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The surface species formed from the reaction of CO + H,0 and
CO + O, and decomposition of HCOOH on Au incorporated into
H-mordenite zeolite have been studied by means of in situ FTIR
spectroscopy. On H-mordenite, a bidentate formate species (2912,
1536, and 1390 cm~?) is produced upon exposure to the CO + H,0
gas mixture at 323 K, as well as different carbonate-like species
(1956, 1852, 1705, and 1360 cm~1). The latter species was exten-
sively formed in a short time and was responsible for hindering the
CO, adsorbed species. However, Au/H-mordenite presented differ-
ent vibration modes of formate species with a high emphasis on
the monodentate ones (2950, 2916, 2896, 1690, and 1340 cm™1).
The HCOOH adsorption on Au/H-mordenite showed two bands at
1622 and 1590 cm~* of the v,s(OCO) species, suggesting the forma-
tion of two types of formate species. The decomposition rate of the
formate species formed on Au moieties was faster than that formed
on H-mordenite. This was consistent with the calculated activation
energies of CO, formation that showed a lower value (40.1 kJ/mol)
on the former sample than on the latter one (63.3 kJ/mol). A de-
hydrogenation mechanism is proposed (HCOOH — H, + CO,) for
the decomposition of HCOOH on the Au/H-mordenite catalyst. On
the other hand, the Au/H-mordenite catalyst activated the CO ox-
idation reaction. This reaction proceeded mainly through the for-
mation of carboxylate species at first, which tended to obviate with
time, preferring the formate species. The latter species resulted from
the interaction of CO with OH stretching of the zeolite assisted by
the presence of gas phase O,. The formate species is further decom-
posed with time to carbonate species.  © 2000 Academic Press

Key Words: H-mordenite; gold; in situ FTIR; CO + H,0 and
CO + O, reactions; HCOOH decomposition.

INTRODUCTION

of the support, which has a decisive influence on the particle si
of gold and its structure at the gold—metal oxide interface (2).

As a result of introducing gold ions inside the zeolite cage:
e.g., NaY, a high catalytic activity for NO decomposition and NC
reduction by CO in the presence and absence of hydrogen t
been established with high performance (3, 4). Our recent wo
on zeolite-encapsulated gold catalysts explored high cataly
activities for the CG+ H,O reaction (water—gas shift reaction,
WGSR) at low temperatures (5). An unidentate formate speci
was identified on Ati/zeolites as a surface intermediate wher
WGSR took place. In order to identify surface species produce
in the course of a reaction, the species are usually confirmed
adsorption of the possible compounds by which the adsorb
species may be generated (6). Formic acid is one of the simpls
molecules produced from the WGS and CO hydrogenation r
actions. Therefore, study of the adsorption of this molecule c
Au™/zeolites has been motivated by our recent results that st
gested that At was the active site on which the formate specie
was formed (5). However, more emphasis on the role of Au
for catalyzing that reaction can be clarified by carrying out th
reaction on the bare zeolite surface.

CO oxidation is another very important reaction establishe
by Au/oxide catalysts. Haruta and colleagues (7) illustrated th
gold is able to adsorb both oxygen atoms and CO at the sat
time when it is dispersed on ZnO support. They proposed th
the oxidation of CO occurred on the gold side of the Au—zZnc
interfacial perimeter and a carbonate-like species was form
as an intermediate. In view of the established dispersion &f AL
inside zeolites, an improved CO chemisorption was reached (¢
To elucidate the role of this adsorbed CO, the bound form, ar
the ability to contribute reactions, a low-temperature catalyti

It has been known for a long time that pure gold is inactive© oxidation on Au/zeolites can be carried out. Besides, insig
as a catalyst due to the filletlband. However, recent work hasinto the surface intermediates that might be formed upon usir
clearly shown that gold is capable of catalyzing many reactioffte H-mordenite zeolite as a substrate for Au ions in comparis
such as the oxidation of CO when Au is intensely dispersed #fith those of oxides is of interest.

