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A B S T R A C T

The influence of potassium addition on Pt supported on yttrium-stabilized zirconia (YSZ) was studied

with FT-IR CO adsorption and CO-FT-IR-TPD, in order to understand the effect of potassium on the

performance of the catalyst in reforming of mixtures of methane and ethane. Potassium modification of

PtYSZ strongly influenced the conversion and rate determining steps in methane and ethane in steam

reforming. Water activation is the rate determining step on PtYSZ, resulting in high surface coverage of

hydrocarbon fragments during steam reforming of mixtures of methane and ethane. This led to blocking

of active sites by ethane fragments and consequently low conversion of methane. If potassium is added

to the catalyst, hydrocarbon activation on Pt is rate determining, resulting in low surface coverage of

methane and ethane. As a result, competition effects of methane and ethane diminished on potassium

modified PtYSZ, enabling simultaneous conversion of methane and ethane. The weakening of the

interaction of the hydrocarbons with the Pt surface as a result of potassium addition is supported by the

fact that the interaction with CO is weakened, as observed with FT-IR-TPD.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Natural gas, mainly consisting of methane, is available in large
quantities and is becoming one of the major resources for energy
and chemicals. A new concept for utilization of methane has been
proposed by us, as discussed in detail in earlier work [1,2]. Shortly,
the intention is to combine oxidative coupling and inevitable
combustion with reforming reactions of methane (Eqs. (1)–(4)) in
one multifunctional autothermal reactor. This should lead to
production of ethylene and synthesis gas in one autothermal
process, in which the energy released in reactions (1) and (2) is
used to reform methane through reactions (3) and (4).

CH4þð1=2ÞO2 ! ð1=2ÞC2H4þH2O; DHr¼ �140 kJ=mol (1)

CH4þ2O2 ! CO2þ2H2O; DHr¼ �801 kJ=mol (2)

CH4þH2O ! 3H2þCO; DHr¼ 226 kJ=mol (3)

CH4þCO2 ! 2H2þ2CO; DHr¼ 260 kJ=mol (4)

For the complete process, two catalysts are needed, one for
oxidative coupling and other for the reforming reaction. This paper
reports about the steam reforming step (3) of the mixture
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produced in the oxidative coupling, containing methane, ethane
and ethylene. All these hydrocarbons are reactive in steam
reforming [3]. The main challenge in this project is to prevent
or limit the steam reforming of ethane and ethylene, while
methane should be effectively converted.

Pt supported on zirconia proved to be a stable catalyst in steam
and dry reforming of methane [4–7]. In earlier research [2], Pt
supported on yttrium-stabilized zirconia (YSZ) was found to be the
most suitable metal catalyst for steam reforming of single
reactants. However, in mixtures of hydrocarbons methane
conversion was suppressed by the presence of ethane or ethylene
[1]. It also was demonstrated that the presence of potassium on
PtYSZ (Pt4K700) prevents competition between methane and
ethane during steam reforming and relatively more methane can
be converted [1]. In accordance with literature [8–12], potassium
modified catalysts initially showed low activity. Potassium
modified catalysts activated with time on stream (TOS), which
was attributed to partial evaporation of potassium during steam
reforming. In the present paper, the characterization of the
catalysts is discussed.

An easily accessible technique to study the surface properties of
supported platinum catalysts is the adsorption of CO [13–15] (and
references therein). The addition of potassium to noble metal
catalysts is known to influence the electronic structure of the
surface atoms via modification of the metal particle potential
[16–20]. In turn, the electronic properties of the metal particle
have been related to their catalytic properties in hydrogenolysis,
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Table 1
Pt particle size determined by XRD and potassium content determined by XRF for

PtYSZ, Pt4K700act, Pt4K700fresh, Pt4K700act and Pt4K750initial.

