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The influences of support (silica or titania) and loading of Fe promoter on the activity and selectivity
of Rh-based catalysts for the direct synthesis of ethanol from syngas were explored. The reaction was
performed in a fixed-bed reactor system typically operating at 543 K, 20 atm, WHSV of 8000 cm? g;;t h~!
and H,:CO ratio of 1:1. Characterization by H; chemisorption and electron microscopy indicated that
rhodium was very highly dispersed on the supports and was in direct contact with the Fe promoter.
Although little ethanol was produced over 2 wt% Rh on silica, a similar loading of Rh on titania was
active for this reaction. Promotion of 2 wt% Rh/SiO, by 1 wt% Fe produced a catalyst that exhibited a
22% selectivity to ethanol, with methane being the primary side-product. Addition of Fe to 2 wt% Rh/
titania also improved the selectivity to ethanol with the highest selectivity being 37% for a sample with
5 wt% Fe. The effects of temperature, pressure and H,:CO ratio on the performance of 2 wt% Rh/TiO;
and 2 wt% Rh-2.5 wt% Fe[TiO, were also studied. Although the influence of pressure and H,:CO ratio
was moderate, higher temperatures clearly increased methane production at the expense of ethanol and
methanol. Adsorption and thermal desorption of CO in Ar or H, were also studied by DRIFTS spectroscopy
on 2 wt% Rh/TiO, and 2 wt% Rh-2.5 wt% Fe/TiO,. The gem-dicarbonyl species that was the primary
species on these catalysts at room temperature after exposure to CO was more thermally stable on the

Fe-promoted catalyst.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

A promising alternative to petroleum-derived fuels and chem-
icals is the utilization of coal, natural gas, and biomass to make
syngas (CO and H;) for the production of alcohols and hydrocar-
bons. Indeed, large-scale facilities for the production of methanol
and Fischer-Tropsch hydrocarbons continue to be built around the
globe. Although the conversion of syngas to ethanol and higher al-
cohols is also desirable, highly active and selective catalysts still
need to be developed.

Previous studies clearly show that ethanol can be produced
from syngas over a wide variety of heterogeneous catalysts in-
cluding supported Co [1,2], Ni [3], Cu [4-8], Pd [9], and MoS;
[10-12] and two reviews on the catalysts for the direct syn-
thesis of ethanol from syngas have recently appeared [13,14].
The catalysts for the production of ethanol and other light al-
cohols from syngas can be classified broadly into 4 categories:
(a) Rh-based catalysts, (b) modified high-temperature and low-
temperature methanol synthesis catalysts based on ZnO/Cr,03 and
Cu/ZnOJAl, 03, respectively, (c) modified Fischer-Tropsch catalysts
based on Co, Fe, and Ru, and (d) modified unsulfided and sul-
fided Mo-based catalysts. A growing consensus regarding ethanol
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synthesis from syngas is that supported Rh has a great potential
for the reaction [15-21], but suitable supports and promoters are
needed to enhance the reactivity of Rh and the current high cost
of Rh may hinder its commercial utilization.

One possible reaction scheme for the direct conversion of H;
and CO to ethanol is shown in Fig. 1 [22]. Although the exact in-
termediates on the metal surface are subject to debate, Fig. 1 is
useful to describe the basic features of the reaction network. Based
on this scheme, the four specific functions that a catalyst should
perform include:

1. Dissociation of the adsorbed CO to form adsorbed carbon (C;)
and oxygen (O,).

2. Hydrogenation of the adsorbed carbon to form an adsorbed
methyl species (CHs,).

3. Insertion of non-dissociated CO into the methyl species to form
an adsorbed acyl species (CH3CO,).

4. Hydrogenation of the adsorbed acyl species to form the ethanol
product.

Rhodium is claimed to be the best catalytic metal for this reac-
tion because of its ability to perform all of these functions [15].
Although large ensembles of Rh® atoms adsorb CO dissociatively,
single Rh® and Rh* atoms adsorb CO non-dissociatively and act as
CO insertion sites [23].
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Fig. 1. One possible reaction scheme for direct conversion of H, and CO to form
ethanol (adapted from [22]).

Burch and Petch showed that Rh particles on a high purity silica
support produced very small amounts of ethanol from a glass-
lined reactor, with major products being hydrocarbons and a small
amount of acetaldehyde [15]. However, addition of Fe to the cata-
lyst significantly improved the product distribution toward ethanol.
This study was a warning to the catalysis community since volatile
iron carbonyls can deposit onto an Rh catalyst during CO reactions
taking place inside a steel reactor. The presence of iron was pro-
posed to stabilize an adsorbed acetyl species (CH3CHO,), thus fa-
voring subsequent hydrogenation to ethanol instead of desorption
of acetaldehyde [15]. The promotion of Rh is certainly not limited
to Fe. In fact, a wide variety of supports as well as promoters can
be used to affect the size, nature and the number of active sites for
ethanol formation. Although supports such as ceria [18,24], vana-
dia [19], niobia [25], zirconia [26], and promoters such as V, Nb,
Ta [27], Sm [28], and Mo [29] have a positive influence on the re-
action, Mn also appears to be a favorable promoter [20,21,30-33].
Examples of other prior art on the catalytic synthesis of hydro-
carbons and oxygen-containing compounds from CO and H, over
supported Rh catalysts include the works of Ichikawa et al. [34,35],
Arakawa et al. [36,37], Prins et al. [38,39], and Niemantsverdriet et
al. [40,41].

