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Abstract

The adsorption of C®and the co-adsorption of H+ CO,, C;—C, alkanes + C@on Re supported by ADs, TiO,, MgO and SiQ have
been investigated by FT-IR spectroscopy. The dissociation of @& not experienced on the Ref8% reduced at 673K, it occurred,
however, on the sample reduced at 1073 K. Addition gftéiCO,, initiated the dissociation on all catalysts as indicated by CO bands at
2022-2053 cmt. Besides, new spectral features were developed at 1600-1550, 1395 and 136ftciuted to formate species. This
assumption was confirmed by the adsorption of HCOOH vapor on these solids. No bands due to formate were detected oAdREgIO
methane and ethane to ¢@so led to the appearance of CO bands, the intensities of which were much less compared toGi@ Eo-
adsorption. The formation of formate also occurred to a small extent. No formate was detected following the co-adsorptiaoofdiiing
gas mixture on the supporting oxides alone. It was assumed that the formate species identified in the surface interactions is located on t
support, where it is stabilized. The possible pathways of the occurrence of formate complex on the oxides are described.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ciently high reaction temperatures it is an active carbon free
catalyst for dry reforming of metharj20].

Supported Re is a widely used catalyst in several tech-  |n the present paper an account is given on the surface
nological important reactions, such as the reforming of interaction of hydrogen and lower hydrocarbons with,CO
petroleum feedstockl]. Re also exhibits oxygen storage studied by FT-IR spectroscopy. This work is strongly con-
properties in automotive three-way catalj&s8]. Recently it nected with the study of Creforming of hydrocarbons on
was found that Re is active in the conversion of methane into supported Re catalysts. We want to find answers to the follow-
benzene at 873-1073[K,5]. The capability of Re/ZSM-5in  ing questions: (i) can the hydrogen and hydrocarbons promote
the aromatization of CiHapproaches that of M&/ZSM-5, the dissociation of C§) (i) can the compounds influence the
which exhibits the best catalytic performance in this process honding of CO to Re, and influence the CO-induced disrup-
[6-12] This is in contrast to the behaviour of supported Pt tion of Re crystallites, (iii) what kind of surface complexes is

metals, which catalyses only the complete decomposition of formed in the surface interaction of the @@ontaining gas
methang13-17] Subsequent studies revealed that supported mixture?

Re also effectively catalyzes the aromatization of other lower
alkanes, ethane, propane antlutang18,19] The catalytic .
performance of Re in the production of synthesis gas has?2: Experimental
received little attention, although it was shown that at suffi-

2.1. Materials
* Corresponding author. Fax: +36 62 420 678. Supported rhenium was prepared by impregnating the sup-
E-mail addressfsolym@chem.u-szeged.hu (F. Solymosi). port in an aqueous solution of (MipRe(;-4H,0 (Merck).

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
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The following supports were used: A3 (Degussa); SiQ
(CAB-O-SiL, MS Scintran BHD); TiQ (Degussa P25) and
MgO (DAB). After impregnation, the suspensions were dried
in air at 383K. The dried and pulverized samples were
pressed into thin self-supporting wafers (30 mrh0 mm,
~60 mg/cnt). Further treatment was applied in situ: it con-
sisted of oxidation at 573 K (100 Torr of,Gor 30 min), evac-
uation at 573 K for 30 min, reduction at 673 K and in certain
cases at 973-1073 K (100 Torr of for 60 min), and evac-
uation at the temperature of reduction for 30 min. Note that
the heating of the sample from 573 K to the temperature of
reduction was carried out in the presence of hydrogen. The
Re content was 5wt.% on all samples.

2.2. Methods

Infrared spectra were recorded at room temperature with
a Biorad (Digilab. Div.FTS 155). Typically, 128 scans were
collected with 2 cr! spectral resolution. All of the spectra
were taken without the use of a scaling factior {.0).