Catalyst Pt content

(wt.%)

Average Pt

particle size

Potassium

content (wt.%)

PtYSZa 1.04 � 0.03 32 � 1 nm –

Pt4K700act 1.03 � 0.03 30 � 2 nm 0.90 � 0.03

Pt4K700fresh 1.03 � 0.03 31 � 3 nm 2.05 � 0.06

Pt4K750act 1.01 � 0.03 38 � 3 nm 0.85 � 0.03

Pt4K750fresh 1.01 � 0.03 38 � 3 nm 1.60 � 0.05

a Calcined at 750 8C.
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hydrogenation and oxidation reactions [13–15,21]. Usually char-
acterization studies are performed on small metal particles (few
nanometers). However, in the present study, the relevant
temperature window for steam reforming is between 700 and
800 8C, because of the integrated operation of reforming and
oxidative coupling. This means that Pt particles are relatively large
(10–100 nm); with the lower number of surface sites character-
ization becomes a challenging issue.

In this paper, reactivity of methane and ethane in steam
reforming on PtYSZ and potassium modified PtYSZ is investigated
and the catalysts are characterized with FT-IR spectroscopy. TPD of
CO on unmodified PtYSZ and potassium modified PtYSZ is used to
estimate trends in the adsorption strength of methane and ethane.
In addition to the kinetic data reported in [1], this study will
demonstrate the influence of the water concentration on steam
reforming of methane/ethane mixtures on PtYSZ and Pt4K700. The
kinetic data presented in both papers will be related to the
characterization data, resulting in an explanation why potassium is
preventing reactant competition between methane and ethane.

2. Experimental

Yttrium-stabilized zirconia (YSZ), obtained from TOSOH (TZ-
8Y) was used as support and was modified with 4 wt.% potassium.
About 15 g of YSZ was impregnated with 15 ml of an aqueous
K2CO3 solution, containing 1 g of K2CO3 and calcined in synthetic
air (30 ml min�1) for 4 h at 600 8C (temperature ramp 5 8C min�1).

Subsequently, a Pt loading of 1 wt.% was achieved via wet
impregnation with an aqueous solution of H2PtCl6 (Alfa Aesar),
containing 0.01 g Pt per ml. PtYSZ was calcined at 750 8C. The
potassium modified samples were calcined at two different
temperatures, 700 and 750 8C, respectively. Catalysts were
calcined in synthetic air (30 ml min�1) during 15 h (ramp
5 8C min�1). Next to PtYSZ, two potassium modified catalysts
were used, designated by initial potassium content (wt.%) and
calcination temperature: Pt4K700 and Pt4K750.

Activity tests were carried out in a micro-reactor flow setup.
The reactor consisted of a quartz tube with inner and outer
diameter of respectively 4 and 6 mm. Catalyst particles with a
diameter between 0.3 and 0.6 mm were used, resulting in a
pressure drop around 0.1 bar, when 200 mg of catalyst was loaded
between quartz wool plugs. The samples were heated to 500 8C in
argon and reduced in 2.5 vol.% H2 (Indugas 5.0)/Ar for 1 h (flow
rate: 200 ml min�1) before measuring the catalytic performance.
No significant activity for steam reforming of methane and ethane
was found for the support material YSZ at 700 8C. Also the
occurrence of gas phase reactions could be excluded based on
experiments with quartz particles of 0.3–0.6 mm.

Methane (Hoekloos 4.5) and ethane (Indugas 4.0) were mixed
with argon (Hoekloos 5.0) to a total flow rate of 200 ml min�1.
Measurements were performed at 700 8C. Water was added to the
gas mixtures with a Bronkhorst controlled evaporator mixer (CEM)
in combination with a Liquiflow controller. To ensure constant space
velocity, Ar flow was adjusted when water concentrations were
changed. The product and reactant gas composition was analyzed
with a Varian 3800 Gas Chromatograph equipped with two columns
(Molsieve 5A and PoraPlotQ) and two TCD detectors. Water was
analyzed in the PoraPlotQ column; the Molsieve column was
protected against water by a PoraPlotQ pre-column and a backflush
system. Argon was used as internal standard to correct for volume
changes during reaction. Kinetic data were measured in random
order for both PtYSZ and Pt4K700 at several methane and ethane
concentrations and initial activities are reported for Pt/YSZ. To avoid
any influence of catalyst deactivation on PtYSZ, a water/Ar mixture
was fed at reaction conditions during 15 min between the
measurements. This treatment was sufficient to fully reactivate
the catalysts. The apparent reaction rates of methane and ethane per
gram of catalyst were calculated based on the inlet and outlet
concentrations, corrected for the volume change.