Chuang et al. have summarized the current understanding of
ethanol synthesis on supported Rh [23]. The main products from
syngas reactions appear to be methane and C, oxygenates, which
suggests chain growth pathways that form higher hydrocarbons
are not important in the reaction network. Oxophilic promoters
are claimed to enhance both the CO dissociation step needed to
form C atoms on the surface as well as the CO insertion step that
accounts for Cy-oxygenates on the surface. More importantly, evi-
dence is provided to support the idea that CO insertion occurs on
a single Rh atom and that a positively-charged Rh atom is more
active than a neutral one. Thus, a proper balance of CO dissocia-
tion, multiple hydrogenation steps, and CO insertion is required to
maximize alcohol formation while minimizing methane formation.

The objective of this paper is to clarify the important roles of
support (silica or titania) and Fe promoter on the activity of Rh
for the direct synthesis of ethanol from syngas. Diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) was also used to
probe the interaction of CO with the Rh catalysts.

2. Experimental methods
2.1. Catalyst synthesis

The supported Rh catalysts were synthesized by incipient wet-
ness impregnation. Granular rhodium nitrate (Pfaltz and Bauer

(Waterbury, CT)) was used as the precursor of rhodium for all cat-
alysts.

2.1.1. Synthesis of unpromoted Rh catalysts supported on silica and
titania

A 2 wt% Rh/SiO; catalyst was prepared by dissolving 0.129 g
Rh(NO3)3-2H,0 in 6 mL of distilled deionized water and adding
this solution dropwise with proper kneading to 2 g of silica (Cabot
Cab-0-Sil M-5, pre-washed with HNOs3) to the point of incipient
wetness. The paste was dried overnight in air at 413 K and subse-
quently calcined in air at 723 K for 4 h.

Titania-supported Rh catalysts were prepared in a similar man-
ner as described above, except titania (Degussa P-25) was used as
the support instead of silica, and the Rh concentration in the solu-
tion was adjusted to give the desired loading.

2.1.2. Synthesis of Fe-promoted Rh catalysts supported on silica and
titania

As an example, a 2 wt% Rh-1 wt% Fe/TiO, catalyst was prepared
by dissolving 0.315 g Rh(NOs3)3-2H,0 and 0.36 g Fe(NO3)3-9H,0 in
7.5 mL of distilled deionized water and adding this solution drop-
wise with proper kneading to 5 g TiO, (Degussa P-25) to the point
of incipient wetness. The paste was dried overnight in air at 413 K
and subsequently calcined in air at 723 K for 4 h.

Iron-promoted Rh catalysts on silica or titania with various
loadings of Fe were prepared in a similar manner with appropriate
concentrations of metal precursors.

2.2. Catalyst characterization

The metal loadings of the catalysts were determined by Gal-
braith Laboratories (Knoxville, TN) using ICP analysis. Additionally,
the Rh dispersion was evaluated by H, chemisorption performed
using a Micromeritics ASAP 2020 automated adsorption system at
308 K. Calcined catalysts were reduced in flowing H, at 473 K for
2.5 h and evacuated at that temperature for 2 h prior to cooling
in vacuo to 308 K. An H/Rhgy; stoichiometry equal to unity was
assumed in the analysis.

Electron microscopy was performed on an FEI TITAN field-
emission transmission electron microscope equipped with an EDAX
Genesis EDS system operated at 200 kV. Catalyst samples in the
powdered form were sprinkled onto a copper grid with lacy carbon
support film. Images were recorded with a slow scan CCD camera.
To analyze individual particles, the electron beam was focused on
the middle of the target particle with a diameter slightly lesser
than the diameter of the target particle. The EDS spectra were an-
alyzed using FEI TIA software.

2.3. Reactions of CO and H»

The catalysts were evaluated in a fixed-bed micro-reactor
system (Autoclave Engineers’ BTRS Jr., Erie, PA). Calcined cata-
lysts were first pressed into pellets, crushed, and size-separated
(+40/—80 mesh). Approximately 0.15 g catalyst was intimately
mixed with 2.5 g of silicon carbide (Universal Photonics, Inc.,
Hicksville, NY) and loaded into the reactor. The catalyst was then
reduced in flowing dihydrogen (20 ¢cm3(STP)min~—') at 573 K for
2 h under atmospheric pressure. Following reduction, the catalysts
were tested at nominally identical conditions of 543 K, 20 atm to-
tal pressure, syngas (Hy + CO) flow of 20 ¢cm3(STP)min~?, H,:CO
ratio of 1:1, and a WHSV of 8000 cm®g_i h~!. The catalyst bed
temperature was monitored by a thermocouple inserted within the
catalyst bed. All gases (CO (GT&S) and H, (GT&S)) were UHP grade
(99.999%). Additionally, CO was purified by passing it through a
silica trap immersed in a dewar containing a dry ice-acetone mix-
ture before introduction into the reactor. The results reported here
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Table 1
Conversion of syngas over silica- and titania-supported Rh catalysts.