a specific group of oxide supports (1). The activities observedTherefore, the major objective of the present work is to ider
were very sensitive to the preparation conditions and the nattif¥ the adsorbed species derived from &®,0 and CO+ O

1 To whom correspondence should be addressed.
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reactions on H-mordenite-encapsulated gold catalysts by mee
of in situ FTIR spectroscopy. The study of the reaction mech
anisms has been supported by the formic acid decompositi
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at elevated temperatures as a reference to elucidate the sur
species derived from the above-mentioned reactions. Tothe kb [%5¢
of our knowledge, a similar study on Au/zeolites has not be¢ [zss
reported. 0

EXPERIMENTAL
Sample Preparation 2
6

220

Absorbance
Absorbance

Five weight percent Au/H-mordenite was prepared at roo
temperature by careful mixing of Aug{Strem Chemicals, 99%
purity) with partially dehydrated H-mordenite zeolite at 523 ¥
under a nitrogen atmosphere. More details on the sample pre
ration can be found elsewhere (5, 9).
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In situ infrared spectra of the sample were recorded with a
Shimadzu double-beam FTIR-4100 spectrometer with 40 coadFIG. 1. InsituFTIR spectra of the C@ H,0 (6: 1) gas mixture adsorbed
ded scans at 2 cm resolution. The sample was pressed into @ 5 wt% Au/H-mordenite at 323 K as a function of time.
self-supporting wafer and mounted in a quartz infrared cell with
Cak, windows that connected to a vacuum (20orr) closed
circulating Pyrex system with a dead volume of 27Gchore  appearance of the 1690 ciband characteristic of the:—o vi-
information on the vacuum system and the infrared cell can BEationis indicative of the formation of either carboxylate{O

found elsewhere (5). (OH)] or formate species [OO)]. However, the presence of
absorption bands in the C—H absorption region appears to rt
Kinetic Study out the possibility of the existence of carboxylate species. Fu

The formic acid d it 4 CO oxidati i thermore, a band at 1936 cfand a shoulder at 1850 crhat-
€ formic acid decompostion an oxidation reactiongy, 1aq to bridging or organic-like carbonates species (10) wei

were performed in a closed circulating manifold system ma tected together with the evolution of a band at 2354%cat-
of Pyrex glass connected with a U-type reactor, in which tQﬁgr

. uted to CQ adsorbed species. The intensities of all the banc
Au/H-mordenite sample was charged. The catalyst was treaffre enhanced with time. However, a preferential decrease

by_ being heated_un_der vacuum (fOTorr) at 323 Kfor 0.5 h CO, bands (2384 and 2354 crf) was detected with increas-
prior to the admission of formic acid (3.0 Torr) or the reactihg time from 133 to 220 min. This decrease was parallel t

ing gas mixture of CO/RO of different ratios._The gas IOhasethe increase in intensity of organic-like carbonate bands at 19:
reactants and products were analyzed by on-line gas chromat‘%§
q

) . ) 93 1850 cmt. Furthermore, this decrease in £@ands was
raphy (Shimadzu 8A) using two columns packed with Porap sociated with the decrease in the relative band intensity

dQa:l_d_tl\/lolecuI?rdSI?\;%-gﬁ.fThﬁ]detector Esed ]\c/vg(s)therm(;ll CALi+—co/AP-CO with time, pointing out the great participa-
uctivity operated a orthe separation o A0, tion of the Au"—CO species in the reaction. It can be suggeste

and . that the observed absorption bands at 2950, 2916, 2896, 16

and 1340 cm? represent different vibration modes of formate

RESULTS AND DISSCUSSION species adsorbed on Au as well as on the H-mordenite zeol

The Water—Gas Shift Reaction sample. The assignme_nts of IR k_Jands are listed in Table 1. T
assignments are described hereinafter.