Elemental composition of the catalysts was determined with
XRF on a Philips PW 1480 X-ray spectrometer. The structure of the
catalysts was studied with X-ray diffraction with a Philips PW1830
diffractometer using Cu Ka radiation, l = 0.1544 nm. XRD was
performed in reflection geometry in the 2u range between 208 and
708. Average Pt particle size was estimated using the Scherrer
equation [22]. Before XRD analysis of spent catalysts, samples were
cooled to room temperature in He and exposed to air.

The transmission FT-IR CO adsorption measurements were
carried out on a Bruker Vector 22 with MCT detector. A self-
supporting pellet was pressed, using 15 mg of the catalyst. Before
measurements the samples were reduced in 5 vol.% H2 at 400 8C
and subsequently cooled to room temperature in He. CO (Linde Gas
4.7) was absorbed at room temperature and subsequently
desorbed with a heating rate of 2 8C min�1.

3. Results

3.1. Catalyst characterization

It was reported in an earlier paper [1] that potassium modified
catalysts activated with time on stream during reforming of
methane and ethane mixtures. The apparent reaction rates initially
increased and stabilized after 200–800 min of reforming of the
methane and ethane mixture (a longer activation period was
required with higher initial potassium content of the catalysts).
The initial period of increasing activity will be referred to as
‘‘activation’’ in this paper. Potassium modified catalysts tested or
characterized after activation are indicated with ‘‘act’’. Catalysts
indicated with ‘‘fresh’’ were tested or characterized directly after
calcination. The unmodified PtYSZ was tested and characterized in
fresh state. PtYSZ showed initially the highest activity and slowly
deactivated as a result of carbon formation [1]. After measuring the
performance of PtYSZ for one specific set of experimental
conditions, the catalyst was regenerated following the procedure
described in [1], before the next experiment was performed.

Table 1 shows the Pt particle size for all catalysts, measured by
XRD - Line Broadening. All catalysts show Pt particles between 30
and 40 nm. Calcination of potassium modified PtYSZ at 700 8C
results in smaller Pt particles than calcination at 750 8C (Table 1). It
is shown that Pt particles of the potassium modified Pt4K750
(calcined at 750 8C) are significantly larger that Pt particles of
unmodified PtYSZ (also calcined at 750 8C) and Pt4K700 (calcined
at 700 8C). It is also shown in Table 1 that Pt particle size remained
unchanged during activation for both Pt4K700 and Pt4K750.

Potassium contents of fresh and used catalysts, as measured with
XRF before and after steam reforming reaction, are given in Table 1.
The potassium samples were initially impregnated with 4 wt.% of
potassium, and it was observed that calcination temperature
influences the remaining potassium content. Calcination at 700 8C
leads to 2.05 wt.% of potassium, calcination at 750 8C results in only



Fig. 1. FT-IR CO adsorption spectra at room temperature for PtYSZ, Pt4K700fresh

and Pt4K700act.

Table 2
Peak area between 2100 and 1900 cm�1 of FT-IR CO spectra of PtYSZ, Pt4K700act

and Pt4K700fresh as shown in Fig. 1 (integration interval between brackets).

Catalyst Band 2081 cm�1 Band 2000 cm�1

(2030–1950)

Band 1800 cm�1

(1880–1750)

PtYSZ 0.49 (2100–2000) – –

Pt4K700act 0.32 (2100–2000) – –

Pt4K700fresh 0.06 (2090–2050) 0.07 0.28
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1.6 wt.% remaining. About 50% of the potassium is lost on Pt4K700
and Pt4K750 during activation. Evaporation of potassium caused
deposition of small amounts of white deposits at cold spots
downstream in the reactor.

The FT-IR spectra of adsorbed CO to characterize the accessible
Pt surface are shown in Fig. 1. Results of potassium modified
samples are shown here for Pt4K700. For all samples 15 mg of
catalyst was used.