Catalyst Conversion %Selectivity
(%) CHa C2Hs CsHs CsH1o CH5CHO CH30H EtOH PrOH EthAc

2% Rh/SiO, 0.75 51.3 19.5 24.2 5.1 0.0 0.0 0.0 0.0 0.0
2% Rh/Si0,? 1.52 48.0 5.5 16.0 - 14.0 0.6 0.7 - 2.7
(Burch and Petch [15])

2% Rh-1% Fe[SiO, 2.70 35.5 9.8 9.1 2.0 2.8 13.5 21.8 3.7 1.9
2% Rh-1% Fe[SiO, 4.45 38.0 3.1 2.8 - 09 11.0 39.0 - 1.2
(Burch and Petch [15])

2% Rh/TiO; 5.66 47.4 3.2 14.8 5.2 5.7 1.9 11.1 0.0 10.7
2% Rh-1% Fe[TiO; 7.47 42.4 49 10.4 34 13.3 1.6 13.4 0.0 10.6

Note. Nominal conditions are T =543 K, P =20 atm, 0.150 g catalyst (40-80 mesh), 2.5 g SiC to dilute the bed, H:CO 1:1, syngas flow = 20 cm?(STP)min~'. Conversion
(%) =>_niM; x 100/Mco and selectivity =n;M;/ Y n;M; where n; is the number of carbon atoms in product i, M; is the mole percent of product i measured, and Mco is

the mole percent of carbon monoxide in the feed.
@ The balance of selectivity (5.9%) is to acetic acid.

are generally obtained after 2 h on-stream. Two HP 5890 Series
Il gas chromatographs were integrated downstream of the reac-
tor for the analysis of reactants and products. The first one was
equipped with a flame ionization detector and a 50 m-long HP-1
cross-linked methyl silicone gum capillary column to monitor hy-
drocarbons, alcohols, acetaldehyde, methyl acetate (not observed)
and ethyl acetate. The second one was equipped with a thermal
conductivity detector and a 6-ft long Alltech CTR packed column
and was used to monitor the possible formation of CO,.

The conversion of CO was based on the fraction of CO that
formed carbon-containing products according to:

%Conversion = (Z n; - M,-/Mco> -100%,

where n; is the number of carbon atoms in product i, M; is the
percentage of product i detected, and Mco is the percentage of
carbon monoxide in the syngas feed. This equation was valid since
differential conversion was maintained throughout this study.

The selectivity to product i is based on the total number of
carbon atoms in the product and is therefore defined as:

Si= @i Mo/ (Yo ni - Mi).
2.4. DRIFTS studies

A Bio-Rad FTIR (FTS-60A) spectrometer outfitted with an MCT
detector and a Harrick DRIFTS cell were used for the IR studies. The
cell allowed collection of spectra in a controlled environment over
a range of temperatures (298-548 K). To obtain the spectra pre-
sented here, 100 scans were co-added at resolution of 2 cm~!. The
procedure for collection of the DRIFTS spectra was as follows. First,
30-40 mg of powdered catalyst was combined with 70 mg of pow-
dered KBr and the mixture was placed onto the sample holder. The
powder surface was carefully flattened to obtain high IR reflectiv-
ity. The sample was then heated under flowing Ar (50 cm? min—!)
to 573 K, reduced in flowing H; at 573 K for 2 h, purged in flow-
ing Ar at 573 K, and then cooled to 298 K in flowing Ar. After
collecting a background spectrum, CO was admitted to the cell at
50 cm® min~! for approximately 10 min. The gas-phase CO was
purged from the cell by flowing Ar and a spectrum of adsorbed
CO was collected after purging for 60 min. Thermal desorption ex-
periments (heating rate 10 Kmin~!) were also performed in either
flowing Ar or Hj.

3. Results and discussion
3.1. Influence of support

The first entry in Table 1 illustrates how unpromoted Rh/SiO,
is a very poor catalyst for syngas conversion. Indeed, only trace

amounts of ethanol were produced over this catalyst at our stan-
dard conditions. The only products at the conditions of 543 K,
20 atm, H:CO 1:1, a syngas flow of 20 cm® min~!, and a space
velocity of 8000 cm? gc’a{ h~! were methane and light hydrocar-
bons. Only trace amounts of ethanol, methanol, acetaldehyde or
ethyl acetate were detected over the unpromoted Rh/SiO; cata-
lyst. Burch and Petch [15] have also shown that hydrocarbons are
generally the preferred reaction products on unpromoted rhodium
supported on silica, although acetaldehyde and ethanol can be mi-
nor co-products.

Next, a promoted catalyst similar to that used by Burch and
Petch (2 wt% Rh-1 wt% Fe[SiO,) [15] was prepared and tested in
our laboratory at conditions similar to those reported by these au-
thors (543 K, 20 atm, 0.150 g catalyst, 2.5 g SiC as the bed diluent,
syngas 20 cm® min~!, and Hy:CO ratio of 1:1). The results summa-
rized in Table 1 for the Burch and Petch-type catalyst (third entry)
compare well to those reported in their paper [15]. The main prod-
ucts were methane, light hydrocarbons (ethane and propane), and
light alcohols (methanol and ethanol).

