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Steam reforming of isobutane on a 0.5% Pt-CeysGd,0; 9 catalyst was carried out from 300 to 700 °C under integral
conditions with a gas hourly space velocity (GHSV) of 12,000 h™!. The major products were H,, CO,, CO and CH,. The other
products produced were ethane, ethylene, propane and propylene with a total molar composition of less than 1.5%. A complete
conversion of isobutane was achieved at 700 °C, Kinetic data was obtained by changing the partial pressure of the reactants and the
temperature under differential conditions with a GHSV of 55,400 h™!. This was done after observing stable isobutane steam
reforming for 160 h and under conditions where the mass transfer limitations were insignificant. An empirical Langmuir—
Hinshelwood type model that best fit the kinetic data available was developed.
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1. Introduction

Hydrogen for use in fuel cell-powered propulsion
systems for automotive applications can be produced
on-board by reforming a hydrocarbon by one of the
three processes: (a) partial oxidation; (b) steam
reforming; and (c) autothermal reforming. Autothermal
reforming is a combination of exothermic partial oxi-
dation and endothermic steam reforming resulting in
thermoneutral conditions. Its advantages in an on-
board fuel processor have been outlined by Flynn et al.
[1], which include: (a) easy thermal integration; (b) a
light and compact fuel processor; and (c) fast start up
and transient response. The catalyst controls the reac-
tion pathways and thereby determines the relative extent
of partial oxidation and steam reforming.

Hydrocarbons from C; to C;4 have been used as a fuel
for reforming. Christiansen [2] first investigated steam
reforming of methanol over reduced copper in 1921.
Research has continued on methanol steam reforming
over different catalysts such as:Cu—Mn, Cu—Cr—Zn, Cu—
Ni—Fe, Cu—Cr, Cu—Co, Fe-Cr-Ni and Cu-ZnO-Al,03
[3-6]. Natural gas, methane, ethanol, propane and butane
can also be used as fuels for hydrogen production [7-15].
To facilitate the transition between the internal combus-
tion engine and fuel cell vehicles, hydrocarbons like gas-
oline and diesel have to be used to produce hydrogen.

Nickel based catalysts are very good for steam
reforming C,; and higher hydrocarbons [16]. But, they
deactivate quickly due to coke formation [17-21] and
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also must be reduced before the reaction to optimize the
catalytic activity, which is difficult for automotive
applications [1].

The noble metal (Pt, Pd, Rh and Ru) based catalysts
are drawing attention for autothermal and steam
reforming of hydrocarbons. The main advantages of
using them for on-board reforming processes are: (a)
they are as active or more active than nickel reforming
catalysts [16, 22]; (b) they can suppress coke formation
[23, 24]; and (c) no pretreatment is required before the
reaction because they promote reforming under both
oxidizing and reducing conditions [1]. The reforming
ability of the noble metal based catalysts depends on
the support used: (a) non-reducible supports (Al,Os,
ZrQ,); and (b) reducible or redox supports (CeO,).
Gorte et al. [23, 24] carried out steam reforming
of Various hydrocarbons like n-butane, n-hexane,
n-octane, benzene and toluene on Pd/ceria and Pd/
Al,O3 catalysts between 620 and 700 K. They found
the Pd/ceria catalyst exhibits a higher rate and selec-
tivity for most reactions compared to the Pd/Al,O;
catalyst. They proposed a dual-function mechanism in
which CeO, transfers oxygen to the metal and is in
turn reduced to Ce,Os;. The reduced ceria is then
re-oxidized by water to CeO,, thus acting as an oxygen
storage device, supplying oxygen to hydrocarbons
adsorbed on the supported metal for oxidation.

The oxygen mobility in the ceria support to the active
metal for hydrocarbon reforming can be accelerated by
creating vacancies in the ceria lattice [25], which can be
achieved by doping ceria with a trivalent cationic oxide
(M,05). It creates extrinsic vacancies in the ceria lattice
based on the principle of charge compensation [26].
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Gorte et al. [27, 28] have shown that dopants like oxides
of Fe, Tb, Gd, Y, Sn, Sm, Pr, Eu, Bi, Cr, V, Pb and Mo
in ceria have different influence on different reactions
and the appropriateness of a dopant for a particular
reaction should be tested without generalizing. Studies
at Argonne National Laboratory (ANL) have shown
that Group VIII metals such as platinum, dispersed on
oxide-ion conducting supports such as gadoliniadoped
ceria are active catalysts for reforming a wide range of
hydrocarbons including natural gas, gasoline, and diesel
[29, 30]. The isobutane steam reforming kinetics on a Pt/
ceria/gadolinia catalyst will be discussed in this paper
without making a comparative study with other cata-
lysts on the activity.

