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Combined temperature programmed reaction (TPR) and infrared (IR) spectroscopic studies for Fischer-
Tropsch reaction have been performed over Ru/SIO, and Ru-Ag/SiO, supported catalysts. Reaction of linearly
absorbed CO with hydrogen startsat 375 K over Ru/SiO, catalyst and reaches maximum at 420 K accompanied
with anintensity decrease of linear CO absorption. The reaction with bridged absorbed CO peaks around 510-
535K. Addition of Agyieldsmixed Ru-Ag bimetallic siteswhileit suppressesthe formation of bridged bonded
CO. Formation of methane on this modified surface occurs a 390 K and reaches maximum at 444 K.
Suppression of hydrogen on the Ag-doped surface also occurs resulting in the formation of unsaturated
hydrocarbons and of CH, intermediates not observed with Ru/SiO, catalyst. Such intermediates are believed to
be the building blocks of higher hydrocarbons during the Fischer-Tropsch synthesis. Linearly absorbed CO is
found to be more reactive ascompared to bridged CO. The Ag-modified surface al so produces CO,and carbon.
On this surface, hydrogenation of CO begins at 390 K and reaches maximum at 494 K. The high temperature
for hydrogenation of absorbed CO and C over Ru-Ag/SIO, catalyst as compared to Ru/SIO, catalyst is due to
the formation of Ru-Ag bimetallic surfaces impeding hydrogen adsorption.
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Introduction

Severd studies of Fischer-Tropsch synthesis have been
conducted on RU/SIO, catalyst because of its unique pro-
perty for hydrocarbon products.* The mechanism by which
CO adsorbs on the catalyst surface is still a matter of investi-
gation and which mode of CO adsorption is more active for
hydrogenation to hydrocarbon is gill a matter of debate
among the catalyst research circle. It has been documented
in the literature that different forms of CO could exhibit
different reactivities*® Linear CO has been shown to be
involved in CO insertion, which controls catalyst activity
and selectivity to higher hydrocarbon.” In contrast, bridged
CO dites exhibit little CO insertion activity. The blocking of
bridged CO sites by Ag®°® causes an increase in unsaturated
hydrocarbon sdlectivity and a decrease in methanation
selectivity. Other promoters such as Mn,*° L™ Ti*? and V=
aso exhibit an increase in higher hydrocarbon selectivity,
but these promoters do not exhibit the formation of bridge
CO sitesover Ru/SIO, catalyst.!*

The reactivity of absorbed CO has been studied using
various methods to identify the form of absorbed CO species
responsible for methanation. Using a pulse surface reaction
rate analysis, Mori et al. found linear CO to be responsible
for methanation over RWAI,03® and Ru/AIL,O; Y catalysts.
In contrast, temperature programmed reaction (TPR) and
separate IR spectroscopic studies conducted by Fujimoto et
al.™® have suggested bridged CO to be the active species for
methanation over RIWAI,O; catalyst. Solymosi and coworkers'®
using a flow technique and IR spectroscopic studies on

supported Rh have suggested that the dissociation of linear
CO occurs through the formation of Rh-carbonyl-hydride
species. Although the linear CO was found to be more stable
than the bridged CO on Ru(l11) single crystal and less stable
on Ni(lll) single crystal, the site for CO dissociation on
metal surfacesis till unclear. 0%

The objective of thiswork isto study the reactivity of linear
and bridged CO towards hydrogenation for methanation and
higher hydrocarbons as well as the effect of Ag on metha
nation sites of supported Ru catalysts. CO adsorption/reac-
tion on RWSO, and Ag-Ru/SIO, catalysts has been studied
using an in-situ IR spectroscopy technique coupled with
temperature programmed reaction (TPR). The intensity de-
crease of linear and bridged CO with increasing methane
formation was monitored to identify their roles in metha-
nation and formation of higher hydrocarbons. TPR alows
the study of the catalyzed reaction and yields kinetics data
and insight into the reaction mechanism, which is not
obtained through steady-state experiments.