Figure 1 shows the IR spectra in the region 3000—-1300'cm In order to account for the role of Au toward the WGSR
obtained when an Au/H-mordenite catalyst is exposed toaad to determine whether the formed intermediate (formate
CO/H,O (6:1) gas mixture at 323 K as a function of time. Thearboxylate) is intimate to Au species or to the substrate, tf
obtained spectra were subtracted from the background for eaelme reaction was carried out on the parent H-mordenite zeol
spectrum. The initial spectrum, recorded after 10 -min of conta(@ig. 2). Bands at 2448, 1705, 1625, and 1536 tmere clearly
time, showed a strong band at 2192¢rand a very small band observed after 5 min. After 1 h, the bands at 1705, 1625, ar
at 2128 cmt. These bands are assigned to the chemisorbed @886 progressively increased in intensity with the evolution ¢
onto Aut/H-mordenite and AYH-mordenite, respectively, asother bands at 2912, 1956, 1852, and 1360tmBesides, a tiny
they coincide with those reported for CO-coordinated Au-Naband at 2376 cmt, characteristic of C@adsorbed species, was
(9). Some other bands at 2950, 2916, and 2896'dmthe C—H  also developed. As time elapsed, the 1536-tbrand showed a
stretching region and at 1340 cfin the C—H bending vibra- marked decrease in intensity together with a subsequentincre:
tion appeared, together with a band at 2500 trBesides, the in the band at 1360 cm, confirming that they do not belong
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TABLE 1
IR Absorption Bands of Adsorbed Species as a Result of the Reaction of CO +H,0 and CO + O, and Decomposition of HCOOH
on Au/H-Mordenite and H-Mordenite Samples

IR bands (crm?)

Species On H-mordenite On Au/H-mordenite
Bidentate formate v(CH), 2912;v,(OCO0O), 1536;
v5(OCO), 1390
Unidentate formate v(CH), 2950 (2960, 2916 (29009,

2896 (27009 (2896 and 2808
8(CH), 1340 (1390) (1380¥;
vC=0,1690 (1680); v(COO"),
(1622 and 1598)(1630Y;
vs(COO™), (1356} (1330)

CO coordinated gold Aut—CO, 2192; A§-CO, 2128
Organic-like carbonate 1956, 1852 1936, 1850
Monodentate carbonate and (bidentate) vC=0, 1705(1590) (1660)
vas(COO™), 1425;v5(COO ), 1360
CO; ads. and (asym.stg) 2376 and (2448) 2354, 2384, and (2500)
H bonded HCOOH 1730
Carboxylate vas(OCO), 1500p5(0CO0O), 1324

aThe values in parentheses are those of formate species resulting from HCOOH ads.

bThe values in parentheses are those of formate species resulting from thé@geaction. The other values in parentheses represent the type of spec
mentioned between brackets. The values without parentheses are those species resulting fromih©Cenction.

¢ The value in parentheses is that of carbonate species resulting from thedz @action.