The motivation for carrying out steam reforming is
that, in autothermal reforming, more than 70% of the
hydrogen on a dry basis is produced during the steam
reforming stage [31] and it is a slow reaction. It there-
fore becomes necessary to study the kinetics of steam
reforming as a step towards understanding autothermal
reforming in which, partial oxidation occurs first fol-
lowed by steam reforming. When hydrocarbons like
gasoline are reformed, they quickly break down to lower
hydrocarbons like C4 during the partial oxidation stage
and subsequently undergo steam reforming. Isobutane
was hence used as a model fuel for carrying out steam
reforming.

2. Experimental

The schematic diagram of the steam reforming reac-
tor is shown in figure 1. Isobutane of 99.9% purity and
ultra high purity nitrogen (99.99%) supplied by Air Gas

were mixed with deionized water fed by a syringe pump
(KD Scientific, model 100). The flow rate of the gases
was controlled by mass flow controllers (UNIT, 8100
series). The nitrogen was used as an internal standard
gas to account for the volume expansion factor. The
mixture entered a U-tube filled with SiC (Pfaltz &
Bauer, Inc.) to enhance mixing and at the same time was
heated to 160 °C by a heating tape wound around the
U-tube to convert water to steam. The temperature of
the vaporizer was monitored by a temperature recorder.
A pressure gauge in the gas inlet line monitored the
pressure in the system. From the U-tube, the gas mix-
ture entered a 0.35 inch quartz tube reactor containing a
quartz wool bed that supported the catalyst. A furnace
encompassing the quartz tube supplied the heat for the
reaction. The temperature of the furnace was set by a
temperature controller, which sensed the temperature
from a thermocouple at the top of the catalyst bed.
Another thermocouple monitored the bottom tempera-
ture of the catalyst bed. The products flowed to a con-
denser maintained at room temperature and a drierite
bed (anhydrous calcium sulfate), where the water
was removed. After removing most of the condensable
water, a sample was taken in a six-way valve and
injected into an HP 5890 Gas Chromatograph (GC)
with a Haysep DB packed column and a TCD detector.
The GC was connected to an SRI PeakSimple data
acquisition system.

The catalyst formulation was developed at Argonne
National Laboratory [29]. The catalyst denoted as 0.5%
Pt—-CGO-20, consisted of Pt (0.5 wt%) supported on
mixed oxide consisting of 80% ceria and 20% gadolinia
(Ceg3Gdp,019). The BET surface arca of the catalyst
was 36.5 m?/g.
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Figure 1. Schematic diagram of the steam reforming reactor.
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The reactions were carried out under integral and
differential conditions. The Integral conditions were
300-700 °C, 1.09 atm total pressure, 12,000 h~! GHSV
and 107 ml/min (STP) total flow rate. The catalyst
weight used was 0.5 g. Under differential conditions,
0.1 g of the catalyst mixed with 0.1 g of SiC was sub-
jected to steam reforming from 480-550 °C, 1.09 atm
total pressure, 55,400 h™' GHSV and 146 ml/min (STP)
total flow rate. Even though the partial pressure of the
reactants was changed, the total pressure was main-
tained at 1.09 atm by adjusting the partial pressure of
nitrogen. The water to carbon molar ratio was 2 (stoi-
chiometric ratio) in most of the reactions except during
the kinetic study. Under differential conditions, the
conversion of isobutane was maintained below 10%.
The reaction product was sampled after 1 h of reaction
at a particular condition until reproducible results were
obtained. In all experiments the catalyst was not pre-
treated.

3. Results and discussion
3.1. Integral reaction

The reaction yield (mol/mol of isobutane in the feed)
of products and isobutane conversion at different tem-
peratures under integral conditions is shown in figure 2.
The reaction was initiated at 300 °C and reached com-
pletion at 700 °C. The yield of H, and CO, increased
with temperature. Above 650 °C, the slope of H, and
CO, curves decreased and the CO yield increased sig-
nificantly with temperature. This was due to the reverse
water gas shift reaction (H,+ CO,<—~CO + H,0), which
can be corroborated from the fact that the Pt/CeO,
catalysts are very active for water gas shift reactions [16,
32]. Methane was detected at 400 °C and the yield
increased with temperature. The other minor byprod-
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ucts with a total molar composition of less than 1.5%
were ecthylene, ethane, propylene and propane (not
shown in the figure). The carbon balance between the
feed and the product was reasonable with a maximum
deviation of 11%.

