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Section I

Comparative Study of Rh/A1203 and Rh-Mo/A1203 Catalysts

Research Context

In this section we return to the analysis of Rh/AlpO3 and Rh-Mo/Al»O3 catalysts synthesized
via sequential chemisorption of mononuclear organometallic precursors, namely Rh(CO)s(acac)
and Mo(CO)e. The focus of the investigations presented herein also return to the working
hypothesis of our global efforts in the Rh-Mo system, i.e. the idea that Mo serves primarily as a
textural promoter, site isolating small Rh aggregates. Here, the influence of the Mo is assessed
directly through both CO hydrogenation and infrared spectroscopic analysis of the samples after
exposure to room temperature and high temperature syngas environments. The comparisons
center on testing Mo-promoted and unpromoted Rh catalysts of similar Rh loadings head-to-head
and assessing their activity and oxygenate selectivity, as well as comparing the CO-active
infrared frequencies of the samples. As discussed below, the microreactor analysis for CO
hydrogenation and the insights gained from infrared spectroscopic characterization of the
samples are well aligned with the idea that the Mo, indeed, stabilizes small, isolated Rh
aggregates. The Mo-promoted samples tend toward higher oxygenatc selectivity and enhance the
intensity of the Rh “gem-dicarbonyl” infrared band, the primary marker for highly dispersed Rh.
Again, Section I of this report explores an alternative synthesis approach to form Rh-Mo/Al,03,
and Section II traces the surface features of the catalytic materials during the synthesis process.
In the investigations outlined in this section, we turn back to the origin of our interest in this

catalytic system: the unique synergy of Rh and Mo for oxygenate synthesis.
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The theme common to each proposal is that the rhodium active sites are isolated by molybdenum
(oxide) and the site-isolated rhodium acts much like molecular rhodium complexes in
homogeneous catalysis. Better understanding of this site-isolation effect is important for the
design of new bimetallic catalysts—both rhodium and non-rhodium systems—for oxygenate
synthesis from syngas. This work has focused on the comparative study of Rh/Al,03 and Rh-
Mo/Al»Oj3 catalysts using CO hydrogenation as a probe reaction and in situ infrared (IR)

spectroscopic characterization of CO-pretreated catalysts.

Experimental

Catalysts preparation employs the method‘of non-aqueous sequential chemisorption of
metal-carbonyl complexes on alumina, which was developed previously [Foley et al., 1990]. The
metal-carbonyl precursors and support material are Mo(CO)g, Rh(CO)2acac, and gamma
alumina (BET surface area = 250 m2/g), respectively. The catalysts are listed with their

elemental analysis data in the following Table:

Table 1. Rh/Al1203 and Rh-Mo/Al203 catalysts

Catalyst Rh wt.% Mo wt% Rh/Mo (mole ratio)
Rh-1 0.23 0 --

Rh-II 0.45 0 --

Rh-III 1.37 0 -

Rh-IV 2.66 0 --
RhMo-I 0.21 1.40 0.14
RhMo-II 0.41 1.42 0.27
RhMo-III 1.21 1.46 0.77
RhMo-IV 2.43 1.23 1.84

CO hydrogenation reactions were performed in a fixed bed, down-flow, high-pressure
microreactor system, which consists of (i) high purity CO and H2 gas sources, which were
further purified by series of traps to exclude H20, 02, Fe(CO)s, etc. (ii) a stainless steel tubular

reactor with capacity of 0.2-2.0g of catalyst, connected to the gas sources through high pressure
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mass-flow controllers, (iii) a product analysis unit, in which the downstream mixture of reactants
and products were sent to on-line GC’s after releasing pressure through a back-pressure

regulator. More detailed descriptions of the system can be seen elsewhere [Foley et al.,1990].

Each of the catalysts listed above was reduced at 300°C with H2 for 3 h before introducing
the reactant mixture. Reaction conditions are 473-623K, 2.0-6.6MPa, CO/H2 = 1/1, and GHSV =
3500h-1. Data comparing activity and selectivity were collected after the steady-state activity
had been reached on the catalysts after about 10 h. on stream. In order to assure differential
reaction conditions, CO conversions on all the catalysts are maintained below 10% by diluting

the catalyst bed with inert, low surface area quartz chip.