Table 1 also shows a direct comparison of Rh supported on
silica to Rh supported on titania. The titania-supported catalyst
was not only more active for syngas conversion, but also produced
a variety of oxygenate products including methanol, ethanol, ac-
etaldehyde and ethyl acetate. Adding 1 wt% Fe to a 2 wt% Rh/TiO;
catalyst further improved the CO conversion and oxygenate selec-
tivity. Since both silica and titania alone were inactive for syngas
conversion under these conditions, the product formation observed
in this study is attributed solely to the transition metal compo-
nents (Rh/Fe).

The influence of silica and titania support on CO hydrogena-
tion over supported Rh was also investigated in detail by Katzer
et al. [42], albeit at different reaction conditions. The conditions
used in their work were 473 K, 10 atm, and 4% CO in dihydrogen.
Their results also indicate that titania is the more active support
for Rh. They reported a 200-fold variation in the product forma-
tion rate for titania compared to silica, which was attributed to an
increase in the number of active sites for the reaction instead of
the changes in the energetics of the reaction.

The effect of iron on the performance of supported rhodium
catalysts for CO hydrogenation reactions were also investigated in
a pioneering study by Bhasin et al. [43] and later by Guglielminotti
et al. [44]. Their results also agree with our findings that iron has
a profound effect on the selectivity to ethanol. The first set of
authors [43] investigated the performance of Rh and Rh-Fe/SiO,
catalysts using a Berty-type backmixed reactor at nominal con-
ditions of 573 K, 1000 psig, and H:CO ratio of 1:1. A nominal
loading of 2.5 wt% Rh was used along with five different Fe load-
ings (0.00 wt%, 0.05 wt%, 0.10 wt%, 0.20 wt%, and 0.50 wt%). Their
results show that the performance of a 2.5% Rh-0.20% Fe/SiO, cat-
alyst was superior to that of the unpromoted 2.5% Rh/SiO, catalyst
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in terms of selectivity to ethanol. The selectivity to ethanol for the
promoted catalyst was 29.2%, while that for the unpromoted cat-
alyst was only 17%. It also appears that the increase in selectivity
to ethanol is at the direct expense of methane selectivity, which
reduced to 42.1% for the promoted catalyst from a value of 52.0%
for the unpromoted catalyst. Similar results were also reported by
Guglielminotti et al. [44] who found that adding Fe to Rh/ZrO; in-
creased the selectivity of methanol and ethanol. Their experiments
were carried out at 493 K, 1 atm, and a H;/CO ratio of 3.

Hanaoka et al. [45] examined the effect Rh loading on CO hy-
drogenation over Rh/SiO; catalysts at 553 K, 50 atm, Hy:CO:Ar =
45:45:10, and a flow rate of 100 cm? min~!. The Rh loading was
varied from 1 wt% to 30 wt%. Although increasing the Rh load-
ing improved the CO conversion, the selectivity to various products
was also altered as a function of Rh loading. They found that the
selectivity to methane increased monotonically with an increase in
Rh loading, at the expense of CH30H and C;H50H.

3.2. Role of Rh loading on TiO;

The effect of Rh loading on the activity and selectivity of
titania-supported catalysts is summarized in Table 2. The results
show that CO conversion over the catalysts increased with the
Rh loading on titania, as expected. The selectivities reported for
the low loaded catalyst are somewhat less reliable than the other
entries because of very low level of conversion. In general, the se-
lectivities to C;1-C4 hydrocarbons and to oxygenates were affected
little by the Rh loading, in contrast to the results of Hanaoka et
al. [45] who reported increasing CH4 selectivity with increasing Rh
loadings.

Table 3 summarizes the results from H; chemisorption and
elemental analysis. Although the low loaded Rh/TiO, catalysts
(0.5 wt% and 1 wt%) exhibited 100% dispersion, higher loadings
of Rh resulted in lower dispersions. Nevertheless, the calculated
turnover frequency that includes both Rh loading and dispersion of
Rh on titania was fairly constant at about 0.02 s~! at our standard
conditions. The relatively high dispersion of all the catalysts in

Table 2
Effect of Rh loading on syngas conversion over Rh/TiO, catalysts.

Table 3 facilitated the promotional role of the support titania on
the catalysis by Rh.

3.3. Influence of Fe loading on Rh-Fe/TiO,

Four different catalysts were prepared and tested to examine
the effect of Fe loading and the results are summarized in Table 4.

The first three entries in Table 4 present reactivity results for
three separate runs of a 2 wt% Rh-1 wt% Fe[TiO, catalyst. The
results indicate good experimental reproducibility since the con-
version of CO in these three experiments was at 7.47%, 9.02%, and
8.23%.

The well-known suppression of chemisorption achieved by
high-temperature reduction of metal particles on titania occurs by
the formation of TiOy overlayers on the active metal and is often
termed as strong metal support interaction, or SMSI [46]. Indeed,
Logan et al. [47] have directly observed an amorphous titania film
that encapsulates titania-supported Rh particles. To investigate the
possible effect of TiOyx overlayers on the activity of promoted cata-
lysts, we evaluated the activity and selectivity of 2 wt% Rh-1 wt%
Fe/TiO, after a high-temperature reduction (HTR) at 748 K and
compared the results to those obtained after our standard low-
temperature reduction (LTR) at 573 K.

