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In the present research, the mechanism of C; and C, hydrocarbon and oxygenate formation during CO
hydrogenation on Rh/SiO, were for the first time investigated in detail using multiproduct SSITKA
(steady-state isotopic transient kinetic analysis). This was also the first effort to explore at the site level
the relationship between similar products [e.g., EtOH (ethanol) vs. AcH (acetaldehyde)] on Rh/SiO,. A
fixed-bed differential reactor was used for CO hydrogenation and SSITKA at 250 °C and 1.8 atm. The selec-
tivity to CH4 was higher than any other product, but the surface reaction residence time for CH, forma-
tion was not the shortest among all the products. The surface reaction residence time for C; hydrocarbons
was longer than that for any other product (C;-C,). Even though the selectivities to AcH and EtOH were
similar, their surface reaction residence times differed significantly. Based on the SSITKA results, MeOH
and CH,4 appear to be produced on completely different active sites. Moreover, C, hydrocarbons do not
appear to be formed from adsorbed AcH. It is likely, however, that all C; products share at least one inter-
mediate with CH,, but none with MeOH. Several recently proposed pathways for EtOH and AcH formation
are presented and compared to our results. The secondary reaction of AcH to form EtOH on the same sites
does not appear to be a dominant pathway for EtOH formation. However, the precise mechanism for

EtOH formation still needs further investigation.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Ethanol (EtOH) synthesized from syngas derived from natural
gas [1], coal [2] or biomass [3] can be used as an additive to gaso-
line or as an easily transportable and storable source of hydrogen.
Compared to gasoline alone, the use of ethanol with gasoline offers
several advantages such less pollution and more efficient combus-
tion due to its chemical properties. The incentive for incorporating
ethanol in liquid fuels also lies in the general acceptance of new
gasoline regulations with more restrictions. Accordingly, much re-
cent research and development in syngas conversion have dealt
with ethanol synthesis.

Rh-based catalysts have been found to be the most efficient cat-
alysts for the synthesis of C,. oxygenates due to the unique carbon
monoxide adsorption behavior on Rh [4-7]. Understanding the
mechanism of CO hydrogenation is essential for better catalyst de-
sign that could lead to commercialization of a selective ethanol
synthesis process. Even though Fischer-Tropsch synthesis (FTS)
has been widely studied since 1923 [8], there is still controversy
in the literature about the mechanism for CO hydrogenation due
to its complexity. For instance, one controversy is whether C-O
bond cleavage occurs during CO hydrogenation via direct dissocia-
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tion (carbide mechanism) [9-15] or via a hydrogen-assisted pro-
cess [16-32]. Recently, Choi and Liu [32] focused on EtOH
synthesis from CO and H, on Rh (11 1) using density functional
theory (DFT) and found that the optimal reaction pathway for
the formation of methanol (MeOH) goes through H insertion into
adsorbed -CO species, while the formation of CH, favors H-assisted
CO dissociation through the bond rupture of -CH30 species into —
CHs5 and -0. However, to the contrary, in another recent work, Mei
et al. [33] still preferred the carbide model to explain using a DFT
approach the mechanism for CO hydrogenation on a quasi-(11 1)
surface facet on a 1 nm in diameter Rhsq cluster.

Steady-state isotopic transient kinetic analysis (SSITKA) is a
powerful tool to evaluate concentration of intermediates, site
activity, site heterogeneity and surface reaction mechanism [34].
This technique was developed first by Biloen [35], Bennett [36]
and Happel [37] in late 1970s and early 1980s. SSITKA involves a
switch from an unlabeled reactant to an isotopically labeled one
at steady state of the reaction, the detection of the resulting isoto-
pic transients in the products by mass spectroscopy (MS) and an
analysis of these transients to determine surface reaction kinetic
parameters. Because of its wide applicability and relatively low
cost, SSITKA has now been used by a significant number of
researchers. For CO hydrogenation, SSITKA has been employed to
better probe the surface reaction parameters on various catalysts
including are based on Fe [38-42], Pd [43-46], Co [40,41,47-49],
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Ni [50,51], Ru [52-54] and Rh [55-64]. However, for Rh-based cat-
alysts, there are few detailed studies reported on different product
formation at the site level.