Experimental

Catalyst Preparation. A 1% w/w Ru/SIO, catalyst was
prepared by impregnation of large pore size silica (300 m?g ™)
using ruthenium chloride solution. The ratio of the solution
volume to the materia’s support weight used is 1 cm?/g.
Supported Ag-RW/SIO, catalyst (with Ag to Ru molar ratio
1.1, 0.2% Ag and 1% Ru w/w) was prepared by co-
impregnation of ruthenium chloride and silver nitrate
solutions. After impregnation, both catalysts were dried
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Figure 1. Schematic diagram of the experimental apparatus for
combined IR and TPR studies.

overnight in air at 320 K. They were then reduced in flowing
hydrogen a 673 K for 16 hours and 30 cm®min H,
volumetric flow rate.

The catalyst samples were characterized by BET surface
area and CO chemisorption. The catayst samples were
pressed into self-supporting disks and then placed in an IR
cell (Bio-Rad FTS 6000 spectrometer). The samples were
reduced in-situ at 673K before TPR studies.

TPR Sudies. A layout of the temperature programmed
reaction apparatus used in the study is presented in Figure 1.
The IR cdl, made up of Hastelloy, is capable of operating up
to 760 K and 8.0 MPa. CO was introduced into the IR cell to
absorb on the surface of the catalyst at 298 K and 0.15 MPa.
The gas phase CO was removed by flowing helium through
the reactor. The TPR was performed at 20 cm®*min helium
flow (10% H,in He) at aramping rate of 15 K/min from 298
to 670 K. At this temperature the flow was held for 15 min.
An IR spectrum was recorded by an FTIR spectrometer with
DTGS detector at 6 cm™ resolution. The gaseous effluent
from the IR cell was monitored by Bazer QMG 511 mass
spectrometer. The spectrum shows the presence of methane
(m/e = 16), CO (m/e = 28), CO, (m/e = 44) and H,O (m/e =
18). On Ag doped samples, C,H, and C,Hg products were
also detected but not in significant quantity.

Results and Discussion

Table 1 & 2 presents the BET surface area, CO-chemi-
sorption, %age dispersion and the products amount formed
on Ru/SIO, and Ru-Ag/SiO, catalyst system.

Figure 2 shows the IR spectra of CO absorbed on the Ru/
SO, catalyst during TPR with hydrogen. The IR spectrafor
CO absorption at 298 K and 0.15 MPa of CO in aflow of
helium through the reactor show alinear band at 2058 cm™
and abridged band at 1870 cm™. A switch from pureHeto a
flow of H./He mixture and an increase in reaction temper-
aure caused a decrease in the intensity of both linear and
bridged CO. The rate of decrease in intensity varied with

Table 2. Products amount formed during TPR over RW/S O, and
Ag-RU/SIO, catalysts

Peak Product Peak Product
Products temperature  amount  temperature  amount
(K) (umol/g cat.) (K) (umol/g cat.)
CO 366 151 328 137
(6(0)} 339 21 317 10.0
CH, 420 16.9 442 7.8
C,H/C,Hg - - 453 1.0/0.2
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Figure 2. Infrared spectra of temperature-programmed reaction
between adsorbed CO and H, on RWSIO, catalyst.

temperature.

The mgjor gas phase products resulting from TPR include
CO, CHy4, H,0O and CO, whose TPR profiles are shown in
Figure 3. The gas phase CO profile from the IR cdl effluent
exhibits desorption peak at about 366 K while the CO,
profile exhibited a weak band from 317 to 426 K. In the
same temperature range, the linear CO intensity decreased
more rapidly than the bridged CO intensity did. The mgority
of gaseous CO may be produced from the linearly absorbed
CO providing that rapid exchange between linear CO and
bridged CO did not occur during TPR. The dlight decreasein
the bridge CO peak indicates that this latter species is more
gtablein this temperature range than linear CO.