The fourth entry in Table 4 summarizes the results from a cat-
alyst after a high-temperature reduction. The CO conversion and
product selectivity are within the experimental error of those as-
sociated with the catalyst reduced at low temperature (first three
entries of Table 4). Similar conclusions were reported by Katzer
et al. [42] who found that although the CO and H, chemisorption
capacity changes as a function of the reduction temperature, the
rate of CO hydrogenation and the product selectivities for Rh/TiO;
catalysts reduced at 673 K were essentially the same as for Rh/TiO,
reduced at 473 K. Moreover, Van't Blik et al. [38] also reported
that the reduction temperature did not influence to a great ex-
tent CO hydrogenation over Rh/Al;03 and Rh/TiO;. Interestingly,
Frydman et al. [25] reported that the rates of CO hydrogena-
tion on monometallic Rh catalysts supported on NbyOs5 decreased
substantially upon high-temperature reduction, whereas the CO
hydrogenation rates for bimetallic catalysts comprised of Co-Rh did

Table 3

Catalyst Conver- %Selectivity ) ) ) )
sion (%) Results from elemental analysis and H, chemisorption used to determine TOF for
CHy CyHg C3Hg C4Hip CH3CHO CH30H EtOH EthAc Rh/TiO, catalysts.
0.5% Rh/TiO, 1.38 60.3 0.0 14.7 53 3.7 5.6 104 0.0 . X
1% Rh/TiO;  3.80 506 4.1 124 3.8 35 38 122 97 Catalyst composition Rh loading H/Rh Turnover }
. o/ o a -
2% Rh/TIO, 566 474 3.2 148 52 57 19 11 107 (nominal) (wt%) *) frequency” (s™")
5% Rh/TiO,  7.43 42.5 4.1 169 6.3 6.8 1.5 104 11.5 0.5% Rh/TiO, 0.44% ~100% 0.0149
Notes. Nominal conditions are T = 543 K, P = 20 atm, 0.150 g catalyst (40- 1;% RhmOZ DEDE ~100;% Dz
. . o 3 e 2% Rh/TiO, 1.60% 88% 0.0206
80 mesh), 2.5 g SiC to dilute the bed, H»:CO 1:1, syngas flow = 20 cm’(STP) min~"'. o . o N
. o A . 5% Rh/TiO; 4.40% 54% 0.0159
Conversion (%) = Y niM; x 100/Mco and selectivity = n;M;/ > n;M; where n; is . . b
. X . N . 2% Rh/Si0; Not determined 46% 0.0038
the number of carbon atoms in product i, M; is the mole percent of product i mea-
sured, and Mco is the mole percent of carbon monoxide in the feed. 2 Molecules of CO converted per Rh surface atom per second.
b Nominal.
Table 4
Effect of Fe loading on Rh-Fe/TiO, catalysts for syngas conversion.
Catalyst Conversion %Selectivity
(%) CH4 CoHs C3Hs CaH1o CH3CHO CH3OH EtOH EthAc
2% Rh-1% Fe|TiO; 7.47 42.4 4.9 10.4 3.4 13.3 1.6 13.4 10.6
2% Rh-1% Fe[TiO; 9.02 43.6 3.5 10.8 3.9 13.3 0.0 14.4 10.6
2% Rh-1% Fe[TiO; 8.23 43.0 3.2 9.7 3.5 13.5 0.0 15.2 11.9
2% Rh-1% Fe[TiO, (HTR) 8.65 441 2.5 8.0 2.6 13.7 0.0 17.8 1.4
2% Rh-2.5% Fe|[TiOy 9.28 37.9 2.7 4.3 1.1 1.2 2.8 31.0 9.0
2% Rh-5% Fe[TiO; 6.20 353 29 33 0.8 7.0 4.8 37.2 8.6
2% Rh-10% Fe/TiOy 5.68 373 5.2 4.2 0.9 2.2 14.9 33.2 2.1

Note. Nominal conditions are T =543 K, P = 20 atm, 0.150 g catalyst (40-80 mesh), 2.5 g SiC to dilute the bed, H»:CO 1:1, syngas flow = 20 cm?(STP)min~". Conver-
sion (%) = Y_niM; x 100/Mco and selectivity =n;M;/ >_n;M; where n; is the number of carbon atoms in product i, M; is the mole percent of product i measured, and Mco

is the mole percent of carbon monoxide in the feed.
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Table 5
Results from elemental analysis and H, chemisorption used to determine TOF for
Rh-Fe/TiO; catalysts.