The objective of this study was to better understand the mech-
anism of formation of different products on Rh/SiO, at the site level
by the application of SSITKA. For this study, 1.5 wt% Rh/SiO, was
prepared and used as the catalyst for two reasons:

(a) Low amounts of Rh (i.e., 1.5 wt%) supported on SiO, produce
highly dispersed Rh that is representative of the Rh clusters
used in theoretical modeling work.

(b) Rh-based catalysts supported on SiO, have shown reason-
able selectivities for both hydrocarbons and oxygenates dur-
ing CO hydrogenation [65-67].

2. Experiments
2.1. Catalyst preparation

Since the Rh/SiO, catalyst used in this study was the same as
that used in a previous study, a detailed description of catalyst
preparation can be found in an earlier paper [68]. Silica gel
(99.95%, Alfa Aesar) was first grounded and sieved to 30-50 mesh,
washed with boiled distilled water for three times and subse-
quently calcined in air at 500 °C for 4 h before being used as the
support. Rh(NO3)3 hydrate (Rh ~ 36 wt%, Fluka) was used as pur-
chased. An aqueous solution of Rh(NOs); hydrate was added drop-
wise to the silica gel until incipient wetness. The catalyst precursor
was dried at 90 °C for 4 h and then at 120 °C overnight before being
calcined in air at 500 °C for 4 h to remove nitrogenous residues
from the precursors. Rh content was kept at 1.5 wt% based on
the support weight.

2.2. CO hydrogenation

The reaction system setup is shown in Fig. 1. CO hydrogenation
was carried out in a fixed-bed differential reactor (316 stainless
steel) with length ~300 mm and internal diameter ~5 mm. Cata-
lyst and inert (a-Al,03) were mixed and loaded between quartz
wool plugs placed in the middle of the reactor with a thermocouple
close to the catalyst bed.

Molecular sieve traps (Alltech) were used to remove H,0, and a
CO purifier (Swagelok) was applied to the flow from the CO cylin-
der to remove CO, and any carbonyls. A Varian 3380 GC equipped
with a flame ionization detector (FID) and a thermal conductivity
detector (TCD) was used to analyze the reaction rate and product
distribution. A Restek RT-QPLOT column (30 m, 0.53 mm ID) con-
necting with the FID was capable of separating C;-C; hydrocarbons
and oxygenates, while another Restek packed column (80/100, 6ft)
connecting with the TCD was used to separate CO and other inor-
ganic gases.

Prior to reaction, the catalyst was reduced at 500 °C (ramped to
temperature at 5 °C/min) under 30 mL/min hydrogen for 1 h. After
reduction, the reaction was carried out at 250 °C and a pressure of
1.8 atm. The total flow rate of the reaction mixture was kept con-
stant at 30 mL/min with 9 mL/min of 95% CO + 5% Ar, 18 mL/min
of H, and 3 mL/min of He to obtain a H,:CO ratio of 2:1, which is
favorable for EtOH production [69]. The reaction conversion was
always kept at less than 5% to avoid mass or heat transfer effects.
Even though the selectivities for oxygenates, especially for EtOH,
may not be as great as those at more optimum conditions (e.g.,
lower reaction temperature), these reaction conditions were cho-
sen to maximize yields of C;-C, products, especially the C; oxygen-
ates, so that they could be detected by MS. The reaction rates were
observed to be independent of total flow rate (25-100 mL/min)
and particle size of the catalyst (18-100 mesh), indicating no

external/internal mass transfer limitations. The apparent activa-
tion energy (25-28 kcal/mol) and the good linearity of Arrhenius
Plots further indicated that there were no mass or heat transfer
limitations under the reaction conditions used.