3. Results

3.1. CQ adsorption

As hydrogen can promote the dissociation of £@ee

next chapter), it was absolutely necessary to remove com-

pletely the hydrogen from the system after reduction of
Re catalyst, otherwise the appearance of CO bands can
not avoided. Spectra obtained after adsorption of, @@
Re/AlLbO3 (TR=673K) are displayed irFig. 1A. Strong
bands appeared at 2334, 1646, 1481, 1443 and 123%cm
the intensity of which only slightly decreased after degassing
at 300 K. No new spectral features developed following the
adsorption at higher temperatures, 373—673 K. Similar exper-
iment on the Re/AlO3 reduced at 1073 K produced a weak

261

.»‘;K
473K
373K
573K
473K
T T T T T T
2100 1800 1500 1200 2050 1950 1600 1300

Wavenumber (cm-1)

Fig. 1. FT-IR spectra of Re/AD3 (Tr =673 K) following the adsorption of
CO;, (50 Torr) at different temperatures for 15 min. Reduction temperature:
673K (A) and 1073 K (B).

absorption band at 2040 crh, in addition to the previously
observed peak${g. 1B). For Re/MgO, we measured absorp-
tion at~2334, 1660-1670, 1450, 1543, 1310 and 1220tm
at 300 K. Admission of C@on Re/TiGQ at 300 K produced
bands at 2334, 1667, 1582, 1438, 1378 and 1322.¢the
position of which was independent of the temperature in the
range of 300-573 K. In the case of Re/$jve obtained
only a band at 2334 crt. Evacuation of the cell led to the
elimination of the 2334 cm! feature in all cases, but did not
affect the other bands.

3.2. b+ CO, adsorption

Adding H to CO, caused a dramatic change in the
IR spectra of adsorbed GOregistered for Re/AlO3
(TR=673K) (Fig. 2A). In addition to the bands of various
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Fig. 2. FT-IR spectra of Re catalysts following the adsorption p+€0, (1:1) gas mixture at different temperatures for 15 min. (A) RgDAt (B) Re/MgO;

(C) Re/SiQ (TR =673K).
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carbonates detected after €@dsorption, new spectral fea-
tures appeared at 2040, 1594, 1396 and 1375cifihese
new bands were seen even after adsorption at 300 K: their
intensities increased in time of the adsorption. Raising the
temperature resulted in an enhancement of all new bands,
and produced another peak at 1928¢mNote that we also
obtained a very weak signal at 2873 thnDegassing the cat-
alyst at 300 K after above experiments caused a slight reduc-
tion of the bands in the low frequency region. Co-adsorption
of Hz + CO, on Rh/MgO yielded no bands in the CO stretch-
ing region. In the low frequency range a broad absorption was
observed between 1500 and 1650 ¢monsisting of several
components. Deconvolution of this broad peak resulted in at
least two bands at 1519 and 1590¢h{Fig. 2B). In the case

of Re/SiQ weaker absorption bands appeared at 2010 and 573K

1876 cnt! at 300 K. An increase in the temperature caused { >

an intensification and a slight shift of these barieig(2B). : :

It is important to note that no new spectral features devel- 2100 1800 1500 1200

oped in the low frequency region. In certain cases a band was Wavenumber (cm-1)

seen at~1620 cnT!, which is very likely due to the adsorbed

H-,O0. Fig. 3. FT-IR spectra of Re/Ti®)XTr =673 K) following the adsorption of

As regards the production of new spectral features H2*COz atdifferent temperatures.