Catalyst composition Rh and Fe loadings H/Rh Turnover
(nominal) (wt%) (%) frequency? (s—1)
2% Rh-1% Fe[TiO; 1.81% Rh-0.83% Fe 49% 0.0472

2% Rh-2.5% Fe[TiO; 2.03% Rh-2.27% Fe 46% 0.0511

2% Rh-5% Fe|TiO; 1.62% Rh-3.97% Fe 38% 0.0515

2% Rh-10% Fe/[TiOy 1.91% Rh-8.97% Fe 20% 0.0767

2% Rh-1% Fe[SiO, Not determined 26%> 0.0257

@ Molecules of CO converted per Rh surface atom per second.
b Nominal.

not vary appreciably as a function of reduction temperature. The
authors concluded that the combination of the two metals some-
how suppressed the negative influence of the high temperature
reduction. This phenomenon appears to be a function of the type
of catalyst, support, and other physicochemical properties of the
catalyst.

The next three entries in Table 4 illustrate the importance of Fe
loading on the catalyst. The results show that addition of 2.5 wt%
Fe improved the CO conversion while simultaneously increasing
the ethanol selectivity from 13.4% to 31.0%. Addition of 5 wt% Fe
reduced the conversion of CO, but improved the ethanol selectiv-
ity to 37.2%. Addition of 10 wt% Fe continued to reduce the CO
conversion on the catalyst, without an additional gain in ethanol
selectivity. Increasing the Fe content of the Rh/TiO; catalysts also
reduced the ethyl acetate and acetaldehyde selectivity. Iron has
been claimed to be an effective catalyst for the hydrogenation of
acetaldehyde to ethanol in presence of Rh [15].

These results from Fe-promotion are in general agreement with
those of Burch and Hayes [17], who studied CO hydrogenation over
2% Rh/y-Al,03 promoted by Fe (up to 10 wt%) at 543 K, 10 atm,
WHSV of 8000 cm?g_,l h~!, and H,:CO ratio of 1:1. Their study,
however, revealed a more substantial enhancement of ethanol se-
lectivity (from ca. 2% over an unpromoted Rh/y-Al,03 to 48%
over a Fe-promoted catalyst). Furthermore, the increase in ethanol
selectivity was at the expense of methane selectivity, which de-
creased from ca. 48% over an unpromoted catalyst to about 23%
over the Fe-promoted one.

The enhanced selectivity of catalysts toward ethanol formation
with an increasing amount of promoter has been attributed to
the close interaction between the metal and the promoter, i.e.,
an increasing interfacial contact between the metal and the pro-
moter [17]. Thus, high loadings of Fe promoter will suppress H;
chemisorption by a simple covering of the active Rh surface. Ta-
ble 5 illustrates the observed decrease of exposed Rh with increas-
ing Fe loading on Rh/TiO, catalysts. Table 5 also illustrates how Fe
promotes the turnover frequency for CO conversion. Evidently, the
interfacial sites are substantially more active than the unpromoted
Rh/TiO; catalysts.

Since the results from H; chemisorption and catalytic reac-
tion indicated a substantial interaction between Fe and Rh, we
performed electron microscopy on a representative sample. The
electron micrograph of 2 wt% Rh-2.5 wt% Fe[TiO; in Fig. 2 shows
~2 nm bimetallic particles of Rh and Fe dispersed on titania. The
corresponding EDS spectra of the four individual particles marked
in Fig. 2 are presented in Fig. 3. In each case, both Rh and Fe are
present in the particle.

3.4. Influence of process variables: temperature, pressure, and H,:CO
ratio

The effects of temperature and pressure on the conversion and
selectivity of an unpromoted 2 wt% Rh/TiO, and promoted 2 wt%
Rh-2.5 wt% Fe[TiO; are summarized in Tables 6 and 7, respectively.

Fig. 2. Electron micrograph of a 2 wt% Rh-2.5 wt% Fe/TiO; catalyst.
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Fig. 3. EDS spectra of particles identified in the electron micrograph in Fig. 2 (spec-
tra are offset for clarity and are truncated for Ti and Cu).

Table 6
Effects of temperature and pressure on the reactions of syngas over a 2 wt% Rh/TiO;
catalyst.

Condition 1 2 3 4 5
T (K) 503 528 543 543 543
P (atm) 20 20 20 13.6 34
H; + CO (cm® min~!) 20 20 20 20 20
H,/CO 1:1 1:1 1:1 1:1 1:1
Conversion (%) 0.83 3.11 5.66 7.08 6.49
Selectivities (%)
CHy 36.5 41.8 47.4 48.1 47.9
CoHe 0.0 4.1 3.2 42 42
C3Hg 11.5 13.6 14.8 15.5 13.0
C4Hyo 5.5 4.9 5.2 5.1 3.7
CH3CHO 5.6 4.5 5.7 4.2 4.4
CH30H 10.8 4.4 1.9 2.1 2.2
C,H50H 16.2 13.5 11.1 1.3 11.4
Ethyl acetate 13.9 13.1 10.7 9.3 13.2
CO, 0.0 0.0 0.0 0.0 0.0

Note. Conversion (%) = > n;M; x 100/Mco and selectivity =n;M;/ Y n;M; where n;
is the number of carbon atoms in product i, M; is the mole percent of product i
measured, and Mco is the mole percent of carbon monoxide in the feed.
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Table 7
Effects of temperature and pressure on the reactions of syngas over a 2 wt% Rh-
2.5 wt% Fe|TiO, catalyst.