2.3. SSITKA

An isotopic switch was carried out after reaction steady-state
was reached (after 15 h). A switch between 95% 2CO + 5% Ar and
13CO was made using a Valco 2-position valve with an electric
actuator without disturbing any other reaction conditions. The
5% Ar in the '2CO flow was used as an inert tracer to determine
the gas phase holdup time. Two back pressure regulators in the
system were used to minimize pressure disturbance while switch-
ing. A Valco 34-port valve was employed to collect 16 samples dur-
ing the 10-min period of the isotopic transients after switching.
The collected effluent samples were injected separately into an-
other Restek RT-QPLOT column in the GC with 30 mL/min H, as
the carrier gas. The products were separated by the column and
then fed into a hydrogenolysis/hydrogenation reactor (containing
5 g of 5% Pt/Al,03) with the source of H, being the carrier gas. This
reactor was maintained at 400 °C in order to convert hydrocarbons
and oxygenates totally to methane. The resulting product CH4 was
subsequently fed into an MS (Pfeiffer Vacuum) for analysis. The MS
was equipped with a high-speed data-acquisition system inter-
faced to a computer using Balzers Quadstar 422 v 6.0 software.
The isotopic concentration measured by the MS was able to be
used with the time for the collection of each sample in the 34-port
valve, and the identity of the compound separated by the GC sent
to the hydrogenolysis reactor to construct the isotopic transients
for the various products. An example of the normalized transients
for '2C in CH4, C;H,,, MeOH, AcH, EtOH and '3C in CH, obtained by
switching from '2CO to 3CO is given in Fig. 2. It would be meaning-
ful to study C;H4 and C,Hg separately, but in our SSITKA study,
C,Hg was the predominant C, hydrocarbon formed (>90% based
on GC analysis). Thus, the amount of C,H4 was too small for isoto-
pic tracing analysis.

Surface kinetic parameters including the average surface resi-
dence times and surface concentrations of intermediates for CHy,
C,H,,, MeOH, AcH and EtOH were determined from the isotopic
transient curves using SSITKA data analysis software [34,70]. The
difference in area under the normalized transient curves of a par-
ticular species (i) and the inert tracer (Ar) gives the average surface
reaction residence time (t;). The concentration of active surface
intermediates for a particular product can be calculated by N;=
Rate; = 7; [34,71].

It is worth noting that different from most other SSITKA studies
(e.g., methanation) where the isotopic transient response is traced
directly and continually by MS, this work adopted a 34-port auto-
sampling valve to collect samples and a GC to separate different
products before MS analysis. An important advantage of this meth-
odology, used among the first by Bennett and co-workers [50,51],
is that the surface parameters of various hydrocarbon products in-
stead one product (i.e., CH, in methanation studies) can be deter-
mined without the common MS analysis problem caused by
fragmentation and overlapping of different products. Thus, the
term “multiproduct SSITKA” is used in this study to emphasize this
approach.

3. Results

Table 1 shows the surface kinetic parameters for different prod-
ucts on varying amounts of the Rh/SiO, catalyst. The % CO conver-
sions were all under differential conditions (<5%), and the
selectivities for different products were constant regardless of
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Fig. 1. The reaction system setup for multiproduct SSITKA.
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Fig. 2. Typical normalized transient responses for '?C in CHy, C,H,, MeOH, AcH,
EtOH, '3C in CH,4 and for Ar during steady-state reaction on Rh/SiO-.

the amount of catalyst being used. However, the average surface
reaction residence times [calculated as the area between the nor-

malized transient curves of a particular species (i) and the inert tra-
cer (Ar)] of MeOH and AcH (acetaldehyde) changed with the
amount of the catalyst being used, while the residence times for
all the other products were not affected. This was due to the ease
of readsorption of these products and the resulting chromato-
graphic effect [45]. To clarify, Fig. 3 shows how the average surface
reaction residence times for MeOH and AcH change with the
amount of Rh/SiO, catalyst used in our study. When the catalyst
amount changed from 0.2 to 1.0 g, the average surface reaction res-
idence times for MeOH and AcH formation increased linearly, from
2.7 to 4.2's and from 2.6 to 4.0 s, respectively. Thus, contrary for
other products, readsorption of MeOH and AcH on Rh/SiO, could
not be ignored and had to be addressed before the surface reaction
residence times could be evaluated, otherwise both TOF based on
these values (TOFrx) and the number of active surface intermedi-
ates/sites involved in their synthesis would be underestimated and
overestimated, respectively. This was accomplished by extrapolat-
ing the residence times determined for different amounts of cata-
lyst to Og of catalyst, i.e, an infinitely thin bed [46]. By
extrapolating the trend line to O g catalyst, the surface residence
times for MeOH and AcH formation on the surface were deter-
mined to both be approximately 2.3 s.
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Table 1

The surface reaction kinetic parameters for CO hydrogenation on the nonpromoted Rh/SiO, catalyst.?

