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The interaction of ethane with Rh/ZSM-5 and its decompo-
sition and reactions with CO2 on Rh/ZSM-5 have been investi-
gated. Methods used were Fourier-transform infrared spectroscopy
and temperature-programmed desorption and reaction (TPD and
TPR). The decomposition of ethane and its reaction with CO2 have
been studied in a fixed-bed continuous-flow reactor. IR measure-
ments showed that ethane interacted strongly with the highly dis-
persed Rh above 206 K and gave rise to the formation of ethylidyne
surface species very likely through the transient formation of ethy-
lene. At 523–573 K, the decomposition of ethane produces hydro-
gen, methane, and propane. Above 623 K ethylene became the main
product, but benzene and toluene were also detected. Independent
of the temperature, the rate of the decomposition decayed after 5–
10 min to a very low level (1–2% conversion), but it did not cease
completely even after several hours (673 K). The reactivities of sur-
face carbon formed at different temperatures toward H2, O2, and
CO2 have been examined. Carbon exhibited the highest reactivity
with O2 and less reactivity with CO2. The peak temperatures of its
reaction in TPR shifted to a higher temperature with the tempera-
ture of its production in all the three cases. Carbon formed at 773 K
in the ethane decomposition reacted with CO2 at maximum rate at
973 K. The reaction between C2H6 and CO2 occurred rapidly above
700 K to give mainly H2 and CO with a ratio of 0.3–0.6. In contrast
with the CH4+CO2 reaction on the same catalyst, a significant de-
activation of the catalyst occurred at the stoichiometric CO2/C2H6

ratio. This feature is attributed to the low reactivity of hydrocar-
bon fragments formed by the decomposition of ethane compared to
those produced by CH4 dissociation. Deactivation can be decreased
or almost ceased by using a large excess of CO2. c© 1999 Academic Press
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1. INTRODUCTION

Utilization of cheap raw materials, such as CH4 and CO2,
requires considerable effort (1, 2). After extensive research
1 This laboratory is a part of the Center for Catalysis, Surface and Ma-
terial Science at József Attila University of Szeged.
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on the oxidative coupling of methane (1, 2), attention
turned to the conversion of methane into higher hydro-
carbons under nonoxidative conditions. Supported Rh was
found to be an effective catalyst for the decomposition of
methane and in the hydrogenation of carbonaceous mate-
rial formed into saturated and unsaturated hydrocarbons
(3–7). Although the formation of higher CxHy can be in-
creased by adding Cu promotor to the Rh (7), the conver-
sion of methane into other CxHy compounds is still very
low. A more efficient catalyst for CH4 conversion is MoO3

deposited on ZSM-5 (8, 9). It can convert methane into
benzene with 70–80% selectivity at 7–10% conversion at
973 K (8–15). The catalytic reaction is preceded by an in-
duction period during which MoO3 is reduced and a large
amount of carbon is deposited (10). This observation led to
the assumption that Mo2C formed with process was an ac-
tual catalyst for the methane activation (11–15). The same
behavior was observed in the aromatization of ethane on
MoO3/ZSM-5 and Mo2C/ZSM-5 (16).

An alternative way to utilize both CH4 and CO2 is
through their reaction, which produces synthesis gas CO+
H2 (17, 18). Supported Ni is an active catalyst for this pro-
cess, but its rapid deactivation due to coking causes a serious
problem, and several attempts have been made to avoid the
carbon deposition (17–20). However, no or only a slight de-
activation was observed for rhodium, which also exhibited
high activity (6, 21–27).