In situ IR studies of the catalysts were performed on a Nicolet 510M FT-IR spectrometer
using self-supporting sample wafers in an quartz cell equipped with NaCl windows. All spectra
were recorded in flowing helium at room temperature after the sample was treated in CO at

different conditions. Each spectrum was recorded using 50 scans with resolution of 4 cm-1.
Results and Discussions

1. Activity and selectivity of the catalysts

To examine the effect of different rhodium loadings and different Rh/Mo ratios on catalytic
performance, each catalyst was tested for CO hydrogenation under the same reaction conditions.

The stability of the catalysts are shown in the Figures 1 and 2.

It can be seen that all the catalysts have reached relatively stable activities after
approximately 8-10 h. But differences are apparent between the rhodium and the rhodium-
molybdenum systems. Rh/Al203 catalysts exhibit gradually decreasing activities with increasing

reaction time (Figure 1). In contrast, most of the molybdenum-promoted rhodium catalysts show

stable or somewhat increased activities during the same reaction period (Figure 2).




Another significant difference is in the activities of the two series of catalysts. Rh-
Mo/Al203 catalysts have approximately 5-fold higher activities compared with corresponding,
unpromoted rhodium catalysts (Figure 1 and 2, Table 2). An interesting fact observed from this
reaction data is that with the exception of Rh-I (lowest Rh loading in the group), Rh/Al203
catalysts have similar turnover frequencies (TOF) which may imply that the nature of the active
site on these catalysts are the same or similar despite differences in Rh loading. The exception of
Rh-I may be because the Rh loading is not high enough to form similar active sites to those in
more highly loaded catalysts. For the molybdenum-promoted system, similar behavior is
observed but with exception of both high and low rhodium loadings, RhMo-I and RhMo-IV
(Figure 2). This may imply that RhMo-II and RhMo-III have similar active sites but the nature of
the active sites are very different from that in t}'m corresponding Rh monometallic system. The
idea of probing the nature of active sites from TOF has been used extensively for iron catalysts in
ammonia synthesis (see, for example, Topsoe et al 1980). For RhMo-IV the low Mo/Rh ratio
may not provide enough physical promoter to form the active sites present in RhMo-II and
RhMo-1II for oxygenate formation, and hence, the inadequately promoted rhodium on RhMo-IV
behaves more like a F-T and water gas shift catalyst with enhanced formation of CH4 and CO3.
(Table 3). The behavior of the RhMo-I catalyst may be due to the low rhodium loading, as in
Rh-1.

From the reaction testing, some broad distinctions can be made about these catalysts:

(1) Mo-promotion significantly enhances oxygenate selectivity, as has been shown in previous
investigations;

(2) Oxygenate formation may require a minimum ensemble of rhodium sites as evidenced by
the poor performance of Rh-I and RhMo-I samples;

(3) Parity in the Rh and Mo concentrations seems to improve the oxygenate selectivity

(compare the performance of RhMo-II and RhMo-III to the promoter-lean RbMo-IV).
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Table 2. Summary of the reaction data*

2 C1-Ce YOxy CO conv. Rate
Rh-1 82.2% 17.8% 0.16% 1.21E-03
RhMo-1 83.0% 17.0% 0.12% 7.31E-03
Rh-II 93.3% 6.7% 1.59% 6.10E-03
RhMo-II 61.8% 38.2% 1.08% 3.32E-02
Rh-1TI 91.4% 8.6% 4.36% 6.96E-03
RhMo-1II 58.8% 41.2% 1.53% 3.19E-02
Rh-1IV 91.1% 6.7% 7.28% 7.41E-03
RhMo-IV 64.6% 25.6% 3.69% 3.85E-02

*Reaction condition: 300°C, 300psi, GHSV=3500/h. Rate: mol CO/mol Rhesec.

Table 3. Product Selectivity (%) (300°C, 300psi, CO/H2=1/1)

CO2 CH4 CoHg C3Hg Me20 MeOH C4  EtOH MeOE Cs Ce¢
t

Rh-I 00 426 123 176 53 124 197 0.0 0.0 0.0 0.0
RhMo-I 00 394 241 146 178 9.2 4.9 0.0 0.0 0.0 0.0
Rh-II 00 694 46 4.2 1.3 54 9.8 0.0 0.0 3.6 1.7
RhMo-II 0.0 440 82 35 8.1 140 1.6 9.1 7.0 42 0.2
Rh-II 00 739 34 33 0.2 1.8 45 1.0 56 3.1 32
RhMo- 0.0 456 1.6 2.2 54 200 1.1 8.0 7.9 11 1.2
2.6 2.6

4.2 1.2




2. Effect of Temperature and Pressure on Selectivity

Generally, activities increases with increasing reaction temperature for both Rh/A1203 and
Rh-Mo/A12073 catalysts. However, molybdenum promotion can greatly suppress hydrocarbon
formation (principally CH4) and enhance oxygenated product selectivity on rhodium catalysts.
Figures 3 and 4 clearly show this difference for Rh-III and RhMo-III catalysts.