Therapid decrease in linear CO intensity corresponding to
the methane peak at 420 K indicates that the linear CO is
more reactive towards H, than bridge CO leading to methane
formation. A conspicuous contribution of the bridged CO
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Figure 3. Products response distribution from TPR-MS profile as a
function of temperature:
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Figure 4. Infrared spectra of temperature-programmed reaction
between adsorbed CO and H, on Ru-Ag/SiO; catalyst

was observed at 510-535 K where a rapid decrease in both
bridged and linear CO intensities and the appearance of a
tailing methane shoulder occurred. The oxygen generated
from the dissociation of CO combined primarily with hydro-
gen to yield water and the reaction of this oxygen with the
undissociated CO did not occur to a significant extent. The
formation of water occurred at higher temperature than the
hydrogenation of surface carbon to methane did.

The IR spectra of CO absorbed on Ag-RuW/SIO, catalyst
during TPR are shown in Figure 4. The IR spectra of adsorb-
ed CO at 298 K and 0.15 MPaof CO in aflow of Hethrough
the reactor show a linear CO band at 2000 cm™, a weskly
bridged band around 1870 cm™, a symmetric vibration of
gem-dicarbonyl band at 2093 cm™ and vague shoulder at
2036 cm* due to asymmetric vibration of gem-dicarbonyl.
The formation of gem-dicarbonyl suggests the presence of
isolated Ru sites on Ag-Ru/SiO,. Switching from He flow to

Bull. Korean Chem. Soc. 2007, Vol. 28, No. 4 531

60-
-~ Ru-Ag/SiOz (CH)
sol| & Ru-Ag/SiO; (CO,)
-@- Ru-Ag/SiO, (CO)
-&- Ru-Ag/SiO; (H,0)
— 404
=0
8
2 30
w
c
k)
£ 20
10
0-

300 400 500 600 700 800
Temperature (K)

Figure 5. Products response distribution from TPR-MS profile as a
function of temperature: Ru-Ag/SiO, catalyst.

a mixture of H, and He led to dlight increase in the ratio of
bridged to linear CO.

Increasing the temperature caused an initial decrease and
then a dight increase in the linear CO intensity. An initial
increase in the intensity of bridged CO band and a decrease
in the intensity of the gem-dicarbonyl band are aso observ-
ed with an increase in temperature. The growth of the bridg-
ed CO band at the expense of gem-dicarbonyl band in
hydrogen flow suggests the occurrence of reductive agglo-
meration of Ru” leading to the formation of Ru crystallite.
Increase in the bridged CO intensity and decrease in the
linear CO intensity at low temperature also suggests that (i)
linear CO may be involved in CO desorption and CO,
formation at temperature below 360 K and (ii) aggregation
of Ag atoms at the expense of inter-dispersed Ag atoms on
ruthenium crystallites. The aggregation of Ag atoms on Ru
surface due to reactant induced surface reconstruction has
been observed under CO hydrogenation conditions (which
resultsin adecreasein the intensity ratio of linear to bridged
CO).

The mgjor gas phase products resulting from TPR include
CO, CH, and CO, whose TPR profiles are shown in Figure
5. Both gaseous CO and CO, peaks were observed in the
temperature range 310-375 K where linear CO and gem-
dicarbonyl band show rapid declinein intensity. Bridged CO
appears to play little role in CO, formation in this temper-
aure range. Contribution of linear CO on Ru-Ag/SIO,
towards CO, should not be significant as indicated by the
formation of small quantity of CO, from linear CO on Ru/
SO,. The formation of the CO, peak could either be due to
(i) disproportionation of gem-dicarbonyl CO or (ii) reduc-
tion of Ru" through oxidation of CO ligand of a Ru*(CO),
[2RuU*(CO), + O — Ru(CO) + CO,+ 2COJ], where O* isa
surface oxide oxygen. The occurrence of the latter reaction
would lead to the simultaneous formation of CO and CO..
The dight difference in peak temperature exhibited by CO
and CO, suggests that the reduction of Ru* through oxidation
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of CO ligand of Ru*(CO), may occur to some extent. Such a
reduction process can result in the formation of reduced Ru
that chemisorb both linear and bridged CO. The area under
the CO peak at 328 K corresponds to 12.8 umol of CO; the
area under the CO, peak at 317 K corresponds to 10.0 gmol
of CO,. The ratio of formation of CO to CO,in the temper-
aure range 310-375 K does not fal in the expected 2:1
stoichiometric ratio, which suggests that part of the CO,
probably resulted from the disproportionation of gem-
dicarbonyl. CO disproportionation has a so been found to be
the major pathway for CO, from Ru’(CO), on RuCl4/SiO..

