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Kinetic study of CO» reforming of propane over Ru/Al,O3
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The rate of reaction of propane over a Ru/Al>,O3 catalyst was determined as a function of the partial pressures of the reactants, C3Hg
and CO, at 600 and 650 °C. The order of the reaction was found to be fractional with respect to carbon dioxide, indicating its involvement
in the rate-determining step of the reaction. The order of the reaction was zero in propane indicating the fast reaction of propane over the
catalyst. The apparent activation energies for propane and the formation of hydrogen and carbon monoxide were investigated. Values for
the formation of hydrogen and carbon monoxide indicated a decrease in the CO: H5 ratio with an increase in temperature. Modelling of
the kinetic data was inconclusive in the selection of a possible mechanism as good fits were observed for a Langmuir—Hinshelwood and a

Mars-van Krevelen mechanism.
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1. Introduction

The most economical product of biomass gasification is
the production of a clean synthesis gas stream for an inte-
grated combined cycle [1]. The advances currently being
made in gasification technol ogy/design have led to the com-
plete elimination of tarry hydrocarbons under certain con-
ditions and with the use of guard beds such as dolomite[2].
However, the contamination of the gas stream by smaller hy-
drocarbons such as methane and propane, even at low con-
centrations can cause serious problemsin the end use of the
gas stream. Short chain hydrocarbons such as propane are
often a constituent of the product gas from biomass gasifica-
tion and are also present (in small quantities) in natural gas.
This paper presents akinetic study for the reaction of carbon
dioxide with propane (equation (1)) over the catalyst, 1 wt%
ruthenium on alumina,

3CO; + CgHg = 6CO + 4H, 1)

This catalyst was selected as it has been shown to have a
longer life and better selectivity than other catalysts tested
for the CO, reforming of hydrocarbons in a model gas
stream (42 mol% Hy, 15.5 mol% CO, 5.1 mol% CHg,
19.0 mol% CO, and 18.3 mol% C3Hsg) [3].

2. Experimental

The catalyst selected for the investigation was 1 wt%
ruthenium on alumina catalyst (20 mg for each experiment)
and was prepared by wet impregnation [3]. Before each
experiment the catalyst was reduced in situ in a flow of
20% Ha/N2 at 400°C for 1 h. A stabilised, active cata-
lyst was employed for each experiment. The reactant par-
tial pressure was varied, keeping the total flow rate constant
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at 60 ml min~—1 by adding argon ballast to the system. The
propane conversion was below 10% for all temperaturesin-
vestigated and preliminary experiments showed the system
to be in the kinetic regime with particle sizes smaller than
600 um. The temperatures at which the experiments were
carried out were 600 and 650°C. Preliminary experiments
with the Ru/Al,O3 catalyst were performed and the catalyst
showed a good stability at 650 °C over a period of 30 h with
no evidence of carbon formation. Mass balances for C, H
and O were maintained for each experiment within +5%.
Kinetic orders for the reaction with respect to C3Hg and
CO, were determined by following the rate of CzHg con-
sumption. For these measurements the partial pressure of
one of the reactants was held constant while the other was
varied. For the determination of orderswith respect to C3Hsg,
the partial pressure of CO» was held constant at 50.65 kPa
while that of C3Hg was varied between 6.75 and 23.64 kPa.
For the determination of orderswith respect to CO», the par-
tial pressure of CgHg was held constant at 23.64 kPa while
that of CO» was varied between 16.88 and 50.65 kPa. Acti-
vation energy was investigated experimentally by maintain-
ing a constant reactant flow rate and catalyst volume and
varying the temperature from 500 to 700°C in 50 °C steps.