Product™ RateP %C Selectivity © O] TOFrg € (s7) Nif (umol of C/g)
(pmol of C/g/fs)
0.2 g Rh/Si0,!
CH,4 0.076 64.0 2.7 0.37 0.20
CoH® 0.011 9.7 149 0.07 0.17
MeOH 0.001 0.5 2.7 0.37 0.00
AcH 0.005 4.2 2.6 0.38 0.01
EtOH 0.006 5.1 10.3 0.10 0.06
0.6 g Rh/Si0;
CH4 0.069 64.0 2.8 0.35 0.20
CoH,® 0.011 9.8 14.8 0.07 0.16
MeOH 0.001 0.5 3.6 0.28 0.00
AcH 0.005 4.7 3.6 0.28 0.02
EtOH 0.005 5.0 103 0.10 0.06
1.0 g Rh/Si0,*
CH4 0.073 70.0 3.1 0.32 0.22
CoH,® 0.009 8.9 13.6 0.07 0.13
MeOH 0.001 0.6 42 0.24 0.00
AcH 0.003 3.2 4.0 0.25 0.01
EtOH 0.005 4.5 10.6 0.09 0.05

¢ Reaction was carried out at 250 °C; P = 1.8 atm, flow rate = 30 mL/min (H,:He:CO = 6:1:3). The measurements reported were done
after 15 h of reaction when steady state was reached. All reactions were carried out at differential conversions with % CO conversion

<5%.
b Steady-state rate.

¢ Carbon selectivity = n,Ci/>_n;Ci.

4 Surface residence time of intermediates.
€ TOFrk, i =1/t

f N; = Rate; * 1.

& Hydrocarbons with 2 carbons.

h

Experimental errors of all the results for CH4 and C,H,, are + 5%; experimental errors of all the results for MeOH and AcH are +12%;

experimental errors of all the results for EtOH are +8%.
1 0.2 g catalyst was used with 2.8 g a-Al,0; dilution.
1.0.6 g catalyst was used with 2.4 g a-Al,05 dilution.
k1.0 g catalyst was used with 2 g a-Al,05 dilution.

Residence Time (s)

1 4 ® MeOH
o AcH

0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Amount of Catalyst (g)

Fig. 3. The change in surface residence times for MeOH and AcH formation with
different amounts of Rh/SiO, catalyst.

With respect to the surface reaction residence time for each
individual product, the residence time for C;H,, was the longest
among all the C;-C; hydrocarbon and oxygenate products. The sur-
face reaction residence time for MeOH was somewhat shorter than
that for CHy, but the selectivity to CH; was more than 100 times
than that for MeOH. The concentration of intermediates for EtOH
was larger than that for AcH, but the turnover frequency (TOFik)
of sites based on SSITKA (TOFrg ;= 1/t;) for AcH formation was
higher than that for EtOH formation. It is interesting to note that
the residence time for MeOH was about the same as AcH, while
the selectivity for AcH was around an order of magnitude greater
than that for MeOH.

4. Discussion

4.1. Relationship between selectivity and surface reaction residence
time

One advantage of SSITKA is that it can provide the surface reac-
tion residence time and the concentration of active intermediates
on the surface without having to know the details of the reaction
mechanism. However, with these parameters, a proposed mecha-
nism should be able to be after disproved or substantiated. Before
analysis and discussion of the detailed mechanism of CO hydroge-
nation on Rh/SiO, based on the SSITKA, it is useful to present some
basic definitions and parameter relationships.