The mol% of H,, CO, CO, and CH4 at 700 °C was
63, 15, 15 and 4% respectively, which was comparable
to the results reported in the literature when noble
metal/CeQO, (with or without a dopant) catalysts were
used for hydrocarbon steam reforming. Suzuki et a/. [33]
performed steam reforming of kerosene on a Ru/CeO,—
Al,O3 catalyst and observed a similar product distri-
bution at 800 °C. Breen et al. [34] carried out ethanol
steam reforming on a Pt/Ce0,/ZrO, from 350 to
700 °C. At 700 °C the product distribution was com-
parable to our result.

The reaction yield was compared with the equilibrium
yield of the reforming reaction. Kinetic factors also
influence the product distribution but equilibrium yield
provides a useful limiting case, especially at high tem-
perature. It was obtained using a chemical engineering
process simulation software package (Chemstations
ChemCAD 5.4), based on Gibbs free-energy minimiza-
tion. In the simulation the H,O/C ratio was 2 and all the
possible products namely H,, CO, CO,, CHy, C,Hy,
C,Hg, C3Hg, C3Hg and C were specified in the reactor
outlet stream. The simulation calculated the equilibrium
molar composition of the products as a function of
temperature from which the yield was calculated.
Figure 3 shows the equilibrium yield of the major
products from 300 to 700 °C. The H, and CO yield
increased with temperature. The CO yield increased
significantly after 500 °C. The CO, yield increased from
300 to 550 °C and then decreased. The calculated
equilibrium yields of H,, CO, and CO were similar to
the experimental yields especially at higher tempera-
tures. However, the calculated methane yield was
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Figure 2. Reaction yield of the products of isobutane steam reforming and conversion at different temperatures on the 0.5% Pt-CGO-20
catalyst.
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Figure 3. Equilibrium yield of the products of isobutane steam reforming at different temperatures.

highest at 300 °C and decreased with temperature. The
methane may have been produced from syngas that was
more plentiful at higher conversion.

3.2. Stability test

To study the kinetics of isobutane steam reforming
on the 0.5% Pt—-CGO-20 catalyst, the reaction was
carried out under gradientless conditions. Two major
factors were considered before the kinetic data for steam
reforming was obtained: (a) the stability of the catalyst;
and (b) the external and internal mass transfer limita-
tions. Experiments were carried out to find the appro-
priate conditions for these factors to be insignificant.

The stability of the 0.5% Pt—COO-20 catalyst tested
under differential conditions is shown figure 4. The

0.8

figure shows the rate of isobutane consumption as a
function of time at 550 °C for 160 h. The rate was cal-
culated using the formula

rib = Fip" Xip/ W (1)

where ry, is the rate of isobutane consumption; Fj, is the
molar flow rate of isobutane; X is the conversion of
isobutane; and W is the weight of the catalyst. The
catalyst showed a stable reforming rate of 0.42 with a
+0.05 millimol/s g standard deviation.

3.3. Mass transfer limitations

To examine the possibility of external mass transfer
limitations, differential steam reforming was carried out
under two different reaction conditions with the same
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Figure 4. Activity of the 0.5% Pt-CGO-20 catalyst for 160 h at 550 °C under differential conditions.
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catalyst size (0.9-0.3 mm). Under the first set of condi-
tions, the reaction parameters were the same as that of
the stability test. Under the second set of conditions, the
total flow rate was doubled to 292 ml/min by doubling
the molar flow rate of all the inlet gases. This resulted in
doubling the linear velocity of the feed along the length
of the reactor. The amount of the catalyst used was also
doubled to maintain the same space velocity. The rate
must remain the same if the reaction is not mass transfer
limited. Table 1 shows that the rate of isobutane con-
sumption at the two different inlet flow conditions were
the same, within experimental error. Under these flow
conditions, external mass transfer was negligible.

To examine the possibility of internal mass transfer
limitations, differential steam reforming was carried out
on a 0.13-0.10 mm size catalyst with the reaction
parameters the same as that of the first case in the
external mass transfer limitation test. The rate was
compared with that of the 0.9-0.3 min size catalyst. The
comparison is shown in table 1. The rates were the
same, within experimental error. In addition, the Weisz—
Prater criterion [35], used to determine if the internal
diffusion limits the reaction, was estimated to be 0.03
with the 0.9-0.3 mm catalyst, which was < <1, elimi-
nating the possibility of the internal diffusion limita-
tions. Based on the criterion the internal diffusion limits
the reaction when a 4 mm or higher size catalyst is used.

3.4. Kinetic data at different steam partial pressures

Kinetic data was obtained by changing the partial
pressure of the reactants at a constant total pressure of
1.09 atm, GHSV of 55,400 h™! and a total flow rate of
146 ml/min at different temperatures. About 0.1 g of the
0.9-0.3 mm 0.5% Pt—CGO-20 catalyst mixed with a
0.1 g of SiC was used. Under these flow conditions and
size of the catalyst, mass transfer limitations were
insignificant as shown earlier.