to the same species. The latter band was not shifted upon usitiger type of carbonate species was observed ats1 590!
D,0 instead of HO (not shown). The preservation of this ban@nd attributed to a bidentate carbonate ion (11). The earli
after isotope admission confirmed that it does not contain hydiisappearance of the 2448 thnband, assigned to asymmet-
gen atoms. Thus, this band is assigned to the carbonate speciestretching vibratiorvz (13) after 5 min, confirmed that the
On the contrary, the C—H stretching vibration at 2912 ¢mas CO;, lifetime is shortened to be converted instantaneously int
sensitive to the isotopic H/D exchange, confirming the presarbonate species.
ence of formate species. After 2 h of reaction time, two bandsBy comparison of the bands over Au/H-mordenite with thos
at 1390 and 1425 cm were formed. One can assign the 1536bserved over H-mordenite, it can be noted that only a band
and 1705 cm?! bands to carbonate or carboxylate species. Ho®912 cnt? in the C—H stretching region was revealed on the
ever, after 5 h, the 1536 cm band disappeared while thelatter sample, like the 2916 cthband in the former one. Thus,
1705 cnt! band was preserved. The prominent appearancetbis band can be assigned to the C—H stretching vibration
the 1705 cm?® band together with the band at 1360chton- formate formation on zeolite. The 1956 and 1852 ¢rhands
firmed the existence of carbonate species on the surface. sere distinctively formed and had higher frequencies over tt
cordingly, the 2912 cm' band of C—H stretching vibration to- H-mordenite sample compared with the Au/H-mordenite one
gether with the bands at 1536 and 1390 ¢rare assigned to The shift of the 2500 cm' band to a higher frequency for the
1,CO0~ andvs COO™ of formate species, respectively. Simi-sample containing Au compared with the 2448 ¢nband of
lar asymmetric and symmetric formate vibrational bands wetlee Au-free sample could be attributed to the polarizing streng
formed on the CuO-MgO catalyst, while performing WGSRyf Au™ species.
at 1540 and 1400 cmi, respectively (11). Further confirma- To further confirm that formate species are the reaction ir
tion was achieved on an alumina support following formic acitrmediates of WGSR, the formic acid adsorption has take
adsorption to show bands at 2912, 1598, and 1395'¢i2).  place on the Au/H-mordenite sample. Figures 3A and 3B dk
During the reaction at 348 K, the formate band at 2912%tmpict the IR spectra in two wavenumber regions obtained whe
declined in intensity to indicate the earlier decomposition of foAu/H-mordenite was treated with 3.0-Torr formic acid as afunc
mate species. This is a consequence of the weak bond forrtied of varying the evacuation temperatures. Bands appearing
between the formate species and the zeolite that is manifestedi®y C—H stretching region after evacuation at 323 K (bottor
the lowAv = (vas — va) value, i.e., 146 cmt. This could lead us spectrum in Fig. 3A) were at 2960, 2900, and 2700 tmith
to propose that the formate structure formed on the H-mordenétéow-frequency tail containing another band at 2584 tras
sample could be a bidentate formate species that used to shiosgvdecomposition temperature increased to 373 K, the band:
lower Av values than those of bridge and monodentate forma2860 and 2900 cmt showed an increase in intensity and were
species. As a consequence of the formate decomposition, amanged as a doublet with the appearance of a small distir
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FIG. 2. InsituFTIR spectra of the C@ H,0 (6: 1) gas mixture adsorbed
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(Fig. 2). An increase in the COband at 2368 cmt was ac-
companied by the almost disappearance of the 2584 trand
after being heated at 400 K. The 2700 ¢rband decreased syn-
chronously and less than the 2960 cnone after being heated
at 400 K. Thus, it can be attributed to an unidentate adsorbe
species on Au similar to that reported for K/Si@hen formic
acid adsorption took place to form [HOO&*] at 2692 cnt?
(16). It can be seen that the decomposition rate of the forma
species formed on the Au catalyst (2700diyis faster than that
on zeolite (2900 cmt) due to the observed decrease in intensity
of the former and the perseverance of the latter during the ri
in temperature.

On the other hand, the spectral changes in the region 200
1300 cnT?! showed bands at 1730, 1680, 1622, 1590, 1390, ar
1356 cnm! after evacuation at 323 K. Upon evacuation at 373 K
the bands at 1730 and 1680 chare obviously decreased in in-
tensity while a marked increase in intensity was shown for th
bands at 1622, 1590, and 1356 ¢mAccordingly, the former
bands can be ascribed to molecularly adsorbed HCOOH intera
ing via hydrogen bonding whereas the latter ones are attributi
to surface formate species. The latter bands that were pron
nent even at 400 K suggested that these bands are of the s¢
species. Thus, these bands can be clearly assigned to form

on H-mordenite at 323 K as a function of time and with increasing temperature.

ance

band at 2368 cmt. The former band can not be attributed to
physisorbed formic acid because prolonged evacuation at 373 K‘g
resulted in the prominent appearance of the band. The same3
band was also confirmed at 2950 thas a result of exposing <
the Au/H-mordenite sample to the GEH,O gas mixture at