In terms of measured rate of reaction,

Ri=1N,
Ti

where R; represents the reaction rate to produce the specific prod-
uct i, and N; represents the amount of active intermediates (in terms
of carbon atoms) on the surface that leads to product i [71]. In the
case of SSITKA of CO hydrogenation, these parameters can be deter-
mined for any reactant or product molecules containing carbon
(since carbon is isotopically traced). N; is closely related to the num-
ber of active sites on the catalyst surface at any time used for prod-
uct i formation [71]. Residence time of a product, 7; (the average
surface reaction residence time to form i), is equal to the sum of
all the reaction residence times for the intermediates leading to that
particular product i.

If two products share any intermediates (and hence also the
same type of sites), the ratio between their selectivities (S;) should
be related to the inverse of the 7;s. For example, if
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T1 > T,

then it must be that

Ny < N,

due to the probability that more active intermediates will form

product 2 due to its faster formation rate (smaller 7;) than will form
product 1. Thus, since both Ny < N, and (1/71) < (1/73),

(1/71) x N1 < (1/72) x Na.
And, by definition,
R <R,.
Thus,
S51<8,.

So, in summary, if two products share any carbon-containing
intermediates, if 7; > 75, then S; < S,. If not, they do not share any
intermediates in their many formation routes, unless somehow
secondary reaction could decrease the amount of product 2
detected.

4.2. Relationship between CH, and MeOH formation

Comparing our results with the mechanism shown in Fig. 4,
which is essentially that used by Choi and Liu [32] and Storsaeter
et al. [18], the following points can be made:

(a) According to this mechanism, if the surface reaction resi-
dence time for CH, is larger than that for MeOH, the selectiv-
ity to MeOH should be larger than that of CH, since they are
formed on the same type of site and share at least some
intermediates in their formation. However, in our results
for Rh/SiO,, the selectivity to CH4 was nearly 120 times lar-
ger than that for MeOH, but the surface reaction residence
time for CH,4 was slightly longer than that for MeOH (2.7
vs. 2.3s).

(b) The -CH30H or/and -CHs species on the surface may also
take part in other product formations. For instance, if there
is a large amount of —CHj3 species that also take part in Co.
hydrocarbon or oxygenate formation, then the selectivity
to CHy4 should be even lower than expected. However, this
is not the case since Scy, is more than 100 times larger than
Smeon. It was proposed by Takeuchi et al. [72] that EtOH
could be formed from MeOH homologation in CO hydroge-
nation, which could explain low MeOH selectivity and the
high selectivity ratio. But there was no dimethyl ether
detected in the system to prove the further reaction of
MeOH (MeOH homologation or condensation/coupling) on
the surface.

(c) If the formation routes of MeOH and CH,4 share at least one
common intermediate on the same kind of active sites, it is
impossible to explain based on SSITKA data the big differ-
ence between selectivities to MeOH and to CH4 with no such
difference between their formation residence times.

Thus, even though the reaction mechanism on Rh(11 1) and
other metals has been proposed based on theoretical calculation,

CH30H —— CH30H (9)

/
—CH,0”

AN
\iHs —=CHy(9)

Fig. 4. Recently proposed pathways of MeOH and CH, formation during CO
hydrogenation (based on Refs. [18,32]).

CO (g) +Hy (@) —

the modeling work assumed that the same reaction sites were used
to produce CH4 and MeOH. If there were only one kind of reaction
sites on Rh/SiO,, all carbon-containing products would share at
least one common intermediate, adsorbed CO. This appears not
to be true for CH; and MeOH formation on Rh/SiO,. Thus, it is prob-
able that there is more than one kind of sites on the catalyst sur-
face. The SSITKA results suggest that most of the active sites for
MeOH and CH4 formation are different and indicate that there
are many more sites producing CH,4 than sites producing MeOH.
As shown in Table 1, the number of intermediates (N;) on the Rh/
SiO, catalyst used for CH4 formation was around 20 pmol/g cat,
while for MeOH, it was less than 0.01 pmol/g cat. Thus, the selec-
tivity to CH, was much larger than that for MeOH even through the
intrinsic rates of formation (inverse residence times) were similar.