Condition 1 2 3 4 5
T (K) 527 543 567 543 543
P (atm) 20 20 20 14 28
Hy + CO (cm?® min~1) 20 20 20 20 20
Hy/CO 1:1 1:1 1:1 1:1 1:1
Conversion (%) 4.55 9.3 17.7 6.7 8.8
Selectivities (%)
CHa 30.5 37.9 46.7 36.2 37.5
CyHg 2.3 2.7 3.8 2.4 2.6
C3Hg 3.8 43 5.8 3.8 4.0
C4H1o 0.5 1.1 0.9 1.0 1.0
CH3CHO 12.6 1.2 10.9 10.1 11.1
CH3;0H 4.0 2.8 0.0 33 2.8
C,H50H 34.6 31.0 23.7 35.7 30.4
Ethyl acetate 11.6 9.0 8.2 7.5 10.6
CO, 0.0 0.0 0.0 0.0 0.0

Note. Conversion (%) = Y n;M; x 100/Mco and selectivity =n;M;/ > n;M; where n;
is the number of carbon atoms in product i, M; is the mole percent of product i
measured, and Mco is the mole percent of carbon monoxide in the feed.

Table 8

Influence of H;:CO ratio on the performance of a 2 wt% Rh-1 wt% Fe/TiO, catalyst.

Conditions 1 2 3

T (K) 543 543 543

P (atm) 20 20 20

H; + CO (cm? min~1) 20 20 20

H,/CO 1:1 2:1 3:1

Conversion (%) 8.23 214 33.9

Selectivities (%)
CHy 43.0 51.4 58.3
CyHg 3.2 4.9 4.7
C3Hs 9.7 9.5 7.3
C4Hio 35 1.6 0.9
CH3CHO 13.5 7.2 5.4
CH30H 0.0 1.9 2.0
CoH50H 15.2 16.2 15.4
Ethyl acetate 11.9 7.3 6.0
COy 0.0 0.0 0.0

Note. Conversion (%) = Y n;M; x 100/Mco and selectivity =n;M;/ > n;M; where n;
is the number of carbon atoms in product i, M; is the mole percent of product i
measured, and Mco is the mole percent of carbon monoxide in the feed.

Although the conversion of CO increased with temperature,
the selectivity to undesired methane increased at the expense of
ethanol and methanol. The influence of pressure on both cata-
lyst activity and selectivity was fairly insignificant compared to the
influence of temperature. The results suggest that the hydrogena-
tion of the (CHy).q species becomes dominant at high temperature
[48] and more generally, the activation energy for the formation of
methane appears to be higher than that for ethanol synthesis [48].

The effects of temperature, pressure, and H;:CO feed ratio on
the performance of a 6% Rh-1.5% Mn/SiO, catalyst for CO hydro-
genation in a microchannel reactor were also investigated by Hu
et al. [48]. As expected, the CO conversion increased quite signifi-
cantly with temperature over the range of 538 K to 573 K. As seen
in our study, the selectivity to methane also increased with tem-
perature at the expense of selectivity to ethanol. In general, the
mild influence of pressure and the increase in methane production
with increasing temperature at the expense of ethanol are consis-
tent with the results for the Fe-promoted Rh/TiO, system reported
here.

Table 8 summarizes the influence of H,:CO ratio over the range
of 1 to 3 on the conversion and selectivity of syngas conversion
reactions over 2 wt% Rh-1 wt% Fe/TiO; at 543 K and 20 atm total
pressure. Although the CO conversion increased substantially with
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Fig. 4. Deactivation of 2 wt% Rh/TiO; and 2 wt% Rh-2.5 wt% Fe/TiO, during CO hy-
drogenation at 543 K and 20 atm.
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Fig. 5. Selectivity to methane and ethanol over 2 wt% Rh/TiO, during the deactiva-
tion observed in Fig. 4.
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Fig. 6. Selectivity to methane and ethanol over 2 wt% Rh-2.5 wt% Fe/TiO, during
the deactivation observed in Fig. 4.

increasing Hy in the feed stream, the selectivity to methane also
increased at the expense of the oxygenates, namely, acetaldehyde
and ethyl acetate.

It should be noted that CO, was never observed as a reaction
product. Evidently, the extent of the water-gas shift reaction was
negligible under our reaction conditions.

3.5. Stability of unpromoted and Fe-promoted Rh/TiO, catalysts

Figs. 4, 5, and 6 illustrate how the CO conversion and prod-
uct selectivities change with time over an 80-h time interval. For
both the unpromoted and promoted Rh/TiO;, the catalysts deac-
tivated between 30 and 50% of their initial activity over the first
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Fig. 7. DRIFTS spectra of adsorbed CO on a 2% Rh/TiO;: (a) after purging in Ar at
room temperature for 60 min, (b) after heating in Ar to 373 K, (c) after heating in
Ar to 448 K, (d) after heating in Ar to 548 K.

30 h, but were fairly stable thereafter. The selectivity to undesir-
able methane and desirable ethanol were not significantly affected
by deactivation.

