidus et al. (21).
These authors observed that the isomeriza-
tion of cycloheptatriene to toluene pro-
ceeded to only about 1% when cyclo-
heptatriene  was  passed over a
Co/ThOy/kieselguhr catalyst in the pres-
ence of H, or a mixture of H; and CO.
The pathway by which norcarane ben-
zene reacts to form norcarane cannot be
established unambiguously from the
present results. It seems unlikely that this
product is formed through the direct reac-
tion of a CH, group with adsorbed benzene
and subsequent hydrogenation of the ad-
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duct, since there appears to be no prece-
dent for such chemistry. A more plausible
suggestion is that adsorbed benzene under-
goes partial hydrogenation to form ad-
sorbed cyclohexene, which then interacts
with a CH, group to form norcarane.

The appearance of methylcyclohexene
and methylcyclohexane might also be as-
cribed to reactions involving cyclohexene.
However, comparison of Tables 3 and 5
suggests that this conclusion may not be
correct, since the ratio of norcarane to ei-
ther methylcyclohexene or methylcyclo-
hexane is considerably larger when cyclo-
hexene rather than benzene is used as the
scavenger. This observation implies that
most of the methylcyclohexene and methy-
Icyclohexane reported in Table 5 may arise
from the stepwise hydrogenation of toluene
or its precursor.

Scavenging by Cyclopentene

Chromatograms a and b, shown in Fig. 5,
were obtained in the absence and presence,
respectively, of cyclopentene in the feed
gas. Examination shows that chromato-
gram b contains six peaks not present in
chromatogram a. These peaks are listed
in Table 6 and are assigned to cyclopen-
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F1G. 5. Chromatograms used to identify the products formed during cyclopentene scavenging.
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TABLE 6

Identification of Chromatographic Peaks for Cyclopentene and Cyclopentene Derivatives

Peak® Compound Forward Reverse Ratio relative
fit fit retention indices
(sample/calibration
mixture)?
o Cyclopentane 964 917 1.00
Bs Cyclopentene 994 907 1.00
Y3 Methylcyclopentane 991 902 0.99
3 1-Methylcyclopentene 989 715 0.99
o Cyclohexane 992 898 1.02
B Cyclohexene 995 971 0.96

< Peaks appearing in Fig. 5.
b See text for definition of relative retention index.

tane, cyclopentene, methylcyclopentane, 1-
methylcyclopentene, cyclohexene, and cy-
clohexane on the basis of GC/MS analyses
and a comparison of the relative retention
index of each peak with those of pure com-
ponents (see chromatogram c in Fig. 5).
Table 7 shows the effects of reaction con-
ditions on the conversion of cyclopentene
to products and the conversion of CO to C;
through C,4 products. As can be seen, the
addition of 1.3 to 1.7% of cyclopentene to
the feed had little if any influence on the
conversion of CO, relative to that observed
in the absence of scavenger addition. Be-
tween 15 and 32% of the cyclopentene is
hydrogenated to cyclopentane, the conver-

sion to this product increasing with either
an increase in the H,/CO ratio or a decrease
in the gas flow rate. With the exception of
the run in which Hy/CO = 3 and Q = 403
STP cm?/min, the principal Cs product ob-
tained from cyclopentene is methylcyclo-
pentane. The conversion to this product de-
creases monotonically with increasing
H,/CO ratio. The conversion of cyclopen-
tene to methylcyclopentene is about an or-
der of magnitude smaller than that of
methylcyclopentane and decreases as the
H,/CO ratio is increased. The conversions
of cyclopentene to 1-methylcyclopentene
and methylcyclopentane are strong func-
tions of the flow rate. At low flow rates

TABLE 7

Effects of Reaction Conditions on the Concentration of Products Formed from Cyclopentene

T (K) 498 498 498 498 498 498
H,/CO 3 6 9 3 3 3
Q (STP cm’/min) 122 122 122 37 122 403
Mole fraction CsHg 1.4 x 1072 1.4 x 102 1.5 x 102 1.7 x 102 1.4 x 1072 1.3 X 1072
Xco with CsHy added 45x 102 51x102 63x102 21x1077 45x102 2.1 x 102
Xco without CsHg added 5.0 x 102 58 x 1072 74 x 102 23 x 107" S0 x 102 24 x 102
[P}/[CsHy)
Cyclopentane 1.9 x 10°t 23 x 107! 32x107" 27x107" 19x 10" 1.5 x 10!
1-Methylcyclopentene 2.8 x 10~ 9.7 x 103 5.6 x 103 8.1 x 10-3 2.8 x 1074 3.3 x 1074
Methylcyclopentane 27 x 103 58 x10* 49x10* 3.6x10* 27x10* 87x10°°
Cyclohexene 1.3 x 10~ — — — 1.3 x 1075 29 x 103
Cyclohexane 2.3 X 1073 9.8 x 10-° 2.1 X 107 8.8 x 1073 2.3 X 1075 1.9 x 103
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the methylcyclopentane concentration is
higher. At high flow rates the opposite is
true. The conversion to cyclohexane is of
the same order of magnitude as that to
methylcyclopentene, but the response of
the cyclohexane conversion to changes in
reaction conditions is different. In this
case, the conversion increases with in-
creasing H,/CO ratio and decreasing flow
rate. Since cyclohexene could be detected
in only three of the six experiments, the
trends in cyclohexene conversion with
changes in reaction conditions cannot be
unambiguously defined.