3. Resaults

3.1. The effect of varying temperature and C3Hg partial
pressure on the rate of reaction

Figure 1 shows the order of the reaction with respect to
Pc,Hg, determined from a plot of the natural log of the rate
CsHg consumption versus the natural log plot of Pc,Hg. The
partial order iscloseto zero in C3zHg. The rate of reaction of
the C3Hg consumed is almost constant asthe partial pressure
of C3Hg isincreased. The changein temperature shows that
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Figure 1. Order with respect to C3Hg based on CgHg consumption, the
partia pressure of CO, being kept constant at 50.65 kPa. (A) 600 and
(o) 650°C.
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Figure 2. Partial order with respect to CO, for C3Hg consumption the
partial pressure of CgHg being kept constant at 23.64 kPa. (A) 600 and
(o) 650°C.

the rate of CzHg consumption increased as the temperature
was increased from 600 to 650 °C.

3.2. The effect of varying temperature and CO; partial
pressure on the rate of reaction

Figure 2 shows the order with respect to Pco,, deter-
mined from a plot of the natural log, of the rate consump-
tion of C3Hg versus the natural log plot of Pco,. The rate
of conversion of CzHg increases as a function of the partial
pressure of the CO, over the range investigated. The partia
order for C3Hg consumptionin CO2 is0.3.

Thusthe reaction order with respect to C3Hg iszero order.
While the order with respect to CO> is 0.3 (equation (2)).
The change in temperature shows that the rate of propane
consumption increased as temperature increased from 600
to 650°C.

v = k[CaHg]°[CO2]>>. 2

3.3. Activation energies for CO5 reforming of C3Hg

Figure 3 shows the Arrhenius plot for the activation of
CsHg and the formation of H, and CO. The linear portion
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Figure 3. Arrhenius plot for temperature range 500700 °C for the con-
sumption of CO,. (e) C3Hg conversion, (o) CO production and (A) Ho
production.

of an Arrhenius plot may be used to calculate the activa
tion energy of areaction. The activation energy of the C3Hsg
conversion was calculated as 86 kJmol~X. From the tem-
perature dependence of the rates of H> and CO production
the activation (figure 3) energies were calculated as 80 and
66 kJmol —1, respectively.

3.4. Modelling of the kinetic data

From the apparent reaction orders presented, two kinetic
models can be selected for consideration. The Eley—Rideal
model is not a suitable model for the reaction since a first-
order dependency for the component reacting from the gas
phase is required. The adsorption of carbon dioxide can be
associative or dissociative and may occur on the same or dif-
ferent sites than those for adsorption of propane. Accord-
ing to the Langmuir—Hinshelwood mechanism four equa-
tions can be derived which describe the dependence of the
reaction rate on the partial pressure of propane and carbon
dioxide.

Model LH1: adsorption on the same sites with associative
adsorption of carbon dioxide

kbco, Pco,bcyHg PCaHg

©)

VLH1 = 2°
(1+ bco, Pco, + begHg PCaHs)

Model LH2: adsorption on the same site with dissociative
adsorption of carbon dioxide

k/bco, Pco,bcsHg PC3Hg
5.
(1+ \/bco, pco, + begHg PCsHg)

Model LH3: adsorption on different sites with associative
adsorption of carbon dioxide

(4)

VLH2 =

kbco, Pco,bcsHg PC3Hs 5)
1+ bco, Pco,) (1 + besHg PCaHs)

Model LH4: adsorption on different sites with dissociative
adsorption of carbon dioxide

b — k\/bco, Pco,bCaHg PCaHg
(1 + bCOzpCOz) (1 + szHspcsHs)'

VLH3 =
(

(6)
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Figure 4. Linearisation of the Pco, dependence according to models LH1 (a), LH2 (b), LH3 (c) and LH4 (d) at 600°C.

For the above equations pco, and pc,Hg are the par-
tial pressures of carbon dioxide and propane, respectively.
bco, and bc,Hg are adsorption coefficients for carbon diox-
ide and propane, respectively, and k is the reaction rate
constant. The linearised versions of the above four mod-
els can be seen in figure 4 (a)—«(d). The correlation co-
efficients for straight line fits to the various mechanis-
tic models were calculated. These coefficients indicate
the suitability of each model to the experimental data ob-
tained.

The correlation coefficient for the Langmuir—
Hinshelwood models at 600 and 650°C are given in ta-
ble1.