As the natural gas may contain a small amount of
ethane, recently we examined its effects on the CH4–CO2

reaction over Rh/ZSM-5 (28). We found that the presence
of ethane strongly deactivated the catalyst and caused the
enhancement of carbon deposition (28). The primary aim
of this study is to elaborate this effect. For this purpose
we examine the interaction and decomposition of ethane
on Rh/ZSM-5 and its reaction with CO2 at low and high
temperatures. There are relatively few works devoted to
the C2H6+CO2 reaction (29, 30). They dealt only with
the oxidative dehydrogenation and aromatization of C2H6

using CO2 as oxidant. Greater attention was paid, however,
to the steam reforming of ethane on Ni-based catalysts
(31, 32).
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2. EXPERIMENTAL

The catalysts were prepared by impregnating H-ZSM-
5 (Si/Al= 55) with RhCl3 · 3H2O salt to yield a nominal
2 wt% metal. The catalyst samples were oxidized at 573 K
for 30 min and reduced at 773 K for 60 min. The disper-
sion of Rh, determined by H2 adsorption at 300 K, is 9.2%.
The gases used were initially of commercial purity. CO2

was further purified by fractional distillation. He (99.995%)
and Ar (99.995%) were used as received. Catalytic mea-
surements were carried out in a fixed bed continuous flow
reactor made of a quartz tube. In the case of C2H6 decom-
position the carrier gas was Ar which contained 12.5% of
C2H6. In the kinetic study of CO2+C2H6 reaction we used
a gas mixture of 6 : 1 mole ratio without Ar. The amounts
of catalyst were 0.3 g (C2H6 decomposition) and 0.5 g
(CO2+C2H6 reaction). The space velocity (total) was in
general 6000 h−1. Inert gas was used as diluent to determine
the partial order of carbon monoxide and hydrogen for-
mation. The exit gases were analyzed gas chromatograph-
ically (Hewlett–Packard 5890) on a Porapak QS column.
For IR spectroscopic experiments the powdered material
was pressed into 10× 30-mm self-supporting disks. Infrared
spectra were recorded with a Bio-Rad Fourier transform IR
spectrometer (FTS 155) with a wavenumber accuracy of
±4 cm−1. Typically 136 scans were collected. Supplemen-
tary methods used were temperature-programmed desorp-
tion (TPD) and temperature-programmed reaction (TPR).
The heating rate was 12 ml/min.

3. RESULTS
3.1. Interaction of C2H6 with Rh/ZSM-5

To identify
action of etha

no stable absorption bands that survived the evacuation
on tempera-
the same as
the surface species formed during the inter-
ne with the Rh/ZSM-5 catalyst, detailed IR

TABLE 1

Vibrational Frequencies following C2H6 Adsorption and Their Assignments

C2H6 CCH3

C2H6 gas C2H6/ZrO2 C2H6/ZSM-5 Pt/SiO2 Rh/ZSM-5
Assignment (33) (34) present studyb Assignment (43)c present studyc

νa(CH3) 2985 2974 2969 νa(CH3) —
νa(CH3) 2969a 2953 2940 νs(CH3) 2879 2879
νs(CH3) 2954a 2916 2918 2δa(CH3) 2795 2800
νs(CH3) 2896 2884 2881 δa(CH3) —
2δa(CH3) δs(CH3) 1348 1342
δa(CH3) 1469 1464 1445
δa(CH3) 1468a (1514) —
δs(CH3) 1338a — —
δs(CH3) 1379 (1340) 1371
ρ(CH3) 1190a (1173)

at room temperature. Lowering the adsorpti
ture to 146 K, we obtained absorption bands
a Not IR active.
b Temperature, 146–186 K.
c Temperature, 293 K.
E, AND OVÁRI

spectroscopic measurements were performed. In the first
experiments the following approach was used: 10 Torr of
ethane was contacted with the reduced catalyst for 10 min
at 300 K, then the cell was degassed, and spectra were regis-
tered as a function of temperature. We observed a relatively
intense absorption band at 1342 cm−1 and much weaker
ones at 2800 and 2879 cm−1. The intensities of these bands
decreased with increasing annealing temperatures, and the
bands were not detectable above 423 K. The tentative as-
signment of these bands suggests that adsorbed ethane
underwent a partial dehydrogenation at 300 K and the
ethylidyne surface species was produced (see Table 1 and
Discussion).