The mechanisms for the formation of
methylcyclopentene and methylcyclopen-
tane are very likely the same as those pro-
posed in Fig. 3 to explain the formation of
methylcyclohexene and methyicyclohex-
ane. The appearance of cyclohexene and
cyclohexane among the products of cyclo-
pentene scavenging may be due to the
isomerization of methylcyclopentene and/
ormethylcyclopentane. Alternatively,isom-
erization may occur during the initial
stages of interaction between cyclopentene
and either a surface methylene or methyl
group.

177
Scavenging by cis-2-Butene

Portions of the chromatograms obtained
in the absence and presence of cis-2-butene
are shown in Fig. 6. The addition of the
scavenger leads to a significant increase in
the cis-2-butene peak, a small increase in
the 2-pentene peak, and the appearance of
three new peaks. Table 8 shows that these
latter peaks can be identified as 2-methyl-2-
butene, cis-dimethylcyclopropane, and
trans-dimethylcyclopropane. The GC/MS
analyses of the products obtained in the
presence of cis-2-butene also show evi-
dence for a small amount of ethylcyclopro-
pane.

The effects of reaction conditions on the
conversion of cis-2-butene to products and
the conversion of CO to C; through C4
products is given in Table 9. All but one of
these experiments were carried out using a
cis-2-butene concentration of 3.0%. Here
again, it is observed that the presence of the
scavenger has no significant effect on the
conversion of CO.

Table 9 shows that the major products
obtained from cis-2-butene are I-butene
and normal butane. The conversion to each
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FiG. 6. Chromatograms used to identify the products formed during cis-2-butene scavenging.
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TABLE 8

Identification of Chromatographic Peaks for cis-2-Butene and cis-2-Butene Derivatives

Peak Compound Forward Reverse Ratio relative
fit fit retention indices
(sample/calibration
mixture)®
7 cis-2-Butene (with trans-) 993 943 0.97
oy 2-Methyl-2-butene 930 783 0.99
Bs cis-Dimethylcyclopropane® 997 991 —
Y4 trans-Dimethylcyclopropanec 864 909 —
— Ethylcyclopropane© 864 909 —

4 Peaks appearing in Fig. 6.
b See text for definition of relative retention index.
¢ Identification based solely on GC/MS analysis.

of these compounds increases with increas-
ing H,/CO ratio and decreasing gas flow
rate. For all of the conditions examined, the
conversion of cis-2-butene to the trans iso-
mer of 1,2-dimethylcyclopropane greatly
exceeds the conversion to the cis isomer of
this product. It is interesting to note that
while the conversion to the trans isomer
passes through a sharp maximum with in-
creasing H,/CO ratio, the conversion to the
cis isomer goes through a minimum. How-
ever, the conversion to both products in-
creases with increasing flow rate. Very

small amounts of ethylcyclopropane are
formed. The responses of the conversion to
this product to changes in H»/CO ratio and
flow rate are similar to those for the conver-
sion to 1-butene, which suggests that 1-bu-
tene may be a precursor to ethylcyclopro-
pane.

The mechanism by which the derivatives
of cyclopropane are produced from cis-2-
butene is probably similar to that shown in
Fig. 3. It is quite possible that the formation
of trans-1,2-dimethylcyclopropane in-
volves a preliminary isomerization of cis-2-

TABLE 9

Effects of Reaction Conditions on the Concentrations of Products Formed from cis-2-Butene

T(K) 498 498 498 498 498 498
H,/CO 3 6 9 3 3 3
Q (STP cm’/min) 122 122 122 37 122 403
Mole fraction C,Hg 30x 1072 30x102 30x102 1.0x102 3.0x102 3.0x10?
Xco with C4Hg added 45 %102 55x102 72x102 24x102 49x 102 29 x10?
Xco without C;Hg added 5.0 x 1002 58 x 102 74 x 102 23 x 102 50x102 24x10?
[PV/IC Hy]
Butane* 1.6 x 107 23 x 10" 3.1 x10' 3.0x 10! 1.6 x 107! 1.1 x 107!
1-Butene® 8.0x 102 1.7x 107! 2.2x 107! 1.5 x 107t 8.0 x 102 6.0 x 102
cis-Dimethyl
cyclopropane 32x 1075 19x10% 51x10% 79x10% 32x10° 49x10°°
trans-Dimethyl-
cyclopropane 7.4 x 104 75x10°% 96x10* 23x10* 74x10* 7.0x107?
2-Methyl-2-butene 1.8 x10% 58x10°% 13x10+* 64x10° 18x10-° 83 x10°¢
Ethylcyclopropane 26x 10 93 x10¢% 12x10° 7.1 x10°¢ 2.6 x 10°¢ —