Figure 4(a) shows a plot of (Pco,/r)%° as a function
of Pco, which has a good correlation coefficient (0.994
at 600°C and 0.989 at 650°C) for the LH1 model. This
model assumes adsorption on the same site for propane and
carbon dioxide with associative adsorption of carbon diox-
ide. The figure 4(b) shows a plot of PE3, as a function of
PE32/r5. The LH2 model which assumes dissociative ad-
sorption of carbon dioxide on the same site of propane has
a correlation coefficient which, compared with LH1, is not

Table1
Correlation coefficient for linearised Langmuir—
Hinshelwood expressions.

Model T 600°C T 650°C
LH1 0.994 0.989
LH2 0.896 0.887
LH3 0.986 0.993
LH4 0.825 0.894

good evidence of this model (0.896 at 600°C and 0.878 at
650°C).

The plots for linearisation of the models LH3 and LH4
in which it is assumed that propane and carbon dioxide ad-
sorb on different sites are represented in figure 4 (c) and
(d). Figure 4(c) shows a plot of Pco,/Vc,Hg @ a func-
tion of Pco, which has a correlation coefficient of 0.986
at 600°C and 0.993 at 650°C, which assumes associative
adsorption of carbon dioxide on different sites. The plot
of PE3,/ Veats @ function of PSS has a correlation coef-
ficient of 0.825 at 600°C and 0 846 at 650°C. These val-
ues are a poor fit for the model, where the carbon diox-
ide is dissociatively adsorbed on a different site to the
propane.
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Figure 5. (a b) Linearisation of the Pco, dependence according to the
Mars-van Krevelen mechanism at 600 °C.

From the Langmuir—Hinshelwood model it is unclear
which mechanism is taking place in the reaction. However,
the resultant plots give some evidence to a non-dissociative
adsorption of carbon dioxide based on the correlation data
of the LH1 and LH3 models.

Investigetion of the data for the Mars-van Krevelen
model in figure 5 shows the plots for both cases of (a) as-
sociative adsorption of carbon dioxide and (b) dissociative
adsorption of carbon dioxide.

The correlation coefficient for the Mars—van Krevelen
models at 600 and 650°C are given in table 2. The cor-
relation coefficient for the case of associative adsorption of
carbon dioxide at both temperatures is quite poor and is an
unlikely mechanism for the reaction. The correlation coeffi-
cients for the case of dissociative adsorption of the carbon
dioxide is consistent at 0.995 and 0.992 at both tempera-
tures. Thisindicates the greater probability that the propane
reacts with the lattice oxygen, while the carbon dioxide in
the gas phase facilitates the re-oxidation of the lattice oxy-
gen.
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Table 2
Correlation coefficient for linearised Mars—van
Krevelen expressions.

Model T 600°C T 650°C

MVK 1 0.876 0.789

MVK 2 0.992 0.995
4, Discussion

A literature search on the kinetics and mechanism for the
carbon dioxide reforming of propane using appropriate data
bases yielded no publications. However, there have been
severa studies on a similar reaction of carbon dioxide and
methane, the kinetics and mechanism of which has been the
subject of many publications. In the discussion of resultsref-
erence will be madeto availableliterature, on the reaction of
carbon dioxide and methane over various catalysts. This ap-
proach may be supported by the fact, that both reactions are
dry reforming reactions, and catalysed by Ru/Al,O3 cata-
lysts. The similarities of the results and those published will
be expanded upon and substantiated by literature and theory.