To establish the lowest temperature in this process,
ethane adsorption was performed at ∼146 K, and the sam-
ple was warmed under continuous evacuation. Absorp-
tion bands were observed at 2969, 2940, 2918, 2881, 1445,
and 1371 cm−1 (Fig. 1A). With increasing temperature all
the bands attenuated and finally disppeared above 206–
225 K. At 206 K, however, a weak new band developed
at 1342 cm−1. In the next experimental series the reduced
Rh/ZSM-5 catalyst was exposed to 10 Torr of ethane at
different temperatures, and after degassing the IR spec-
tra were registered. Some select spectra are presented in
Fig. 1B. It shows that the intensity of the 1342 cm−1 band
gradually increases with the adsorption temperature up
to 300 K. At this temperature weak bands at 2849 and
2800 cm−1 were also detected (not shown in the spectra).
Attenuation of all these bands occurred above room temp-
erature.

Similar measurements were carried out with Rh-free sup-
port. Adsorption of ethane on ZSM-5 at 300 K produced
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FIG. 1. (A) Infrared spectra following C2H6 adsorption (10 Torr)
and subsequent evacuation on ZSM-5 at (a)140 K and (b)186 K and on
Rh/ZSM-5 at (c) 140 K and (d) 206 K. (B) Effects of the adsorption
temperature of ethane on the peak at 1342 cm−1: (a) 206 K, (b) 225 K,
(c) 273 K, (d) 293 K.

those registered for Rh/ZSM-5. Annealing the adsorbed
layer caused the elimination of all bands around 206 K,
without producing any new spectral feature. Some spectra
obtained are displayed in Fig. 1A.

TPD and TPR measurements showed that following the
adsorption of ethane at 373 K, the release of methane was
observed with Tp= 460 K. An evolution of ethane also oc-
curred, indicating that a certain amount of ethane was not
removed during purging of the sample with argon after ad-
sorption. A significant hydrogen desorption (Tp= 620 and
850 K) was observed after 523 K adsorption along with
3.3. Formation and Reactivity of Surface Carbon
a small amount of methane desorption (Tp= 650 K). The
desorbed amount of both compounds increased with the in-
crease in adsorption temperature up to 623 K. In this case

The reactivity of carbon with H2, CO2, and O2 pro-
duced by the decomposition of ethane on Rh/ZSM-5 was
FIG. 2. TPR measurements following C2H6 adsorption on Rh/ZSM-5
(B) 523 K, and (C) 623 K.
ITS REACTION WITH CO2 OVER Rh 271

the Tp for CH4 was 700 K and the Tp’s for H2 were 680 and
890 K. Some TPR curves are displayed in Fig. 2.

3.2. Decomposition of C2H6 in a Flow System

The formation of gaseous products in the decomposition
of C2H6 on Rh/ZSM-5 was observed even at 523 K, where
the initial conversion was 0.8%. The products were H2, CH4,
C2H4, and C3H8. At and above 573 K a small amount of
C6H6 was also formed. With the increase in temperature,
the extent of the decomposition significantly increased: the
initial decomposition was 3.1% at 673 K and 24.0% at 773 K
(Fig. 3A). The conversion of ethane, however, markedly
decayed in time, very likely due to carbon deposition.
Figures 3B and 3C show the effect of temperature on the
yields of various compounds. The yields of hydrocarbons
formed varied with the increase in temperature. The largest
enhancement was observed for ethylene. The yield of ben-
zene remained low, below 5%, in the range of 623–773 K.

With regard to the effect of flow rate we found that the
lower the flow rate the higher the conversion. Variation of
the C2H6 content in the gas mixture also exerted a signifi-
cant influence on the rates of production of C2H4 and H2. In
pure C2H6, the H2 formation rate was more than five times
higher than that for the gas mixture containing 12.5% C2H6.