PtYSZ, Pt4K700act and Pt4K700fresh all showed a band at
2081 cm�1, attributed to CO linearly adsorbed on Pt [23]. This band
had a low intensity on Pt4K700fresh. Further, a broad band around
2000 cm�1 was found on Pt4K700fresh, which was assigned
previously to a direct ion–dipole interaction between K+ and linear
CO [24,25]. Also, a broad band around 1800 cm�1 was found on
Pt4K700fresh, ascribed to CO coordinated in bridged position.
Pt4K700act shows a larger peak at 2081 cm�1 compared to
Pt4K700fresh, while the bands at 2000 and 1800 cm�1 were
absent. The total integrated intensities for the different peaks are
given in Table 2. It should be noted that the area of the peak around
1800 cm�1 on Pt4K700 fresh is less accurate as the large peak
around 1700 cm�1 might partially contribute to its intensity.
Clearly, on Pt4K700act, the peak at 2081 cm�1 increased by a factor
5 compared to Pt4K700fresh. The total peak area of Pt4K700act is
still significantly smaller than of PtYSZ.
Fig. 2. CO desorption on PtYSZ (A) and Pt4K700act (B) versus temperature, monitored by t

every 8 8C, unless indicated otherwise in A.
H2 chemisorption and TEM analysis were also carried out with
all catalyst samples. However, Pt surface area was too small for H2

chemisorption method on potassium modified samples. TEM
analysis did not provide further information because of too low
transmission difference between Pt and the yttrium-stabilized
zirconia support.

3.2. CO desorption

Fig. 2A shows IR spectra of linearly adsorbed CO in a TPD
experiment on PtYSZ. The first spectrum was taken at 35 8C (used
in Fig. 1). The peak shifted to lower wave numbers with increasing
temperature. This can be explained by reduced dipole–dipole
coupling as a result of lower surface coverage of CO [26]. At 99 8C
the peak maximum was observed at 2070 cm�1. More pronounced
loss of intensity was observed when heating above 99 8C and CO
desorption is completed at 219 8C.

Fig. 2B shows IR spectra of linearly adsorbed CO on Pt4K700act
as a function of temperature. The first spectrum was taken at 25 8C
and shows linear Pt–CO adsorption at 2081 cm�1. The peak was
shifted to 2073 cm�1 when increasing temperature to 73 8C, while
the peak reduced around 10% in intensity. More pronounced
desorption starts already at 73 8C and is complete at 89 8C.

Fig. 3 shows the remaining CO fraction as a function of
temperature obtained by integrating the peak area of the spectra
shown in Fig. 2A and B, defining the initial surface coverage as 1. On
Pt4K700 CO desorption started approximately 25 8C lower in
temperature than on PtYSZ. Desorption of Pt4K700 is completed at
90 8C, while on PtYSZ more than 200 8C is needed to achieve total
desorption. Separate TPD experiments in a dedicated TPD
apparatus equipped with a mass spectrometer confirmed the
difference in temperatures necessary to desorb CO from PtYSZ and
Pt4K700 (not shown).
ransmission FT-IR spectroscopy. Heating rate was 2 8C min�1 and spectra are shown



Fig. 3. Remaining normalized CO on PtYSZ and Pt4K700 as a function of

temperature.

Table 3
Apparent reaction rates in mixture of methane (5 vol.%) and ethane (2.2 vol.%) for

PtYSZ, Pt4K700act, Pt4K700fresh, Pt4K750act and Pt4K750fresh. Conditions:

200 mg catalyst, 200 ml min�1 total flow, 700 8C, water concentration 12 vol.%.

Catalyst Reaction

rate CH4

(�10�6 mol/g s)

Reaction

rate C2H6

(�10�6 mol/g s)

Ratio of

reaction rates

(CH4/C2H6)

PtYSZ 10 12 0.83

Pt4K700act 9.4 8.5 1.11

Pt4K700fresh 2.1 1.9 1.11

Pt4K750act 7.8 7.2 1.08

Pt4K750fresh 1.1 1.0 1.10

Fig. 4. Apparent reaction rates (bars) and conversions (markers) in steam reforming

of a mixture of methane (~, 4.5 vol.%) and ethane (&, 1.7 vol.%) on PtYSZ versus

water concentration.

Fig. 5. Apparent reaction rates (bars) and conversions (markers) in steam reforming

of a mixture of methane (~, 4.5 vol.%) and ethane (&, 1.07–3.4 vol.%) on PtYSZ.