4.1. Reaction orders for the CO» reforming of C3Hg

The reaction orders with respect to carbon dioxide re-
forming of propane were determined and are shown in equa-
tion (2). The zero-order dependency in propane indicates
that the reaction of propane is fast. This implies that the
activation of propane and subsequent reaction occurs rela
tively rapidly over the Ru/Al,O3 catalyst. Zero-order de-
pendency in methane for the carbon dioxide reforming of
methane has been reported by several groups[4—7]. In 1984
Sakai et al. [4] reported Kinetic results for carbon dioxide
reforming of methane over a 10 wt% Ni/SiO; catalyst. The
experimental datawas collected between 550 and 700 °C un-
der differential conditions. The order, with respect to car-
bon dioxide was reported as 0.5-0.6. While with respect to
methane the order was 0.02-0.05. Erdthelyi et al. [5,8] in-
vestigating the reaction over Rh on various supports, have
reported a lower order dependency in methane indicating
that the methane dissociation is rapid compared to that of
carbon dioxide. Van Keulen [6], investigating the mech-
anism of the reforming of methane over a P/ZrO, cata-
lyst, reported a zero-order dependency in methane and a
positive order in carbon dioxide. This zero order implies
that methane is not the rate-determining step as has been
observed for the steam reforming of methane. O’ Connor
et al. [7] investigated the reaction over a Pt/ZrO, catalyst
at 600, 650 and 700°C. The reaction was found to be ap-
proximately first order, in carbon dioxide and zero order, in
methane.

For the activation of hydrocarbons it is generaly ac-
cepted that once the first C-H bond is broken the sequen-
tial reaction, to either intermediates or products occurs quite
rapidly [9,10,15]. This appears to be the case for the car-
bon dioxide reforming of propane. It may aso be pro-
posed that since there was no evidence of other carbon-
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Table 3
Bond strengths of methane and propane.

Bond DY (kcal mol 1)
CHg—H 105
CgH7-H 95

containing products, the lifetime of any CH,, intermediates
is very short, suggesting that the surface reaction rate of the
CH, speciesis greater than the formation and desorption of
Co4 products. This may also be supported by the results of
the carbon balance of each experiment which was 97-103%
(average) also indicating the absence of hydrocarbon prod-
ucts.

The splitting of the propane molecule may occur on the
Ru. This noble metal has been found to be quite active, for
the dissociative adsorption of methane to CH, species, fol-
lowed by compl ete decomposition, resulting in adsorbed car-
bon and adsorbed hydrogen [8,11-13]. Ferreira-Aparicio et
al. [17] reported the activation of methane to be irreversible
over ruthenium on various supports. This was also demon-
strated by van Keulen et al. [14] for platinum on zirconia
catalyst. This irreversible cracking could be considered as
a specific property of noble metals. On non-noble metals,
like Ni, alarge reversible activation was observed under the
same conditions [15,16]. Several authors [8,9,15] have ar-
gued that the availability of adsorbed oxygen to react with
adsorbed CH, species enhances the activation of the C-H
bond. It has also been shown by Ferreira-Aparicio et al. [17]
that alumina-supported metals have a greater ability to de-
hydrogenate methane than other supports. It is possible that
the same effect will be seen here because of the fast reaction
of propaneindicated by its zero-order activity. The adsorbed
oxygen species will be from the dissociation of carbon diox-
ide as discussed later.

A propane molecule will be more easily activated than
methane, since it iswidely accepted that the activation of the
first C-H bond is especially difficult for methane [9]. This
is also reflected when one compares the bond strengths of
propane and methane (table 3). The bond strength for the
CH3—H bond is reported as 105 kcal mol ~1 while that of the
CzH7—H bond is reported as 95 kcal mol —1 [18].

The reaction order for the reforming of propane was
found to be approximately 0.3 in carbon dioxide (equa-
tion (2)). This suggests that the carbon dioxide is involved
in the rate-determining step. Several authors [4-7,13,19]
have reported that the carbon dioxideisinvolved in the rate-
determining step for the reforming of methane. O’ Connor
et al. [7] reported that carbon dioxide was involved in the
rate-determining step for the reforming of methane. It was
suggested that this slow step may be the adsorption of car-
bon dioxide or the replenishment of the depl eted | attice oxy-
gen with an oxygen atom from the carbon dioxide. Van
Keulen [6] showed that on switching from steam reforming
to dry reforming of methane, that methane was not involved
in the rate-determining step. He concluded that the dissocia-
tion of carbon dioxide was the rate-determining step for the
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reaction. Rostrup-Nielsen and Hansen [11] have also sug-
gested that the rate-determining step may be the dissociation
of carbon dioxide. Qin and Lapsezewicz [13], from TPR
experiments on a Rh/MgO catalyst, suggested that the car-
bon dioxide reaction intermediate was an adsorbed oxygen
and that the activation of the carbon dioxide may be the rate-
determining step.