Note that on Rh-free ZSM-5 no reaction of ethane was
experienced below 773 K. Above this temperature ZSM-5
exhibited a significant activity toward the conversion of
ethane into higher hydrocarbons and benzene.
at different temperatures. The adsorption temperatures were (A) 373 K,



 

272 SOLYMOSI, SZÕKE, AND OVÁRI
m
in
FIG. 3. Conversion of ethane (A) and the yield of various products for
at 1 min (B) and 20 min (C). The flow rate was 12 ml/min. Data were obta

examined. The carbon formed at 773 K exhibited very low
reactivity. Its oxidation started at the lowest temperature,
above 473 K. The peak temperature was ∼700 K. The hy-
drogenation of this carbon began at a much higher temper-
ature, above 700 K, with Tp= 820 and 900 K. The reaction
of carbon with CO2 also occurred in this temperature range
with Tp= 973 K. The corresponding TPR spectra are dis-
played in Fig. 4A. When the carbon was produced at low
temperature, 623 K, all the Tp values shifted to lower tem-
peratures. The results are shown in Fig. 4B. The reactivity
of surface carbon with CO2 produced at 623 K was also ex-
amined. However, we could not detect any reaction in the
low temperature range. The formation of gaseous CO was
observed only at 620 K, and the highest rate was measured
at 805 K (Fig. 4B). As CO desorbed from Rh above 450–
500 K, there was a possibility that C would react with CO2

even at a lower temperature, but the CO formed remained
adsorbed on Rh. IR spectroscopic studies, however, did not
support this idea: a CO band was not detected.

In separate experiments we determined the other prod-
ucts formed in the hydrogenation of carbonaceous species

(produced by ethane decomposition) by using H2 pulses.
Following the ethane adsorption at 523 K, we detected
very small amounts of propane and benzene, in addi-
ed in the decomposition of ethane on Rh/ZSM-5 at different temperatures
ed on fresh catalyst, at every temperature.

tion to methane and ethane. Their amounts gradually de-
creased with the temperature of ethane decomposition. At
Ta= 773 K they were completely missing from the reaction
products, and we measured only methane and ethane. Some
results are listed in Table 2.

3.4. Interaction of C2H6 + CO2 Gas Mixture
on Rh Catalyst

The most sensitive method for following the interaction
of CO2 with H-containing compounds over supported Rh is
IR spectroscopy, as CO, the primary product of this surface
process, is strongly bonded to the Rh (6). In the absence of
ethane, FTIR spectroscopy revealed no dissociation of CO2

on Rh-ZSM-5 catalyst up to 573 K. Note that adsorbing

TABLE 2

Formation of Hydrocarbons (in µmol/g) in the Reaction at Eight
Hydrogen Pulses with Carbonaceous Compounds Produced by the
Decomposition of Ethane on Rh/ZSM-5 at 523 K for 2 min
CH4 C2H6 C3H8 C6H6

523 K 221.3 4.41 0.123 0.082
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FIG. 4. Temperature-programmed reactions of surface carbon with H

(the product is CO). Carbon was produced in the decomposition of C2H6 o

CO on the 2 wt% Rh/ZSM-5 catalyst, reduced at 773 K,
gave an intense band at 2065-2075 cm−1, and a weak one at
1830 cm−1, but there was no indication of the development
of the dicarbonyl species in 150 min.

Following the coadsorption of the CO2 : C2H6 (4 : 1) gas
mixture (20 Torr) from 240 to 300 K, we observed no spec-
tral changes indicative of the dissociation of CO2. In ad-
dition, CO2 did not exert an appreciable influence on the
spectral features detected after C2H6 adsorption (Fig. 1). At
and above 523 K, however, a weak absorpion band devel-
oped at 2030 cm−1, which gained intensity with the increase
in the adsorption time (Fig. 5). This band undoubtedly be-
longs to CO linearly bonded to the Rh cluster. With the
increase in the temperature of the gas mixture, the inten-
sity of the CO band gradually enhanced and slightly shifted
to lower frequencies, to 2024 cm−1. At the same time an-
other linearly bonded CO, absorbing at 2050 cm−1, and a
bridge bonded CO, absorbing at 1850 cm−1, developed.

3.5. C2H6 + CO2 Reaction

Similarly, as observed for the CH4+CO2 system, the
addition of a small amount of CO2 (5–10% of C2H6) to
C2H6 exerted no influence on the decomposition of C2H6

at low temperatures, 523–573 K. However, at higher tem-
peratures, the reaction pathway changed: the formation of
C2H4 ceased and CO appeared among the products. The

formation of methane, however, still occurred.