Water/carbon ratio 1.8 and water concentration increased from left to right: 12, 15,

18 and 20 vol.%.
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3.3. Catalyst performance

Table 3 shows the apparent reaction rates for methane and
ethane as obtained in steam reforming experiments of a mixture of
methane (5 vol.%) and ethane (2.2 vol.%) in argon. The correspond-
ing figures and more detailed results have been published earlier
[1] and are reported here for clarity reasons. As shown in Table 3,
the apparent reaction rates for both methane and ethane are
increasing on potassium modified catalysts with time on stream. It
was also demonstrated that, depending on initial potassium
content of the catalysts, stabilization of the rates was reached after
200 to 800 min of reforming of the methane and ethane mixture
[1]. The experiments reported in this paper are performed on
Pt4K700 after the initial activation, thus in stabilized state.

The influence of varying the water concentration on the
apparent reaction rates of methane and ethane in the feed was
compared on Pt4K700act and PtYSZ. The results for PtYSZ with a
mixture of methane (4.5 vol.%) and ethane (1.7 vol.%) are shown in
Fig. 4.

It can be seen that the apparent reaction rate of methane is
increasing with increasing water concentration. Methane conver-
sion increases from 34 to 50% when increasing the water
concentration from 10.9 to 21.5 vol.%. Ethane conversion was
almost complete for water concentrations of 14.7 vol.% and higher.

It should be noted that by changing the water concentration at
identical hydrocarbon concentration, the water to carbon ratio
changes, which could influence the apparent reaction rates as well.
For this reason, additional experiments were performed to
separate effects of ethane concentration and the water to carbon
ratio. In the experiments shown in Fig. 5, water concentration was
changed from 12 to 20 vol.%, while water/carbon ratio was kept
constant at 1.8 by adjusting the ethane concentration.

Methane concentration was kept constant at 4.5 vol.% and
ethane was varied between 1.07 and 3.4 vol.%. This means that the
methane/ethane feed ratio was changed from 4.3 to 1.3. At an
ethane concentration of 1.07 vol.%, a methane reaction rate of
2.3 � 10�5 mol/g s was found, corresponding to a conversion of
68%. Methane conversion was decreasing down to 5% when ethane
concentration was increased to 3.4 vol.%. It should be noted that
the methane concentration was not changed. Ethane conversion
level decreased from 98% at 1.07 vol.% to 65% at 3.4 vol.%.

A second series of experiments with constant water concentra-
tion (18 vol.%) and constant water to carbon ratio (1.8) was also
carried out (not shown). The ratio of methane to ethane feed was
changed from 1.1 to 5.7, keeping the total carbon concentration
constant. It was found that the total carbon conversion (calculated
in moles of C converted) increased with increasing methane to
ethane ratio (not shown).

Fig. 6 shows the influence of varying water concentration in
steam reforming of a methane (4.5 vol.%) and ethane (1.7 vol.%)
mixture on Pt4K700act. Water concentration was varied between
10.9 and 21.5 vol.%. In this series of experiments apparent reaction
rates of methane and ethane were independent of the water
concentration and thus conversions were constant, respectively
49% for ethane and 22% for methane.

4. Discussion

Potassium modified and unmodified PtYSZ show significant
differences in both catalytic performance and characterization
with XRD and FT-IR CO adsorption. The implications of the
obtained results for steam reforming of methane and ethane will
be discussed in the upcoming section. It should be noted that the
typical conversions of methane and ethane are well above 10% and
complying with general rules for differential experiments. There-
fore, the relationship between the properties of the Pt surface and



Fig. 6. Apparent reaction rates (bars) and conversions (markers) in steam reforming

of a mixture of methane (&, 4.5 vol.%) and ethane (~, 1.7 vol.%) on Pt4K700act

versus water concentration.
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the catalytic performance can only be qualitative. On the other
hand, it is ensured that the level of conversion does not approach
equilibrium in any case.