Re/TiO, was more active than Re/fDs. Strong absorption

bands appeared even at room temperature. Their positiong.3. CH, + CO, adsorption

were at 2053, 2010 and 1976 ci(Fig. 3. An increase in

the temperature caused a shift of the 2053 &mand first Adding methane to C®caused the appearance of a CO
to 2043 and then 2037 cm, the disappearance of the bands band at 2041 cmt on Re/AbO3 even at room temperature

at 2010 and 1976 cmt, and the formation of new band at  (Fig. 4A). The position of the bands in the low frequency re-
1945 cntL. In the low frequency region aband at 1583¢m  gion remained unaltered. Raising the adsorption temperature
formed after CQ adsorption is broadened, particularly at led to the attenuation of all bands. Weak spectral features were
373-473K. It clearly consisted of two components absorb- detected at 1599 and 1397 cinfollowing the adsorption

ing at 1585 and 1547-1550 crh At the same time another  at 473-573 K. More intense absorption bands were experi-
weak peak developed at 1360 thlt is an important obser-  enced on Re/Ti@sample Fig. 4A). In addition to the band at
vation that the co-adsorption obH CO, mixture on Re-free 2043 cnt?, weaker peaks appeared at 2009 and 1963'cm
oxides did not produce the 1560-1595 and 1360-1395cm  On this catalyst a widening of the band at 1583¢ralso oc-

spectral features under similar conditions up to 573 K. curred at higher temperature and a peak at 1557-aan be
/ L
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Fig. 4. FT-IR spectra of Re catalyst following the adsorption of,GHCO, (1:1) gas mixture at different temperature for 15 min. (A) Ref® (1,2); Re/TiQ
(3-5) and (B) Re/MgOTr =673K).
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Fig. 5. (A) FT-IR spectra of Re/AD3 (Tr =673 K) following the adsorption of £Hg + CO, (1:1) gas mixture at different temperature for 15 min. (B) FT-IR
spectra following the adsorption of G@1) and GHg + CO; (2,3) on Re/TiQ and CQ (4) and GHg + CO; (5) on Re/MgO Tr =673 K).

distinguished Fig. 4A). Co-adsorption of Cil+ CO, mix-
ture on Re/MgO at 373-473K resulted in a formation of a
shoulder at~1580 cnt! (Fig. 4B). On Re/SiQ we obtained
only very weak absorption at 1877 cth
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Adsorption of GHg+CO, gas mixture on Re/AlD3
at 300K produced two absorption bands at 2040 and
1953 cnT?, the intensity of which decreased at higher tem-
peraturesKig. BA). In the low frequency region a very weak
band can be detected at 1590¢heven at 373-473 K. Ad-
sorption of GHg+CO, on Re/TiQ produced a band at
2049 cn?, the intensity of which was higher than that ob-
served in the absence of28g (Fig. 5B). A shoulder at
1561 cnt?! also developed even at 300-373K. In the case
of Re/MgO we obtained no CO band, but a new spectral
feature at~1600 cnt! can be clearly established in the de- Wavenumber (cm™)
COhVOlm.ed spectruni{g. 58). Co-adsorption of éHs—CO; Fig. 6. FT-IR spectra following the adsorption and subsequent evacuation
on Re/SiQ at 373K produced two bands, a stronger one at of HCOOH at 300K, on Re/ADs (1), Al20s (2), Re/Ti0y (3), TiO, (4),
1871 and a weaker one at 1987¢hn Re/MgO (5), MgO (6).
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3.5. Adsorption of HCOOH 300 K. Identical spectral features with the exception of CO
band were obtained when only the supporting oxides were ex-

For the interpretation of the IR spectra obtained previ- posed to HCOOH. Some characteristic spectra are presented

ously it seemed necessary to determine the interaction ofin Fig. 6.