The C2H6+CO2 reaction to produce synthesis gas was
studied in the temperature range 700–773 K. The per-
2 (—) (the product is CH4), O2 (×) (the product is CO2), and CO2 (s)
Rh/ZSM-5 at 773 K for 1.5 min (A) and at 623 K for 20 min (B).

formance of the catalyst sensitively depended on the
CO2+C2H6 mole ratio (Fig. 6A). Even in the case of a
stoichiometric gas mixture (CO2/C2H6= 2.0), the catalyst
rapidly lost its activity. The rate of the deactivation de-
creased with the increase in CO2 content, and in the pres-
ence of a large excess of CO2 (CO2/CH4 4), no activity de-
crease was experienced during the measuring time, 24 h.
The amount of carbon deposited during a 2-h reaction at
773 K was determined by TPR measurement (Fig. 6B).
While in a stoichiometric gas mixture 185.4 µmol/g formed,
this value decreased to 69.7 µmol/g at CO2/C2H6= 4 and to
9.38 µmol/g at CO2/C2H6= 6.

In Table 3 we present the product ratios at different
compositions of reacting gas mixture. The H2/CO and the
H2/CH4 ratios varied between 0.27 and 0.37 and 0.5 and 0.77,

TABLE 3

The Product Ratios of CO2+C2H6 Reaction on Rh/ZSM-5 at
Different Compositions of Reacting Gases at 773 K

CO2/C2H6

ratio H2/CO H2/CH4 CO/CH4

2 : 1a 0.33 0.35 1.02
2 : 1b 0.90 (33.0) (∼30.0)
4 : 1 0.37 0.55 1.50
8 : 1 0.31 0.59 1.81

12 : 1 0.27 0.77 2.70
Note. The C2H6 content of gas mixture was kept constant, 5.2%.
a Measured at 1 min.
b Measured at 60 min.
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FIG. 5. Infrared spectra of Rh/ZSM-5 following the adsorption of the
C2H6 + CO2 gas mixture at different temperatures. (a) 300 K, (b) 523 K
for 5 min, (c) 523 K for 60 min (d) 573 K for 5 min, (e) 573 K for 60 min.

respectively. Somewhat different values were obtained for
the stoichiometric composition, very likely due to the rapid
deactivation.

Lowering the reaction temperature led to an increase
in the H2/CO ratio and to a decrease in the CO/CH4 and
H2/CH4 ratios. At 723 K, a slow deactivation was expe-
rienced even in the presence of a large excess of CO2

(Fig. 7A). In harmony with this feature, the amount of car-
bon produced at 723 K (25.4 µmol/g) significantly exceeded
that formed at 748 and 773 K (Fig. 7B).

The kinetic orders were calculated from the logarithmic
plots of the various rates versus the volume percentage
of the reactant of interest. The reaction temperature was
773 K, and the CO2/C2H6 ratio was 6. The orders with re-
spect to ethane were 0.42 and 0.64 for the formation of
carbon monoxide and hydrogen, respectively. The order
with respect to carbon dioxide was 0.18 for carbon monox-

ide formation and 0.34 for hydrogen evolution. From the
temperature dependence of the rates of hydrogen and car-
bon monoxide production, the apparent activation energies
E, AND OVÁRI

were determined. We obtained 55.5 kJ/mol for H2 produc-
tion and 43.4 kJ/mol for CO formation.

4. DISCUSSION

4.1. Interaction of Ethane with Supported Rh

Before interpreting the data obtained for supported Rh
we deal briefly with the nature of the adsorption of ethane
on ZSM-5 support. Following the absorption and subse-
quent evacuation of ethane at 146–186 K we found rela-
tively intense absorption bands at 2969, 2940, 2918, 2881,
1445, and 1371 cm−1 (Fig. 1A). These adsorption bands
correspond well to those of molecularly adsorbed ethane:
their assignments are presented in Table 1. Upon warm-
ing up the adsorbed layer ethane desorbed completely at
and above 206 K without leaving any absorption bands.
This suggests that ethane bonds weakly and reversibly on
the ZSM-5 surfaces used as a support in the present study.
(A more extended interaction occurs between ethane and
ZSM-5 above 773 K, which involves dehydrogenation and
even aromatization (16, 35, 36).) The same characteritics
were observed for Rh/ZSM-5 at 146–200 K, indicating that
ethane adsorbs mainly on ZSM-5 support.