4.1. Catalyst characterization

Table 1 showed a Pt particle size of 30–40 nm for all catalysts. It
was reported earlier by Juan-Juan on Ni/Al2O3 [8], that addition of
potassium did not cause any change in Ni-particle size during
calcination. However, Pt particles in Pt4K750 (38 nm) are
significantly larger than Pt particles in unmodified PtYSZ
(32 nm) (both calcined at 750 8C); therefore, influence of
potassium on Pt sintering cannot be completely excluded based
on our observations. Further, Table 1 shows larger Pt particle size at
higher calcination temperature. In general, the calcination
temperature affects the size of supported metal particles. High
calcination temperatures result in larger metal particles due to
increased surface mobility and agglomeration of particles. The
difference in Pt particle size between Pt4K700act (30 nm) and
Pt4K750act (38 nm) (Table 1) can explain the slightly higher
reaction rates for Pt4K700act compared to Pt4K750act (Table 3).
The activity per Pt surface area unit is identical within 5% for
Pt4K750act and Pt4K700act, assuming hemispherical Pt particles
of 38 and 30 nm, respectively. Furthermore, the rates of conversion
of ethane and methane are in the same order of magnitude for
PtYSZ and potassium modified catalysts under the applied
conditions. However, it was observed that the apparent methane
reaction rate is only 6% higher on PtYSZ than on Pt4K700act, while
the apparent ethane reaction rate is 40% higher on PtYSZ (Table 3).

FT-IR characterization (Fig. 1) showed that three different CO
adsorption bands were found in Pt4K700fresh: linear coordinated
CO at 2081 cm�1, a band around 2000 cm�1 due to a direct ion–
dipole interaction between K+ and linear CO [24,25], and CO
coordinated in bridged position at 1800 cm�1 [16]. Generally, the
addition of potassium can lead to an electronic modification of
(small) supported metal particles, resulting in a preferred bridge
coordination of CO. Interestingly, in this study the average Pt
particle size is approximately 30 nm (Table 1), and still an effect of
potassium on the CO FT-IR spectra is observed. Because of the large
Pt particles the effect of potassium on adsorbed CO must be
localized. Furthermore, potassium loss during the activation
period (Table 1) led to increased intensity of CO adsorption at
2081 cm�1 and absence of the bands at 1800 and 2000 cm�1 for
Pt4K700act. In addition, linear adsorbed CO on PtYSZ and
Pt4K700act are at the same peak position (2081 cm�1), but on
PtYSZ this band was 1.5 times more intense than on Pt4K700act.
Table 1 already showed that Pt particle sizes are around 30 nm for
PtYSZ, Pt4K700fresh and Pt4K700act. All these observations lead to
the conclusion that on Pt4K700fresh, the platinum surface is partly
covered by potassium, which evaporates during the activation
period. As a result the infrared bands at 1800 and 2000 cm�1

disappeared and the intensity at 2081 cm�1 significantly
increased. Nevertheless, the lower amount of accessible surface
sites on Pt4K700act compared to PtYSZ (Table 2) indicates that
after activation still part of Pt surface in Pt4K700act is covered with
potassium.

Methane and ethane reaction rates increased with a factor
higher then 4 with time on stream for both potassium modified Pt
catalysts. The corresponding figures were discussed in previous
work [1] and are summarized in Table 3. It is shown in Table 1 that
Pt particle size of Pt4K700 and Pt4K750 does not change during
catalyst activation, indicating that redistribution of platinum can
be excluded. It was further found that the potassium content
significantly decreased during activation (shown in Table 1),
indicating that potassium content and catalyst activity are related.
The higher apparent reaction rates after activation combined with
the increase in accessible metal surface as determined with FT-IR,
suggest that on Pt4K700act hydrocarbon activation on Pt is rate
determining under the present reaction conditions. Moreover, the
ratio of reaction rates between methane and ethane clearly
increased with potassium addition and remained constant during
the activation period of Pt4K700 and Pt4K750 (Table 3). For this
reason, we propose that initially two types of potassium are
present on the potassium modified catalysts. Type I only blocks
active Pt sites and is gradually evaporating from the metal surface
during activation, as indicated by the increased number of active
sites after reaction and absence of the direct Pt K+ CO adsorption
band at 2000 cm�1 and bridged CO band at 1800 cm�1 in
Pt4K700act. The second type of potassium proved to be more
stable, as the potassium content did not change during reaction
between 20 and 85 h of time on stream, after activation had taken
place [1]. The fact that potassium of type II is not lost, suggests a
stronger interaction with either the YSZ support material or with
Pt. It is proposed that the stable type of potassium influences the
ratio of reaction rates of methane and ethane by modifying the
surface properties of Pt or the support.