323 K (Fig. 1). Therefore, this band can be attributed to a com-
bination band o6 (C—H) andv(OCQ), as has been evaluated

as well for a band at 2933 cth which arose when CeQwvas
exposed to HCOOH adsorption (14). The band at 2900'eep-
resented a vibration mode of formate species adsorbed on Aui
H-mordenite. Similar absorption bands at 2930 and 2850'cm
were revealed on Cu/Siwhen formic acid adsorption took
place (15). These bands were attributed to the formation of a sub-
stantial concentration of unidentate copper formate species. One
can attribute the 2900-2882 ctnband to the formate species
formed on zeolite that resembled that seen at 2912 ampon

FIG. 3.
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1300

In situ FTIR spectra of formic acid adsorbed on 5 wt% Au/H-

exposing the H-mordenite sample to the €B1,0 gas mixture mordenite at 323 K followed by evacuation at different temperatures.
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species, i.e.y(OCO)s 1622, 15905(C—H), 1390;v(OCOQ), 0
1356 cnTl. The bands at 1622, 1590, and 1356 ¢mwere sta-
ble until the sample was heated to 450 K. The presence of dif-
ferent bands at 1622 and 1590 cthdue to (OCO)s suggested
that more than one kind of formate species existed. In light of
the frequency separation betwegfOCO),s and v(OCQO); of
formate ions, 266 cm', a monodentate species is anticipated
(17). The remaining band at 1590 chwas indicative of the
bidentate formate species that was similar to that obtained on the
Cu/SiQ (1583 cn1?) system during HCOOH adsorption (15).
A band at 1500 cm! was produced after evacuation at 343 K
and continued to appear due to the gradual decrease of formate
species during evacuation till 450 K. This band is ascribed to
carbonate species (11). Unlike the results of HCOOH decom-
position on Ce@®, very intense bands due to carbonate species
at 1516 and 1358 cnt appeared (14). This could be attributed
to the evolution of stabilized CQadsorbed species at 400 K. 25 27 29 31
The higher Si/Al ratio in the mordenite sample was responsible 117x10°3 k!
for decreasing the amount_Of carbonate spemes_ formed since IgIG. 4. Arrhenius plots for the decomposition rate of surface formate intc
lowered the average negative charge on the lattice oxygen (&), on H-mordenite and Au/H-mordenite samples.

On the basis of the foregoing results, the mechanism of this
reaction proceeds through formic acid dehydrogenation over
Au/H-mordenite. The mechanism of the reaction over Au/H4-mordenite sample. This was indicated by the higher activatic
mordenite is shown in Scheme 1. energy for the latter sample (63.3 kJ mylcompared with the

It was expected that the decomposition of HCOOH proceettsmer one (40.1 kJ mot). This suggested that the reaction is
through a dehydration mechanism because of the use of therere facile when Au is encapsulated in the H-mordenite ze
olite as a substrate. However, the surface formate decompobd It was shown that the decomposition rate was independe
to CO, and K. This indicates that the activity of the formateof the pressure of formic acid. Hydrogen and carbon dioxid
decomposition is determined by gold species. In this mechanigrare produced at the same rate provided that formic acid w
the reduction of Ad™ is accomplished as a result of the tracgresent in the gas phase.
amount of water in the zeolite channel into Awas previously
noted by Salamat al. (9). The evolution of C@ arises from The CO-Oxidation Reaction
the decomposition of formate ions, leaving behind atomic hy-

drogen on the surface. A gaseous hydrogen molecule appe? S|gure53hows spectra obtained for the Au/H-mordenite sar

when another formic acid molecule attacks the surface and t%%ttwge? a st0|tch|ometrt|c co Ozfmlxttgre (lf?O Tor_lr_)hwas ad- 1
produces formate ions once again on the surface. mitted at room temperature as a function ot time. These spec

The decomposition of surface formate species atvarioust?émde some insight into the possible reaction intermediate

In Rate

peratures between 343 and 450 K and the reaction prod rbonates or carboxylate compounds) formed on Au speci