The situation was completely different when the adsor-
pion of ethane was performed on Rh/ZSM-5 at 300 K. In
this case new spectral features appeared at 1342, 2800, and
2879 cm−1 (Table 1). The 1342 cm−1 band, which was by far
the most intense one, was detected at a temperature as low
as 206 K. All these vibration modes have been observed fol-
lowing the adsorption of ethylene on different faces of Rh
and on supported metals (37–41), which were attributed to
the vibration of adsorbed ethylidyne. Furthermore, it was
reported that ethylidyne decomposes on Rh(111) above
420 K. The resulting species are predominantly of type C2H,
although the presence of some CH surface species, imply-
ing C–C bond breaking, was also envisaged (37, 38). On
the basis of similar spectral features, we may assume that
the ethylidyne species is also produced by the strong inter-
action of ethane with reduced Rh cluster on ZSM-5, very
likely through the transient formation of di-σ -bonded ethy-
lene. The most intense vibrations of di-σ -ethylene are at
1420 and 2915 cm−1. The fact that we could not detect these
vibrations at any temperature after ethane adsorption sug-
gests that the lifetime of adsorbed ethylene is very short; i.e.,
its transformation into ethylidyne occurs immediately after
its production. The formation of ethylidyne from adsorbed
ethane is not restricted to Rh/ZSM-5, as we observed in-
tense bands of this species on Rh/Al2O3 and Rh/SiO2 (42).
De La Cruz and Sheppard (43) detected the prominent ab-
sorptions bands of ethylidyne following ethane adsorption

on Pt/SiO2 at 300 K. The absorptions from adsorbed ethyli-
dyne weakened at 523 K and simultaneously new absorp-
tions from gas phase methane were identified (43).
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FIG. 6. Effects of CO2/C2H6 ratio on (A) the conversion of ethane at
reaction in 120 min.

TPR measurements confirmed the FTIR results and
disclosed more details on the surface processes. In har-
mony with the IR results, no strongly adsorbed ethane

was detected on the ZSM-5 used in this work. Activated
adsorption of ethane occurred in the presence of Rh. As a

peak for H2 (Tp= 830–900 K), when ethane was contacted
with the catalyst at 523–623 K. This is very likely due to the
result of the decomposition of adsorbed compounds, CH4 decomposition of CHx species remaining on the catalyst
FIG. 7. Effects of temperature on (A) the conversion of ethane in the r
genation surface carbon producted on Rh/ZSM-5.
73 K and (B) the hydrogenation of surface carbon (TPR) formed by the

and H2 were released (Fig. 2). Their amounts increased with
the increase in adsorption temperature of ethane from 373
to 623 K. TPR spectra also revealed a high temperature
eaction mixture containing 5.2% C2H6 and 67% CO2 and (B) the hydro-
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after the decomposition of ethylidyne. We can not exclude,
however, the possibility that some of the CHx fragments mi-
grating from the Rh onto the ZSM-5 surface exhibit higher
thermal stability than on the Rh clusters.

4.2. Decomposition of Ethane in a Flow System

Rh/ZSM-5 proved to be an active catalyst for the de-
composition of ethane. At lower temperatures, 523–573 K,
methane and propane were formed indicating the occur-
rence of the reaction

2C2H6 = C3H8 + CH4.

Simultaneously, the dehydrogenation of ethane may have
also proceeded,

C2H6 = C2H4 +H2,

but no ethyene was released into gas phase. This oc-
curred, however, from 623 K, and more predominantly
from 673 K. At the same time, the formation of benzene and,
at 723–773 K, toluene was also observed. As on Rh/SiO2 no
or a much lesser amount of aromatic compounds was iden-
tified, we are safe to conclude that these compounds are
produced on the ZSM-5 support. The source of the benzene
is very likely the ethylene which, through oligomerization
and aromatization steps, readily transforms into benzene
on the acidic sites of ZSM-5 (8–16, 29, 30).