HCOOH with various Re catalysts. Adsorption of HCOOH

on Re/AbO3, Re/TiQ; and Re/MgO at 300K produced

strong absorption bands at 1600-1558, 1395 and 1373cm 4. Discussion

Degassing the samples caused only slight attention of the

bands. Heating the adsorbed layer to higher temperatures un4.1. Characteristics of IR spectra of adsorbed CO

der continuous evacuation led to the decrease of the above

bands above 573 K, and produced weak absorption features Before discussing the results of IR spectroscopic measure-

at 2020-2040 cmt. In contrast, adsorption of HCOOH on  ments we may summarize the main features of the CO-Re

Re/SiQ at and above 300K yielded only peaks at 1720 and interaction. The IR study of the adsorption of CO on sup-

2040cntl. The first one was eliminated by evacuation at ported Re has been the subject of extensive res§ztel25]
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Very divergent IR spectra were obtained, which can be at- Table 1

tributed to two main reasons: (i) the complete reduction of Positions of the asymmetric stretch of formate species formed in the surface
ReQ; on support is difficult and requires high temperature te"ction of i+ €0, and HCOOH adsorption _

[26—29} (i) CO interacts strongly with Recrystallites lead- ~ Catalyst H+CO; adsorption  HCOOH adsorption (cm')

—1
ing to the disruption of Reand to the formation Re car- (cm™)

bonyl species characterized by new absorption b§28ls EZ;%'£3 Egg Egg igg:
The assignment of the new bands was based on the vibra—Re,,vIgo 1590 1600 1591

tional characteristics of the Re carbonyl complejdis-33] Re/SiQ _ _ _
The occurrence of the disruption process sensitively depends a 5, re-free oxides.
on the size of Re crystallites, and also on the adsorption tem-

perature and time of C{25]. Adsorbing CO onacompletely  5455_5035 cml. Somewhat different spectra were obtained

reduced samplerg =1073K) at 100K, when the disruption ¢, yther Re samples. On Re/Tiditense CO bands appeared

process can be excluded, produce_d two absorptiqn bands aky 2053, 2010 and 1976 cth suggesting the occurrence of
2020-2050 and 1860 c[25]. The first one was assigned to the disruption of Rg crystallite, and the formation of Re

linearly bonded CO, Re-CO, and the second one to bridged carbonyl, Re(CO) [25]. This surface complex, however,

CO, Re—CO. Raising the adsorption temperature, or adsorb- ¢ansformed into Re(C@)at and above 373K, as indicated

ing CO alt 300K, new bands appeared at 2058, 2005 andy, the appearance CO bands at 2037 and 1945-1928 cm
1960 cn~ as a result of disruption of Reeluster, and the £y 3 The fact that the most intense CO band was pro-
formation of Re(CO)o species. After a longer adsorption  y,ceq on Re/Ti@may be attributed to the occurrence of an

time at 300K, or at 373-473K, a new pair of bands was g|ectronic interaction between Re and n-type[i@g. to the
produced at 1920 and 2030 ciassigned to Re tricarbonyl, charge transfer from the titania to the d]. This is in har-
Re(CO} [25]. mony with the previous findings that titania-supported metals
are more efficientin the activation of GGand in the reactions
involving CO, [35,36] The possible reason is the facilitation
. ) L of the formation of partially negatively charged €0 [37].

The most sensitive method to detect the dissociation of |, addition, new bands at 1547 and 1360¢mvere devel-
COy on supported metals is the FT-IR spectroscopy. The oped at 373-573K. On Re/MgO, CO bands were produced

spectra pre.sented.ilﬁi.g. 1 clearly show tha_t tr_le dissocia- only on the high temperaturdg = 973K) reduced sample,
tion of CQy is very limited on Re/AJO3, Admission of CQ while in the low frequency region a new feature appeared

on Re/AbO; (Tr=673K) at 300K produced a strong band 5y 1590 ¢y (Fig. 2B). Weakest CO bands at 2008-2012
at 2234 cn! due to CQ and several other; at 1646, 1481, and 1876 cm® were produced on Re/SiOthe intensity of
1443 and 1233 ¢ due to carbonate species. New spectral \nich increased with the rise of the adsorption tempera-

feature in the CO stretching region was not seen even aftery, o Fig. 2C). There was, however, no sign of absorption at