4.2. CO desorption in FT-IR-TPD

CO temperature programmed desorption has been widely
studied [27] and used in investigation of catalytic systems [28,29].
TPD studies in IR spectroscopy have been used earlier by Visser
et al. [15]. The intention of their experiments was to relate
observations of CO adsorption strength to reactivity of hydro-
carbons found in kinetic experiments, as reported earlier in
literature on hydrogenolysis, hydrogenation and oxidation reac-
tions [13–15,21].

Here, it was found in FT-IR and CO desorption experiments that
CO release from the Pt surface occurred at lower temperature when
potassium was added (Figs. 2 and 3). It was also observed that CO
desorption was completed at lower temperature on Pt4K700
compared to PtYSZ (Fig. 3). The data convincingly show weaker CO
bonding as a result of the addition of potassium.

Kuriyama et al. [17,30] and Derrouiche et al. [16,31] also
investigated interaction of CO on potassium modified Pt/Al2O3

with FT-IR. Derrouiche reported IR bands on 2.9 wt.% Pt/10 wt.% K/
Al2O3 located at 2074, 1990 and 1795 cm�1, comparable to our
results in Fig. 1. The intensity of the peak of linear CO on Pt
decreased significantly as a result of potassium addition, in
agreement with our results in Fig. 1. TPD experiments by Kuriyama
showed complete CO desorption at about 150 8C lower tempera-
ture on potassium modified 10 wt.%K/2 wt.%Pt/Al2O3 as compared
to Pt/Al2O3, clearly showing weaker adsorption of CO. This is in
agreement with our results in Fig. 3, showing a similar difference of



Table 4
Total number of carbon atoms converted in the experiments shown in Fig. 5, [CH4] =

4.5 vol.%, H2O/C ratio 1.8.

Water (vol.%) 12 15 18 20

Ethane (vol.%) 1.07 1.9 2.6 3.4

Total C conversion (�10�5 mol/g s) 3.1 4.0 3.6 3.5

Carbon converted (%) 46.7 48.2 37.1 31.0
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130 8C in temperature is needed to achieve complete desorption on
Pt4K700 versus PtYSZ.

Derrouiche et al. determined the heat of adsorption with the
Adsorption Equilibrium Infrared method (AEIR) on 2.9 wt.% Pt/
10 wt.% K/Al2O3 [16] and reported a significant decrease in heat of
adsorption of linear CO species and a strong increase in heat of
adsorption for bridged CO species as a result of potassium addition
to Pt. This completely agrees with our results in Fig. 3, showing a
weaker interaction for linear CO species at 2081 cm�1 on
Pt4K700act, which had only linear CO species present on the
surface (Fig. 1). Obviously, the C–O stretch frequency, which is
identical for PtYSZ and Pt4K700act, does not reflect the Pt–CO bond
strength.

Bengaard et al. [32] observed weaker adsorption of hydro-
carbons on Ni catalysts after adding potassium: a strong decrease
in methane adsorption was found when potassium was added,
resulting in slow hydrogen–deuterium exchange for methane
compared to the unmodified catalyst Ni catalyst. Cassuto et al.
found more loosely bonded ethylene on potassium modified
platinum surfaces [33]. Summarizing the results in literature, it is
claimed that hydrocarbon adsorption on Pt can be weakened by
addition of potassium to Pt or Ni catalysts. We propose, based on
our results on CO desorption, that weakening of hydrocarbon
adsorption occurs when modifying PtYSZ with potassium. The
effects on kinetics on PtYSZ and Pt4K700 will be discussed below.

4.3. Steam reforming reaction mechanism on PtYSZ

For methane reforming, Wei and Iglesia [34,35] proposed
dissociative adsorption as the rate determining step in methane
activation: CH4, gas! CH3(ads) + H(ads). This means that the hydro-
carbon surface coverage is low and reaction proceeds rapidly after
dissociation of methane. Reaction to CO occurs as soon as the
carbon atom is completely dehydrogenated. In literature, debate
exists about the activation of water on Pt catalysts in steam
reforming at high temperature: several sources claim a bi-
functional mechanism for reforming reactions on Pt, proposing
hydrocarbon activation on the Pt atoms and water activation on
the support [36–38]. On the other hand, Wei and Iglesia [34,39,40]
argued that water activation is a relatively fast step, implying that
the question on which sites water is activated is not relevant for
reaction kinetics.