Solymosi et al. [8] observed that the dissociation of car-
bon dioxide occurred only on reduced catalysts, which was
carried out in the absence of adsorbed hydrogen. Adsorbed
hydrogen has been shown to promote the dissociation of car-
bon dioxide [12,20]. It was proposed [8,13] that the activity
sequence of the Pt group metals (Ru > Pd > Rh > Pt >
Ir) in the dry reforming of methane reaction, reflects their
ability to dissociate carbon dioxide and to produce adsorbed
oxygen. The adsorbed oxygen scavenges the hydrogen of
the CH4 and hence promotesits dissociation. Thisisaso a
possibility for propane reforming.

4.2. Activation energies for the CO5 reforming of C3Hsg

Kinetically controlled reactions have activation energies
exceeding 25 kJmol ~1, while those for diffusion controlled
reactions rarely exceed 10-15 kJmol—1. The activation en-
ergy of propane was calculated over the Ru/Al>O3 catalyst
as 86 kmol 1, indicating that the processis not limited by
diffusion at the temperaturesinvestigated.

From the temperature dependence of the rate of hydrogen
and carbon monoxide production, the apparent activation
energies were determined. A higher value for the produc-
tion of hydrogen (80 kJmol—1) than that of carbon monox-
ide (66 kJmol~1) was observed; as a result there was a
decrease in the CO: H> ratio with an increase in tempera-
ture.

4.3. Reaction mechanism for the CO, reforming of CzHg

The results for the modelling of the kinetic data were
not conclusive in the selection of a mechanism. There is
a possihility that the reaction may proceed by a Langmuir—
Hinshelwood mechanism or a Mars-van Krevelen mecha-
nism. The two possibilities will be discussed.

The Langmuir—Hinshelwood plots (figure 4) give some
evidence to a non-dissociative adsorption of carbon diox-
ide. This is based on the correlation data of the LH1
and LH3 models for the carbon dioxide reforming of
propane. From these plots it seems probable that the re-
action occurs, via non-dissociative adsorption of the car-
bon dioxide, either on a similar site as the adsorbed
propane (figure 4(a)) or on a different site (figure 4(c)).
Several authors [11,12,14,15,21,22] have reported that the
over al reaction of carbon dioxide reforming of methane
can be described by a Langmuir—Hinshelwood mecha
nism.
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Based on the results, it may be tentatively proposed that
the mechanism follows the generalised reaction sequence
below:

C3Hg + 1 — C3H, a1 + (8 — x)H ()]
CO2 + g = COxx (m
CsH, & — Co + xHQg (1t
COx + Hx = COxx + OHX (1v)

Cri + OHI — CO + HI )
2H = Ha + 1 V1)
OHL + H = H0 + 23 (V1)
CH, 1 4+ OHII = CH, O + Hi Vi)
CH,Or — COm + gHz (1X)
COg = CO+ 1 (X)

However, support for such a reaction sequence could only
be confirmed by experiments involving DRIFTS, TAPS or
SSITK of the reaction.