In short, the assumption of a single type of site would appear to
be the most fundamental cause for the failure of the mechanism
shown in Fig. 4 to apply to CO hydrogenation on supported Rh or
possibly Rh clusters with different crystalline faces, as gleamed
from for the formation of CH, and MeOH. Different from perhaps
Rh(1 1 1), it is reasonable that there would be more than one kind
of Rh sites on the Rh/SiO, catalyst surface. As a matter of fact, while
Yates et al. [73] detected only one single hydrogen desorption peak
for Rh(1 1 1) with TPD, in our previous study [74] two hydrogen
desorption peaks were detected for Rh/SiO,, which is similar to
the results of Bertucco and Bennett [75] results for a 10% Rh/SiO,
catalyst. It is well known that besides increasing the dispersion
of Rh, a support may interact with Rh due to SMOI, affecting the
morphology of the Rh clusters, the oxidation state and stability
of reaction intermediates [65,75-80]. Thus, it may be reasonable
that Rh/SiO, would show different behavior from Rh(11 1) in CO
hydrogenation. However, Choi and Liu [32] had no experimental
selectivity data for comparison when they did their modeling work
on Rh(111).

We, thus, cannot rule out that CH; and MeOH may be able to be
made on the same sites on Rh(1 1 1). Our conclusions are based
and applied only to the system we studied, Rh/SiO,. However,
our results do serve as a caution to using the assumption that
CH4 and MeOH share intermediates, no matter how attractive such
a possibility is, for heterogeneous catalyst surfaces.

4.3. Relationship between the formation of C, products and C;
products

Due to the complexity in the chain growth step, there are few
detailed studies in the literature regarding the mechanism of C,
product synthesis, especially for C, oxygenates.

Table 1 shows that the selectivity to MeOH was significantly
lower than that for any of the C, products (AcH, EtOH or C;H,)
and that the surface reaction residence time for MeOH formation
was much shorter. If MeOH and any C, products (hydrocarbons
and oxygenates) shared an intermediate (-CH,O), C; product selec-
tivity should have been lower than that for MeOH since all of the C,
products had longer surface reaction residence times than MeOH.
Thus, it is unlikely for any of the C, products to have shared an
intermediate with MeOH on Rh/SiO,.

On the other hand, the selectivity to CH,4 was higher than that
for any of the C; products, and the surface reaction residence time
for CH4 was shorter. Thus, the possibility that all C, products share
intermediates on the same active sites with CH, is possible and
cannot be excluded.

4.4. Relationship of AcH and C,H, formation
It is interesting to note that the surface reaction residence time

for C,H, synthesis was longer than that for any other C;-C, prod-
uct, while the selectivity for C;H,, was not the lowest, which sug-
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(a)

CH,CHO (g)

(b)

CO (9) + H, (g)—=CH,
S

Fig. 5. Recently proposed pathways of AcH and C, hydrocarbon formation during CO hydrogenation: (a) from Ref. [18] and (b) from Ref. [33].

gests that the mechanism for C;H,, synthesis is perhaps more com-
plex than the mechanisms for the other products discussed earlier.
Fig. 5 shows two popular mechanisms recently proposed for C;H,
formation. One is related to AcH formation as an integral part to
forming C, hydrocarbons [18], as shown in possibility 5a; the other
one has AcH and C,H,, sharing a common -CH, intermediate, with
different chain growth steps to produce AcH or C;H,, as shown in
possibility 5b [33].

Following the same logical reasoning applied earlier, possibility
5a is not valid for Rh/SiO; because 7c,u, was significant longer than
Tach (14.4 vs. 4.1 s), but Sc,u, was larger than Sacy (9.5% vs. 4.1%).
Possibility 5b is more likely to be true on Rh/SiO,. The fact that Sycy
was lower than expected could be explained by the further reac-
tion of the intermediates to form other products (e.g., —-C,H,O
may be an intermediates for both AcH, EtOH and C3H,O formation).
However, there have been few studies on the mechanism of C,.
hydrocarbon and oxygenate synthesis on Rh-based catalysts so
far, and the SSITKA results are not sufficient yet to elucidate the
mechanism further.