2 Based on excess over that formed via CO hydrogenation.
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butene to trans-2-butene. Alternatively,
isomerization may occur at some interme-
diate stage during the addition of the meth-
ylene group across the double bond. As
noted above, it seems likely that ethylcy-
clopropane is formed by the reaction of 1-
butene with a methylene group. If this is so,
the results presented in Table 9 suggest that
1-butene is substantially less reactive than
cis-2-butene with regard to the addition of a
methylene group.

Effect of Scavenger on Product
Distribution

In each of the experiments in which a
scavenger was used, the scavenger concen-
tration was maintained sufficiently low to
preclude significant changes in the nature of
the synthesis products. Nevertheless, it
was observed that even at scavenger con-
centrations on the order of 0.9 to 3.0%,
changes in the carbon number distribution
of the products could be detected. The ex-
tent of this effect is shown in Fig. 7 for each
of the scavengers. It is immediately appar-
ent that all four scavengers cause a sup-
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FiG. 7. Plot of log (N¢,/N¢,) versus (n-1) in the pres-
ence and absence of scavenger addition.
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pression in the formation of higher-molecu-
lar-weight products relative to the amounts
observed in the absence of any scavenger.
Moreover, the degree of deviation in-
creases in the order: C¢H,y = C¢Hg < CsHjy
< C4H;,.

The influence of a scavenger on the prod-
uct distribution can be interpreted by con-
sidering the effect of the scavenger on the
probability of chain growth, a. This param-
eter is defined by

_ Fp

rp + 2 ry
where r, is the rate of chain growth and r,; is
the rate of chain termination via the ith

process. Kellner and Bell (/0) have shown
that « can be represented by

_ kpeneCHz o
= KoBrbom, + Kiobiby T Kobibn® 2

a

(D

o

where k;, is the rate coefficient for propaga-
tion, L, is the rate coefficient for termina-
tion via olefin formation, ki, is the rate coef-
ficient for termination via paraffin
formation, 6, is the surface coverage by al-
kyl groups of chain length n, 6cy, is the
surface coverage by CH, groups, 8y is the
surface coverage by H atoms, and 8, is the
surface coverage by vacancies. If all three
rate coefficients are independent of n, then
o will be independent of n.

The value of a associated with a given
product distribution can be determined
from the slope of a straight line drawn on a
plot of log N¢,/Nc, versus n-1 (10). Values
of a determined in this fashion are pre-
sented in Table 10. It is apparent that the
magnitude of « is reduced upon introduc-
tion of a scavenger and is most strongly af-
fected by cis-2-butene.

Two explanations can be given for the
observed effect of scavengers on a. Reac-
tion of the scavenger with CH, groups will
reduce the steady-state value of Och, rela-
tive to its magnitude in the absence of the
scavenger. Equation (2) shows that this ef-
fect will cause a decrease in a. A further
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TABLE 10
Effect of Scavenger Addition
on af
Scavenger o
None 0.56
Cyclohexene 0.48
Benzene 0.48
Cyclopentene 0.42
cis-2-Butene 0.40

2 Reaction conditions: T =
498 K; H/CO = 3; P = 1 atm;
Q = 122 STP cm¥min.

decrease in a can be caused by the reaction
of the scavenger with alkyl groups. The ef-
fect here will be to add an additional termi-
nation term to the denominator of Eq. (2).

CONCLUSIONS

It has been shown that cyclohexene, ben-
zene, cyclopentene, and cis-2-butene added
in low concentration to a mixture of CO and
H; can be used to scavenge hydrocarbon
species produced on the surface of Ru dur-
ing CO hydrogenation. The presence of
CH; groups is strongly supported by the
formation of norcarane and 1,2-dimethylcy-
clopropane from cyclohexene and cis-2-bu-
tene, respectively, and by the formation of
ethylcyclopropane from 1-butene produced
by the isomerization of cis-2-butene. Evi-
dence has also been obtained for the pres-
ence of methyl and higher-molecular-
weight alkyl groups. The principal support
for this conclusion is the observation of al-
kyl derivatives of cyclohexene and benzene
when cyclohexene or benzene, respec-
tively, is used as a scavenger. Finally, it has
been observed that each of the scavengers
causes a reduction in the probability of hy-
drocarbon chain growth, «, suggesting that
the species removed by the scavenger par-
ticipate in the process of hydrocarbon chain
growth.
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