. during the catalytic oxidation of CO to GOThein situ FTIR
using gas chromatography were measured. The decomposi o
rate of formate species to G@n Au/H-mordenite and H- spectrum after 1.0 h showed bands at 2192, 2128, 1660, 16

mordenite catalysts is shown in Fig. 4. The Au/H-mordenit%Gso' 1380, 1340, and 1324 ch By increasing the reaction

showed higher activity toward formate decomposition than tq%]E?Gtgnilovx?ér: Elzﬁfgpb;ng d?ititif)grft%tahs;r? daatsrzliglgigmat

Meanwhile, the 1644 and 1660 ctbands disappeared, giv-
ing another broad distinct band centered at 1680%ciAs time
elapsed (4-7 h), the 2192 cthband gradually decreased in
) intensity, whereas the bands at 1950 and 1856%cremained
HCOOHg + AuCVH-mordenite. —» HCOOzAut/H-mordenite *HC ~ constant. A shoulder at 1760 chis detected after 24 h of re-

Aut/H-mordenite t_,coz action time. The presence of C—H modes is confirmed by tt

g
H

AuCl; + 2 H;O-H-mordenite - AuCl/H-mordenite +2 HCI + 20H/H-mordenite

bands in thesCH stretching region at 2896 and 2800 ¢hand
also at 1380 cm! in the vCH deformation region. It can be
seen that this reaction proceeds very slowly to indicate carbox
late CQ, or carbonate species, after 1.30 h, characterized |
bands at 1324-1380 crh (vs=COO~), 1630 cn! (1,LCO0"),
SCHEME 1 and 1660 cm* (vC=0 characteristic of carbonate compounds)

mw

H-COO- + Auo/H-mordenite M AwH-mordenite
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FIG.5. InsituFTIR spectra of the C@ O (1: 1) gas mixture (50 Torr each) adsorbed on 5 wt% Au/H-mordenite at 323 K as a function of time.

These bands are similar to those observed on NiO (1380, 1680sition of the formate species in favor of carbonate formatior
and 1670 cm*) when carbon monoxide oxidation took place athe surprising low concentration of carbonate species with tim
room temperature and they were attributed to carbonate speciesfirmed that the gas phase &tivates the reactivity of CO to-
(19). The absorption band at 1644 cthtould be attributed to ward Au ions. The activation of adsorbed CO in the reaction wit
O, adsorbed on Au/zeolite as were those observed on many the surface lattice oxygens in the presence of molecular oxyg
ides at low temperatures (20). It is evident that the appeararnicehe gas phase can be related to an electron-withdrawing ¢
of spectrum 5a changed to indicate invariable bands shapedfaet of the adsorbed oxygen that facilitates the nucleophilic a
dependent of time in the spectra from 5b to 5e. This is a consaek of surface oxygens on CO. The effect of oxygen destroye
quence of changing the intermediate to formate species charsalectively the organic-like carbonate species that can be €
terized by maxima at 133@{COO), 1630 ¢,sC0O0 ), 1680 hanced in the presence of reduced species. As can be seel
(vC=0), 2800 (C-H), and 1380 cm* (§CH). This contribu- Fig. 1, an enhancement of the above-mentioned species in 1
tion from formate that is emphasized in the spectra from 5b presence of KO molecules has been attained because of the lov
5d was also seen by Vannice and co-workers (21) during &@ed oxidizing power of water molecules compared with thos
oxidation carried out on Au supported on anatase. The structof@xygen ones. On the other hand, the sharp band of CO coor:
of the formate is monodentate type as a result of the high freated Au™ sites at 2192 cmt showed a decrease in intensity to its
quency separation between the bands at 1630 and 133b cialf after 24 h of reaction, whereas the 2128 ¢imand attributed
(300 cn1?) similar to those in C(HgOCOH)and Cd(HCOO) to CO adsorbed on Audid not show significant change with
(vC=0 1677-1700p0O—-C 1337-1360 cmt) (22). The evolu- time.