Similar to the decomposition of methane on the same
catalysts, the rate of the decomposition of ethane reduced to
low levels after 10–15 min of contact time. This is, no doubt,
due to the deposition of the carbonaceous species which
blocks the rhodium. As complete cessation of the reaction
was not attained even after several hours, we assume the
migration of the carbonaceous species from the Rh onto
the support.

4.3. Reaction of Surface Carbon Produced
by Ethane Decomposition

As was shown first by our laboratory the reactivity of sur-
face carbon and the distribution of carbon species on Rh
catalysts depends on the temperature of carbon formation
(44, 45). Following the dissociation of CO at low tempera-
ture, we distinguished three forms of carbon: (i) the highly
reactive carbidic form (α), which can be hydrogenated
even below 350 K; (ii) a less reactive amorphous layer (β),
with a peak temperature of hydrogenation of ∼500 K; and
(iii) the relatively inactive graphitic form (γ ), which reacts
with hydrogen only above 650 K. Recently, it was shown that
these carbon species are produced by the low-temperature

decomposition of methane on supported Rh (3–7). The
more reactive carbon was missing, however, when it was
produced by the high-temperature decomposition of CH4,
E, AND OVÁRI

very likely due to its transformation into a less reactive
form.

In the present work we are mainly concerned with the re-
action of carbon species (produced at higher temperatures)
with different gases. The results presented in Figs. 4A and
4B clearly show that the reactivity of carbon produced by
ethane decomposition also depends on the temperature of
its formation. Besides, the divergent reactivity is exhibited
not only in its hydrogenation but also in its reactions with
O2 and CO2. The Tp value for oxidation shifted from 520 to
683 K, when the temperature of the production of carbon
was increased from 623 to 773 K. Much greater increases
occurred in the peak temperature of the reaction of carbon
with H2 and CO2 (Figs. 4A and 4B).

The reactivity order of the gases, O2 > H2 > CO2, quali-
tatively corresponds to the ease of the activation of these
gases over Rh. Whereas O2 and H2 can be activated readily
on Rh even below room temperature, the activation of CO2

may occur only above 400 K (46–50). This may suggest that
the primary step of the reaction of C in these processes is
the activation of reacting partners on the Rh.

4.4. Interaction of Ethane with CO2

From the extensive study of the interaction of CO2 with
Rh(111) and supported Rh it appeared unambiguously that
CO2 interacts only weakly with Rh, and the dissociation
of CO2 proceeded only at elevated temperatures (46–50).
When the dissociation of CO2 was observed at a lower
temperature, 300–423 K, it was caused either by boron
impurity (50) or by the presence of adsorbed H atoms
remaining on the supported Rh after reduction (46–50).
Recently, we found that adsorbed CH3 species can also in-
duce the dissociation of CO2 (51). The lowering of the dis-
sociation temperature for CO2 observed for the CH4–CO2

mixture on the Rh catalysts was partly attributed to the
interaction and reaction between adsorbed CH3 and CO2

(6, 28).
An enhancement of the dissociation of CO2 was expe-

rienced in the presence of ethane too, but its extent was
much less than that measured at the coadsorption of the
CH4+CO2 gas mixture on the same catalyst (28). The in-
tensity of this band was always higher then that obtained
in the absence of ethane. Note that the analysis of IR spec-
tra of coadsorbed species taken at different temperatures
provided no sign for the formation of a surface complex
between the two compounds. It should also be pointed out
that we observed no CO formation when C2H6 and CO2

were coadsorbed in the temperature range 300–673 K on
the ZSM-5 support, which indicates that the activation of
C2H6 is required for the C2H6–CO2 interaction.
With regard to the enhancement of the dissociation of
CO2 we may assume that the adsorbed species formed in
the surface decomposition of ethane, by interacting with
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the CO2, promote the transformation of the CO2 from the
linear structure to any of the bent structures (50),

O

C O

O

C

OOC

O

C

OO ,

in which the reactivity of CO2 is greatly increased. The fact
that the promotion of the CO2 dissociation is less compared
to that observed in the CH4+CO2 system may be because
the ethylidyne, the detectable surface species in the inter-
action of ethane with Rh, is not an effective scavanger for
the oxygen of CO2.