4.5. Relationship of EtOH and AcH formation

There has been disagreement as to the relationship between
AcH and EtOH formation in the literature [6,18,32,33,60,72,81-
84]. The SSITKA results obtained in this work, however, can be used
to provide more insight regarding the mechanism for the forma-
tion of EtOH and AcH.

Fig. 6a and b shows two of the most popular and recently pub-
lished routes for AcH and EtOH formation during CO hydrogena-
tion. One possibility, 6a, as proposed by Storsaeter et al. [18] and
Mei et al. [33], is that some AcH formed on the surface desorbs,

(a)

CO (9) +H, (@)~

(b)

CO(g) +H, (9)— 3

while the rest goes through two-step hydrogenation to form EtOH.
The other possibility, 6b, as proposed by Choi and Liu [32], is more
complex with EtOH and AcH sharing the same intermediates
through CH3CO-, which is then hydrogenated to CH3;CHO- and
CH;3C(OH)-, precursors for AcH and EtOH, respectively.

If possibility 6a is true, it requires two hydrogenation steps to
produce EtOH from AcH. This should result in a higher selectivity
to AcH since 7acy is shorter than Tgion (TacH =~ 2.3 S, Trron =~ 10.4 5)
- but this is contradictory to our reaction results since Sacy =~ Sgton-
It might be expected that EtOH could also be produced during the
readsorption of AcH, but this does not appear to be the case since
Teron did not vary with the amount of the catalyst used, within
experimental error. This would have been happened if readsorp-
tion and subsequent reaction played a significant role in the forma-
tion of EtOH.

Similarly, using the same reasoning, possibility 6b would ap-
pear not to be valid for our system either. With certain intermedi-
ates shared by both AcH and EtOH, the expected selectivity to AcH
should have been larger than that for EtOH because of Tacy < Tgon-
Thus, both possibilities 6a and b can be ruled out with the same
reasoning.

However, as is shown in 6c, if adsorbed AcH could further react
to form other products, it would be reasonable that the selectivity
for AcH was lower than expected, even close to the selectivity for
EtOH. However, based on the detailed study of this possibility in
Section 4.4, this is also unlikely to happen on Rh/SiO,.

Thus, none of the popular mechanisms presented recently can
explain our SSITKA results for the formation of EtOH and AcH.
Although the secondary reaction of AcH to form EtOH by hydroge-
nation cannot be excluded since it is well known that hydrogena-
tion of AcH can be carried out under mild conditions [83], under

CH,CHO (9)
—= CHyCHO—"~CH,CHOH~"~ CH,CH,OH (g)

CH 1%HO —= CH,CHO(g)
+H 3 3
— ~CH,CO el

"™CH,COH —".CH,CHOH-"~CH,CH,OH (g)

(c)

""" ——0Other products (e.g. C,H,) (9)

4 _» CH,CHO —— CH,CHO (g)

CO (9) + H, (9)—

- H3§O <
*™\CH,COH ﬂ»CHﬁHOHi»CHSCHZOH (9

Fig. 6. Recently proposed pathways of AcH and EtOH formation during CO hydrogenation: (a) from Ref. [33], (b) from Ref. [32], and (c) from Ref. [18].
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our reaction conditions, the secondary reaction of AcH to form
EtOH on the same active Rh sites does not appear to be a dominant
pathway for EtOH formation. Thus, it is highly likely that the mech-
anism for AcH and EtOH formation is much more complex than ex-
pected and cannot be resolved based on our results here.

5. Conclusions

In this study, the mechanistic pathways for different product
formations in CO hydrogenation on Rh/SiO, were for the first time
studied at the site level using multicomponent SSITKA. Different
from other products, it was found that neither MeOH nor AcH read-
sorption could be neglected on Rh/SiO, and had to be accounted
for. It appears likely that, for Rh/SiO,, MeOH and CH, are produced
on different kinds of sites. Moreover, the number of sites producing
CH4 on such a catalyst surface is more than 100 times larger than
those producing MeOH. It is also unlikely that MeOH shares any
intermediates with C, products (hydrocarbons and oxygenates).
By comparing different currently proposed possibilities for AcH
and EtOH formation, it is concluded that the actual mechanism
for the formation of these products is complicated and needs fur-
ther investigation.
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