The disproportionation reaction is accompanied by the
formation of surface carbon, which hydrogenates to produce
a methane peak at 442 K. A dight change was observed in
the intensity of linear and bridged CO at a temperature
around 442 K where the methane formation rate peaked. The
small increase observed in linear CO could be ascribed to
CO re-adsorption of CO and/or a dight change in the back-
ground at higher temperature. A rapid decrease was observ-
ed in the intensities of both linear and bridged CO which
corresponds to the tailing methane shoulder in the range
494-593 K.

Comparison of peak temperatures and the amount of
product desorbed for RWSIO, and Ru-Ag/SIO, cataysts is
summarized in Table 2. Addition of silver to Rw/SIO, affects
the absorbed state of bridged CO less than it does to linear
CO. The intensity of bridged CO shows gradual decease
initialy followed by rapid decrease in the range where the
tailing methane peak was observed on RW/SIO, catalysts. A
rapid intensity decline of bridged CO species was accom-
panied with the formation of methane for Ag-RWS O, a
about the same temperature where the tailing methane peak
was observed on Ru/SIO,. The significantly low wavenumber
of bridged CO on Ru-Ag/SiO, compared to that of the bridg-
ed CO on Ru/SIO, appears to be due to the low concen-
tration of bridged CO on Ru-Ag/SiO,.

Addition of dlver promotes the formation of gem-
dicarbonyl, Ru*(CO),, as shown by the IR spectra for Ru-
Ag/SIO, in Figure 4. Although the gem-dicarbonyl can be
dissociated to surface carbon via the disproportionation
reaction in the range 298-340 K during TPR, itsrole in CO
dissociation over RuU-Ag/SiO, could be very limited under
steady state reaction conditions (513-573 K). The reductive
agglomeration of Ru” sites by CO and H. in the temperature
range 513-573 K prevents the formation of gem-dicarbonyl
and diminishes the Ru’ sites.

The surface carbon species generated from linear and
gem-dicarbonyl CO on Ru-Ag/SIO, during TPR where
hydrogenated at temperatures higher than those from linear
CO on RuU/SIO,, leading to a shift in the methane peak to a
higher temperature. The results indicate that Ag favors
hydrogen starving sites on the surface which result in the
formation of higher hydrocarbons.

Linear CO is found to be more reactive than bridged CO
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for methanation on Ru/SiO, consistent with the observation
made by Mori et al. for Rn/Si0,.%® Only linear CO is
reactive with H, for the formation of methane over Ru/SiO,
via chemisorbed linear CO and tricarbonyl species. Under
typical CO hydrogenation conditions at temperature around
473-573 K, bridged CO can be as important as linear CO
because a significant extent of reaction of bridged CO
occurs at these temperatures. The contribution of bridged
CO dite to methanation is also evidenced by the fact that a
decreasein bridged CO site by the addition of Ag resultsina
decrease in steady-state methanation activity.

Conclusion

Combined IR and TPR-MS studies have shown that the
silver produces bimetallic Ru-Ag sites that favor hydrogen
deficient species on the surface. Thisresultsin the formation
of CH, hydrocarbons. The surface carbon is hydrogenated to
methane with a maximum rate occurring at 442 K during
TPR. The higher temperature for methane peak rate produc-
tion on Ag-Ru/SIO; catalyst compared to Ru/SIO, catalyst is
attributed to the presence of Ag-Ru bimetallic sites.
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