tion of carbonate species was reflected by a band at 1426 cm It has been therefore demonstrated by the behavior of tf
as well as a shoulder at 1760 thin spectrum 5e, that can bereacting mixture, under the reaction conditions, that the mec
assigned to the €0 stretching of carbonate species, as has beanism of the reaction proceeds through carboxylate formatic
determined by Little (19). The disappearance of the 1330'cmwith no CQ, band formation at the very beginning. Surface for-
band as well as the significant reduction in the C—H stretchimgate was then formed as a result of the possible interactic
bands at 2896 and 2800 cfand the appearance of the bandsf CO with OH stretching of the H-mordenite zeolite. This is
at 1420 and 1760 cmt with time confirmed the gradual decom-emphasized by the results of Basseal. (23), who probed the
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TABLE 2 CONCLUSIONS
CO Oxidation Kinetics for the Au Encapsulated
Inside H-Mordenite Zeolite (1) Water—gas shift reaction on H-mordenite proceede

— through the formation of the bidentate formate specigsZ912,
Activiy AS;“Z;'ZT;”;E“ 12CO0"1536, andsCOO~1390 cnr?) that tended to decom-
Catalyst Temp(K) CO:¢@ TOF (103s!) (kimolofcq) POSE into carbqnate species (1_705, 1425, and 1366)<;_|1ne-
sides the coexistence of organic-like carbonate species (19

5 wi% Au/H- 323 50:50 0.8 45.6 and 1852 cmt). The monodentate formate species was evidel
mordenite 373 50:50 12 upon performing WGSR on an Au/H-mordenite sample throug
425 50 : 50 L.75 the well-developed absorption bands in the 3000- to 2800cm
475 50:50 1.95 . .
523 5050 21 range along with bands at 1690 and 1340 éraf asymmetric
573 50:50 1.7 and symmetric stretching vibrations of the CO@roup, respec-
H-mordenite 373 50:50 0.08 tively.

] ] (2) Interaction of an Au/H-mordenite with HCOOH at tem-

a8 TOF (turnover frequency) is defined as the number of reacted CO molecu&ératures in the range of 323 to 450 K results in the formatic
divided by the total number of Au included in the catalyst. . . . .

b PCOi 50 Torr, PG = 50 Torr. Y of different formate species. .The dehydrogena}tlon mechanis
was proposed to be responsible for the formation of monode

tate formate species that has been indicated by two asymmt

possible hydrogen bonding of CO with OH, in view of the nuclestretching vibrations at 1622 and 1590 cmThe decomposi-
ophilic character of surface OH groups of zeolite toward CO, #pn rate of HCOOH on Au/H-mordenite was higher than tha

form formate species. From the foregoing results, the foIIowiﬁH’I H-mordenite. This was emphasized by the activation ener
mechanism has been suggested. that showed a lower value for the former (40.1 kJ/mol) than fc

the latter (63.3 kd/mol).
(3) The catalytic CO-oxidation reaction on Au/H-mordenite

CO, + Au*/Z — CO,—Au*/Z + OH/Z — COO'Au’/Z + Oy — Au’COy7/Z ara :
{ proceeded initially through carboxylate formation followed by

H, formate species. These species were formed by the reactior
Au'[HCOO]/Z — CO, +H, |=> Hy, CO with OH groups of zeolite that were assisted by the gas pha
Ctog oxygen. These species were eventually dissociated to carbon

} species.

In several investigations (24) carbon monoxide oxidation was
activated on reduced surfaces more than oxidized ones. In con- REFERENCES
fprmity’, the AU/H'mordenite catalyst showed high CO O_Xida'_l. Haruta, M., Tsubota, S., Kobayashi, T., Kageyama, H., Genet, M. J., a
tion activities inthe temperature range 323-523 K, as depicted in peimon, B.,J. Catal. 144,175 (1993), and references therein.
Table 2. The same result was also seen on Cu active sites formedGalvagno, S., Parravano, G., and BunsengesPBys. Chem83, 894
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