3.6. Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) studies

In an attempt to relate the structure of the catalyst to its func-
tion in CO hydrogenation, we probed the surfaces of an unpro-
moted and a promoted Rh/TiO, catalyst by IR spectroscopy of ad-
sorbed CO. Adsorption of CO on supported Rh at room temperature
occurs in three distinct modes, gem-dicarbonyl with characteristic
absorption bands at ca. 2100 cm~! and ca. 2030 cm™~!, linear CO
with absorption band at ca. 2070 cm~!, and bridged CO with a
broad absorption band at ca. 1840 cm™~!. These assignments were
first made in a pioneering work by Yang and Garland [49] and
later confirmed by several studies [42,50-54]. In addition to these
three modes, additional bands for linear CO on oxidized rhodium
(Rh?* at 2135 cm~! and Rh3* at 2145 cm~1), were reported by
Trautmann and Baerns [54]. It is now well-accepted that the gem-
dicarbonyl species arise from singly-charged Rh™ species, while
linear and bridged CO arise from RhO clusters.

The adsorption of CO at room temperature can lead to an ox-
idative disruption of Rh clusters into Rh* sites. Primet [55] sub-
scribes to the view that CO adsorption on small particles of Rh
(<1 nm) is dissociative at room temperature. The chemisorbed
oxygen (from CO dissociation) presumably leads to the forma-
tion of Rh™ sites, which then forms the gem-dicarbonyl species
upon further adsorption of CO. However, this suggestion was coun-
tered by Solymosi and Pasztor [51,56] who found no evidence of
CO dissociation on supported Rh particles at temperatures less
than 473 K. They proposed instead that the Rh™ is most proba-
bly formed via an oxidation of the Rh clusters by an OH group of
the support.

Figs. 7 and 8 show the IR spectra of CO adsorbed on 2 wt%
Rh/TiO, as a function of temperature in the absence (Fig. 7) and
the presence (Fig. 8) of hydrogen. Major spectral changes were ob-
served upon heating in Ar (Fig. 7). The gem dicarbonyl species
was stable after heating to 373 K, as illustrated by the strong
band at 2098 cm~!. At 448 K, the gem-dicarbonyl band was sig-
nificantly attenuated while the intensity of the linear CO band at
2060 cm~! increased. At 548 K, the band due to linear CO shifted
to 2040 cm~!, which has been seen previously [54]. Although the
general behavior of the spectra for desorption of CO in dihydro-
gen was the same (Fig. 8), there were two major differences. First,
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Fig. 8. DRIFTS spectra of adsorbed CO on a 2% Rh/TiO,: (a) after purging in Ar at
room temperature for 60 min, (b) after heating in Hy to 373 K, (c) after heating in
H, to 448 K, (d) after heating in H, to 548 K.
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Fig. 9. DRIFTS spectra of adsorbed CO on a 2% Rh-2.5% Fe[TiO;: (a) after purging
in Ar at room temperature for 60 min, (b) after heating in Ar to 373 K, (c) after
heating in Ar to 448 K, (d) after heating in Ar to 548 K.
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Fig. 10. DRIFTS spectra of adsorbed CO on a 2% Rh-2.5% Fe[TiO,: (a) after purging
in Ar at room temperature for 60 min, (b) after heating in Hy to 373 K, (c) after
heating in H, to 448 K, (d) after heating in H, to 548 K.

the gem-dicarbonyl band was strongly attenuated by heating to
only 373 K and second, no features attributable to adsorbed CO
were observed at 548 K. The accelerated conversion of the gem-
dicarbonyl by dihydrogen agrees with the previous work [53] on a
0.5% Rh/TiO5.

Figs. 9 and 10 present the IR spectra from similar thermal de-
sorption experiments on 2 wt% Rh-2.5 wt% Fe/TiO,. Although the
spectral features are generally quite similar to the unpromoted sys-
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tem, there are some differences that warrant discussion. First, the
gem-dicarbonyl species was more stable on the Fe-promoted cat-
alyst since its spectral signature at ca. 2094 cm~! was prominent
at 448 K in both Ar (Fig. 9) and H, (Fig. 10). Second, the desorp-
tion spectrum in presence of dihydrogen (Fig. 10) shows a band at
2039 cm~! due to linear CO at the highest desorption tempera-
ture of 548 K. This contrasts the results from a 2% Rh/TiO, catalyst
where no surface carbonyl was observed at 548 K in H, (Fig. 8).

Taken together, these observations suggest that the Fe promoter
stabilizes the adsorbed CO on both the charged and neutral Rh
moieties.

4. Conclusions

The direct synthesis of ethanol and other oxygenates from CO
and Hy over Rh catalysts depended on the nature of the support
and the presence of the Fe promoter. Silica-supported Rh was in-
effective at converting CO under the standard conditions used here
while titania-supported Rh produced some ethanol and other oxy-
genates, with methane being the major undesirable hydrocarbon
product. Promotion of Rh/silica and Rh/titania with Fe substan-
tially improved the activity of the catalysts and their selectivity
to ethanol and other oxygenates. Results from electron microscopy
and Hy chemisorption confirmed the direct interaction of Fe with
Rh. Results from thermal desorption of CO from unpromoted and
promoted Rh/TiO; indicated that Fe stabilized the gem-dicarbonyl
formed upon CO adsorption on Rh and retained CO on the Rh at
elevated temperatures.
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