Pressure does not appear to strongly influence the selectivity of the reaction in the range of
2.0 MPa to 6.6 MPa. A slight increase in oxygenate selectivity was observed with increasing

pressure. Figure 5 presents a representative example for RhMo-111.

3. Insitu IR characterization of the catalysts

In situ IR studies focused on the characteristic carbonyl absorption of rhodium species,
namely, gem-dicarbonyl (2100, 2025 cm-1), terminal carbonyl (2050 cm-1), and bridging
carbonyl (~ 1850 cm1). It has been demonstrated on alumina-supported rhodium catalyst that
the formation of gem-dicarbonyl, Rh(I)(CO)2, is an indication of highly dispersed Rh(I) species,
and terminal and bridging carbonyls are correlated to the formation of rhodium crystallites.
[Yates et al., 1979, Wang and Yates, 1984]. It is also possible that thodium species are
intrinsically highly dispersed on Rh/A1203 and/or Rh-Mo/Al203, Comparison of the IR spectra
of Rh/A1203 and Rh-Mo/Al203 (see below) indicate that the bimetallic catalysts generally show
less terminal and bridging carbonyl intensity and more gem-dicarbonyl features than do the
unpromoted catalysts. This distinction may imply that rhodium sites on Rh-Mo/Al203 are

intrinsically more isolated.

All the catalyst samples, reduced exactly as in the reaction studies, had been treated by CO
at different temperatures followed by in siru IR measurement at room temperature in flowing
helium. Following room temperature CO-treatment, all samples show gem-dicarbonyl and
terminal carbonyl absorption, and higher rhodium-loading catalysts also show bridging carbonyl

features.(see spectra of room temperature CO treated samples, spectrum “A” in Figures 6-13)
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These predominant gem-dicarbonyl features are expected because it has been concluded that CO
treatment of Rh/A1203 in the presence of surface Al-OH leads to disruption of Rh(0) crystallites
and to the formation of isolated Rh(I) sites [Basu et al., 1987, 1988, Van’t Blik et al., 1983].

Following higher temperature treatment of the catalysts with CO, gem-dicarbonyl features
are enhanced for low Rh-loading catalysts, namely, Rh-1, Rh-II, RhMo-1, RhMo-II (see Figures
6-9). Differences are minimal across these samples except that more terminal carbonyl
absorption is seen in the unpromoted samples (Figures 6 and 8). Highly dispersed, gem-
dicarbonyls are the predominate species on all the samples with low Rh loadings. In contrast, the
difference between the Rh and RhMo series becomes more pronounced for the higher Rh-loading
samples following high-temperature CO treatment. (Figures 10-13). Figures 10 and 11 for Rh-III
and RhMo-1I1I, respectively, demonstrate that molybdenum promotion stabilizes highly dispersed
Rh(I) features. Terminal and bridging carbonyl species became significant on high-temperature,
CO-treated Rh-HI but not on RhMo-III. Similar rhodium agglomeration has been observed for
CO-adsorbed rhodium catalysts at 423 K by Solymosi and Pasztor [Solymosi and Pasztor 1985].
Stabilization of the gem-dicarbonyl features on RhMo-IIT again suggests stabilization of isolated
rhodium aggregates on the alumina surface and a suppression of rhodium agglomeration in the
high-temperature CO environment. This difference between RhMo-III and Rh-III correlates with
their different activities and selectivities. High-temperature CO treatment of Rh-IV and RhMo-
IV promotes strong bridging carbonyl absorption on both samples although somewhat more
intense gem-dicarbonyl features remain in RhMo-IV. The enhancement of bridging carbonyl
features on RhMo-IV is probably due to the low Mo/Rh ratio, which is suggestive of the lack of

sufficient molybdenum to keep rhodium active sites from agglomerating.
Summary

Molybdenum-promoted rhodium catalysts show high activity for CO conversion and much

improved selectivity for oxygenates production. In situ IR characterization of the corresponding
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catalysts reveals that molybdenum effectively hinders rhodium agglomeration. Therefore,
molybdenum-promoted, site-isolated rhodium may be responsible for the observed high
oxygenate selectivity on Rh-Mo/Al2O3 catalysts.
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