The partial pressure of steam was changed at a con-
stant isobutane partial pressure of 0.09 atm. The H,O/C
ratio was varied from 0.9 to 2.7 at four different tem-
peratures of 480, 500, 530 and 550 °C. The rate of iso-
butane consumption as a function of steam partial
pressure is shown in figure 5. The rate had a non-
monotonic dependence on the steam partial pressure at
all the temperatures. The drop in the reaction rate at
high steam partial pressures could be due to the excess

water molecules blocking the active sites, making them
unavailable for the isobutane to adsorb and take part in
the reaction.

3.5. Kinetic data at different isobutane partial pressures

Kinetic data was also obtained by changing the iso-
butane partial pressure at a constant steam partial
pressure of 0.6 atm. The H,O/C ratio was varied from
0.7 to 3.2 at four different temperatures of 480, 500, 530
and 550 °C. The rate as a function of the isobutane
partial pressure is shown in figure 6. The rate increased
and plateaued with the partial pressure of isobutane at
all the temperatures. The change in the slope of the line
occurred at a H,O to C ratio of 2, which could be due to
the saturation of active sites with isobutane.

An empirical model, of a Langmuir-Hinshelwood
form, was developed to best fit the kinetic data obtained
from the experiments

(koe™B/RD Ky K, Py Py,)
(14 K Py, + Ko P)

I'p = (2>
k, (frequency factor)=232 mol/s g cat atm?, K; (equi-
librium constant)=2811 atm™!, K, (equilibrium con-
stant) =406 atm™', E, (activation energy)= 110 kJ/mol,
R (ideal gas constant)=8.314 J/mol K

where ry, is the isobutane consumption rate, 7 (in K)
is the reaction temperature and P;, and P,, (in atm) are
the partial pressures of isobutane and water respectively.
Figure 7 is a plot along with the correlation factor
between the experimentally obtained rate data and the
rate data calculated from the model. It was the best
model that could be developed with the data available.
No mechanistic implications can be drawn from it.

The activation energy obtained from the model was
110 kJ/mol, which was close to the activation energy
obtained from the Arrhenius plot (108 +3 kJ/mol) as
shown in figure 8, and much higher than the 64+3 kJ/
mol obtained by Gorte et al. [24] for the steam
reforming of n-butane on a 1 wt% Pd/ceria catalyst.
This could be due to the difference it the composition of
the catalysts. To generate the Arrhenius plot, the rate of
isobutane consumption on the catalyst was calculated at
different temperatures under differential conditions. The
flow conditions for the reaction were the same as that of
the stability test. The samples were taken at 450, 480,
500, 530 and 550 °C after 1 h of reaction at a particular

Table 1

Rate of isobutane consumption at two different inlet gas flow rates and sizes of the 0.5% Pt-CGO-20 catalyst for mass
transfer limitation tests

External mass transfer

Internal mass transfer

Flow rate (ml/min) Catalyst size (mm)

Rate of isobutane consumption (millimol/s g)

146

292
0.405

0.9-0.3
0.39

0.13-0.10

0.39 0.395
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Figure 6. Effect of isobutane partial pressure on the reaction rate at a constant partial pressure of steam.

temperature until reproducible results were obtained. A
linear regression lire was drawn to fit the generated data
points. The slope of the line was used to calculate the
activation energy of the catalyst.

4. Conclusion

The major products of the isobutane steam reforming
in the presence of the 0.5% Pt—-CGO-20 catalyst were
H,, CO,, CO and CHy. The total molar composition of
the byproducts like ethane, ethylene, propane and pro-
pylene was less than 1.5%.

Under differential conditions, kinetic data was
obtained using the 0.5% Pt—-CGO-20 catalyst by
changing the steam and isobutane partial pressures at

different temperatures. At a constant isobutane partial
pressure, the rate had a non-monotonic dependence on
the steam partial pressure at all the temperatures. The
excess water molecules could have blocked the active
sites, making them unavailable for the isobutane to
adsorb and take part in the reaction.

When the partial pressure of isobutane was increased
at a constant steam partial pressure, the rate increased
and leveled off at all the temperatures. The rate was
independent of the partial pressure of isobutane above
the stoichiometric proportion of the reactants, which
could be due to the saturation of the active sites by
isobutane.

An empirical rate model that best fit the available
kinetic data was developed. The activation energy
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obtained from the model was close to the activation
energy obtained from the Arrhenius plot.
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