adsorption at 573 K. Evacuation of the cell led to the disap- 1594-1550 and 1360—1395 ch belonging to the asymmet-
pearance of the Cgband at 2334 cm' and did notaffectthe ;. 5 symmetric stretch of the vibration of formate group
other bands due to the vibration of carbonates. A CO band at[38_421 The formation of this surface complex on other cat-

l . . . .
2040 cm~ suggesting the dissociation of Ghowever, ap- 5y qts suggests that in addition to the extended dissociation

peared on the highly reduced Rej8% (Tp=1073K). Tak- 4t c0, adsorbed hydrogen interacts with £@roducing
ing into account the features of the interaction of CO with formate species:

supported Re described in the previous chapter, we may state

that this small amount of adsorbed CO formed in the disso- H O
ciation of CQ is not sufficient to cause the disruption of\Re C
nanoparticles and the production of Re carbonyls. As regards |

4.2. Dissociation of C@

the nature of the support, we obtained similar results with ﬁl }f }‘I P|I (|) }‘I
some variation of the positions of various carbonates. Re — Re — Re +COyy —  Re — Re — Re (1)
4.3. Co-adsorption of pi+ CO2 As regards the location of this surface complex the following

findings should be considered: (i) coadsorption gfHC O,
Co-adsorption of H+CO, mixture on Re/A}O3 at 300-573 K on Re-free supports does not produce for-
(TR=673K) at 300-473 K produced several new spectral mate, (ii) adsorption of HCOOH on Re/AD3, Re/MgO and
features at 2022, 1594, 1395 and 1375¢mRaising the Re/TiO, as well as on the metal-free oxides gave strong bands
temperature led to the intensification of these bands, and toat the same positionsgble 1), (iii) neither the i+ CO,

the shift of the 2022 cm! band to 2035cm! (Fig. 2A). interaction nor HCOOH adsorption led to the formation of
Accordingly, the presence of hydrogen or more precisely formate groups on Re/SjO
the adsorbed H promoted the dissociation of,Gdd the From these results we may infer that formate species is

formation of Rg—CO species characterized by a band at formed on Re crystallites, and after its formation it migrates
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onto the support, where it is stabilized:

H 0 H 0
AN N\ 7

H H H

[

I-O-Al-O + Re—Re—-Re
|

C C
| |
O H o
\ \

T A _
\

)

Alternatively, we may assume that adsorbed H atoms spill v)
over onto oxides and reacts with carbonate or hydrocarbonate

species to yield formate:

C
|
0
|
— Al -O-Al + Re—Re +H,0
| \ \
©)

Exposing the C@saturated Re/AlO3 containing carbonates

to hydrogen at 370-473 K produced no formate bands. This

occurred only to a limited extent at and above 573 K indicat-
ing that this way can contribute only alittle to the formation of
formate established in the;H CO, interaction. The missing
formate on Re/Si@is in harmony with the previous findings,
namely that formate does not exist on silica surfd@-45]

Its absence also indicates that formate is not stable on Re.

4.4. Coadsorption of hydrocarbons and €0

Interestingly, the dissociation of GQvas also facilitated
by methane even at 300 Kig. 4). The intensity of CO band
was, however, much lower. This is not surprising, if we as-

sume that adsorbed hydrogen is needed for the dissociation

of COy. As both CH, and CQ adsorb weakly over Re at

265

(i) Adding H» to CO, greatly promoted the dissociation of
CO,atand above 373 Konthe samplesreducedat 673 K
as shown by the strong CO band at 2020-2040tm

(i) In addition, formate species was also produced by the
H> + CO; interaction on the Re, which after formation
on the metal migrated onto the support, where it was
stabilized.

Formate bands were not identified either after coad-
sorption of B+ CGO, or after adsorption of HCOOH

on Re/SiQ at and above 300 K.

Addition of C;—C», alkanes to C@ also facilitated its
dissociation very likely by means of adsorbed hydrogen
formed in the decomposition of hydrocarbons. Formate
species also formed in the surface interaction.

(iv)
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