It is probable that the propane adsorbs and dissociates
on the ruthenium to CH, (Cgs and Hggs) (reactions (1)
and (I11)). Ferreira-Aparicio et al. [17], observed this for
methane over the same catalyst and conditions during TAP
experiments. Thisactivationisreportedto beirreversiblefor
methane on noble metals[12,18] and is likely to be the case
for propane. The Hys mainly desorbs as hydrogen (reac-
tion (V1)), however, one cannot rule out the possibility of the
formation of H>O (reaction (VII)). This may be a lesser re-
action since no water was detected in the kinetic experiments
carried out. The amount of water produced may be limited
by the fast reaction of adsorbed carbide species (of which
there will be significant quantities in the case of propane)
with OHgygs species to form carbon monoxideand Hygs (reac-
tions(V), (VIII) and (1X)). Aluminaiswell knownto act asa
reservoir of hydroxyl groupsdueto its large concentration of
acid and basic sites. A similar explanation for the absences
of water (for the carbon dioxide reforming of methane) was
proposed by van Keulen et al. [14]. Consumed aumina hy-
droxyl groups may be regenerated by water formed during
the process (reaction (VI11)); this may also account for the
absence of water asamajor product [16].

Carbon monoxide can be formed by the reaction of ad-
sorbed carbon dioxide with an adsorbed hydrogen atom (re-
action (1V)). The fact that hydrogen can enhance the rate
of dissociation of carbon dioxide and hence the forma-
tion of carbon monoxide has been reported by several au-
thors [8,12,20]. It is also possible that CO will be formed
by the reaction of carbon and a hydroxyl group (reac-
tion (V)).

Although the kinetic data complies with a Langmuir—
Hinshelwood mechanism, modelling of the data for Mars—
van Krevelen also showed good correlation coefficients.
This indicates the possibility for the propane reacting with
the lattice oxygen, and the carbon dioxide in the gas phase
facilitates the re-oxidation of the lattice. The possible reac-
tion sequence is shown below:
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CsHgg) — CyHi(ru) (XI)
(XI1)

(X111)

(XIV)
(XV)

Cny — yC(Ru*) + xH(Ru*)

Cru) + O@l05) = CO@I01)

COzg +€°~ — COwm01 + Omr0n)
2Hru) = Ha(g)

Propane first adsorbs on the ruthenium and then dissoci-
ates to give C,H, species, which then dissociate further to
form atomic carbon and hydrogen. Reactions (X1) and (XI1)
appear to occur quite rapidly since the reaction is close to
zero order in propane. Then, in accordancewith aMars-van
Krevelen mechanism, the majority of surface carbon reacts
with the lattice oxygen of the alumina, located close to the
Ru-Al,O3 interface, to form adsorbed carbon dioxide (reac-
tion (X111)). Thelattice oxygenis then replaced with oxygen
from the carbon monoxide, in the gas phase to form carbon
monoxide (reaction (X1V)). Thisis supported by evidence,
that carbon dioxide is involved in the rate-determining step
of the reaction. The Hyys mainly desorbs as hydrogen (reac-
tion (XV)). Evidence for a Mars-van Krevelen mechanism
has been demonstrated by O’ Connor et al. [7], for the car-
bon dioxide reforming of methane over a platinum on zirco-
nia catalyst. Mallens et al. [23] have also proposed such a
mechanism for the partial oxidation of methane over arhe-
nium catalyst.

Based on the kinetic data alone it is not possible to iden-
tify the mechanism for the reaction. It may be possible that
the two mechanisms play some part in the reaction.

5. Conclusions

The kinetics for the reforming reaction of propane over
Ru/Al>O3 were found to be zero order in propaneand 0.3 or-
der in carbon dioxide. Carbon dioxide was identified as be-
ing involved in the rate-determining step of thereaction. The
activation energy of propane was calculated as 86 kmol 1,
indicating that the processwas not limited by diffusion at the
temperatureinvestigated. The activation energiesfor thefor-
mation of hydrogen and carbon monoxide were calculated
as 80 and 66 kJmol 1, respectively. As a result there was
a decrease in the CO: H» ratio with an increase in temper-
ature. Analysis of the kinetic data indicated that the reac-
tion may occur via a Langmuir-Hinshelwood mechanism,
involving adsorption of carbon dioxide and propane on the
same sites. However, agood fit of the datawas al so obtained
for a Mars—van Krevelen mechanism. No clear distinction
could be made between thetwo models. Further experiments
are required to gain a clearer picture of the mechanism in-
volved.
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