We may also take into account the transitory formation
of the formate-like species.

H(a) + CO2(g) = HCOO(a).

The formate species, however, is very unstable on Rh; it
decomposes to CO2 and H2 even below 300 K (52, 53).
Alternatively, it migrates onto the support where it can be
accumulated and stabilized. This can not occur, however,
for Rh/SiO2, as the formate species does not exist on silica
(46, 47, 53).

4.5. Reaction of C2H6 and CO2 at High Temperature

It was interesting to see that adding CO2 (5–10%) to C2H6

did not influence the decomposition of ethane at 523–623 K;
the rate, the product distribution, and the deactivation re-
mained practically the same. Above 623 K, the reaction
between CO2 and ethane (and its decomposition products)
became more pronounced; as a result the formation of hy-
drocarbons gradually decreased and the production of H2

and CO came into prominence. Kinetic measurements were
performed in the temperature range 700–773 K. In contrast
with the CH4+CO2 reaction on the same Rh catalyst, a
significant deactivation of the catalyst occurred at the stoi-
chiometric composition due to carbon deposition. The rate
of deactivation, however, diminished with the increase in
the reaction temperature. The use of a large excess of CO2

also lowered or even eliminated the deactivation.
As was expected, the rate of the CO and H2 production

increased with the space velocity, which lowered the prob-
ability of the back reactions. Taking into account all the
observations mentioned we illustrate the dry reforming of
ethane below.

Decomposition of ethane.

C2H6(g) = C2H6(a)

C H = C H +H
2 6(a) 2 5(a) (a)

C2H5(a) = di-σ -C2H4(a) +H(a)

di-σ -C2H4(a) = C · CH3(a) +H(a)
ITS REACTION WITH CO2 OVER Rh 277

2C · CH3(a) = 2CH(a) + CH4(g) +H2(g) + C(a)

CH(a) = C(a) +H(a)

Reactions with CO2.

CO2(g) = CO2(a)

CO2(a) = CO(a) +O(a)

CO2(a) +H(a) = CO(a) +OH(a)

H(a) + CO2(g) = HCOO(a)

HCOO(a) = CO(a) +OH(a)

2OH(a) = H2O+O(a)

CHx(a) + CO2(g) = CHxO(a) + CO(a)

CHx(a) +O(a) = CHxO(a)

CHxO(a) = CO(g) + xH(g)

CO(a) = CO(g)

2H(a) = H2(g)

C(a) + CO2(g) = 2CO(g)

4.6. Comparison of CH4 + CO2 and
C2H6 + CO2 Reactions

Supported Rh is an effective catalyst for both processes.
The reaction of ethane with CO2 on Rh/ZSM-5 proceeds
by a factor of 5 faster than that of CH4+CO2 under exactly
the same experimental conditions. This may be attributed to
the easier activation of the C–H bond in C2H6. On the other
hand, however, while no or very little carbon deposition
occurs in the CH4+CO2 reaction over Rh, this is more
pronounced for the C2H6+CO2 reaction. As a result, the
rate of deactivation is much higher. In our previous work we
assumed that the lack of carbon deposition on Rh is due to
the facile reaction between CHx fragments (CH3 and CH2)
and CO2 (6). In other words these CHx fragments react
with CO2 before decomposing to carbon. If we accept this
explanation then we may come to the conclusion that in the
decomposition of ethane different CHx species are formed,
which is actually the case. The primary product of C2H6

dissociation is C2H5, which through the formation of C2H4

gives a less reactive ethylidyne species (see Section 4.4).
Alternatively, a reaction between carbon and CO2 has to

be assumed to explain the lack of carbon deposition:

C+ CO2 = 2CO.

In this case, however, it is not easy to explain why the de-
activation is so pronounced for the C2H6+CO2 reaction
compared to the CH4+CO2 process, as carbon formed at

the same temperature should exhibit the same reactivity
with CO2. Therefore we consider this reaction route less
likely.
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