To the best of our knowledge no detailed mechanism has been
reported for steam reforming of ethane, but ethane hydrogenolysis
has been investigated in detail on Pt and Ni catalysts [41–43]. It
was reported that activity trends in steam reforming and ethane
hydrogenolysis are comparable on supported Ni catalysts [9],
suggesting similar mechanisms for ethane activation in both
reactions. In hydrogenolysis, activation of ethane on Pt or Ni takes
place through dissociative adsorption on the surface (5), creating
adsorbed ethylidyne and an hydrogen atom [41–43]:

C2H6 ! CH3CH2ðadsÞ þHðadsÞ (5)

CH3CH2ðadsÞ ! CH2ðadsÞ þCH3ðadsÞ (6)

CH3CH2ðadsÞ ! CH2CH2ðadsÞ þHðadsÞ (7a)

CH3CH2ðadsÞ ! CH3CHðadsÞ þHðadsÞ (7b)

CH3CHðadsÞ ! CH3CðadsÞ þHðadsÞ (7c)

Two pathways are possible after formation of the CH3CH2

fragment: (i) the CH3CH2 fragment can either split into a CH3 and a
CH2 fragment after adsorption (6) or (ii) further abstraction of
hydrogen atoms can occur (7a + 7b + 7c) [41,42]. Both processes
require additional empty surface sites. The C–C splitting is favored
for the CH3CH2 fragment on Pt [41,42]. After C–C splitting, further
dehydrogenation of CHx can occur, similar to the mechanism for
methane, and subsequent conversion to CO is possible as explained
above.

If further abstraction of hydrogen atoms on CH3CH2 fragments
occurs (7a + 7b + 7c), much less reactive surface intermediates are
formed, occupying the Pt sites. It is claimed that CCH3-fragments
on the Pt surface are the most stable species that block the Pt
surface sites [41,42]. Very low reactivity of the CCH3-species on the
surface was also reported by Anderson and Choe [44] in ethylene
dehydrogenation on platinum.

Our study focused on steam reforming of methane/ethane
mixtures, requiring activation of both hydrocarbons on PtYSZ.
Competition between methane and ethane in steam reforming was
observed on PtYSZ (Fig. 5). This leads to the proposition that
methane and ethane are indeed activated on the same Pt sites. The
water concentration was also found to influence reaction rates in
ethane/methane mixtures on PtYSZ as shown in Fig. 4: higher
apparent reaction rates with increasing water concentration show
that water activation on this catalyst is a limiting factor. This
suggests that the Pt surface is highly covered with fragments
originating from dissociative adsorption of methane and/or
ethane.

The results in Fig. 5 show that the relative increase of the
apparent reaction rates with higher water concentration is smaller
than the decreasing effects caused by the increasing ethane
concentration. This is confirmed by the total molar carbon
conversion in the experiments of Fig. 5, as shown in Table 4
(reaction of methane counts for one carbon atom converted, while
ethane counts for two atoms). With higher ethane concentration in
the feed, the percentage of carbon converted is decreasing, even
when the water concentration is increased proportionally. Fig. 5
thus shows that the methane reaction rate strongly decreased if
more ethane is present, and that high methane conversions are
only possible if ethane is converted completely, confirming
competition between methane and ethane on the platinum
surface.

Furthermore, in Fig. 5, ethane conversion decreased from 98% at
1.07 vol.% to 65% at 3.4 vol.%, implying that the apparent reaction
order in ethane is smaller than 1. This indicates a self-poisoning
effect due to blocking of active sites by ethane fragments. The
creation of stable C2 intermediates as reported by Cortright et al.
[41,42] on the Pt surface could be a reason for limited adsorption
and activation of methane at higher ethane concentrations (Fig. 5).
Higher ethane concentrations create more stable C2-fragments on
the Pt surface, leaving a lower percentage of the active sites open
for methane dissociation and reaction to CO and H2. It is concluded
that ethane induces a high surface coverage of C2Hy fragments and
water activation becomes the rate limiting step in mixtures of
methane and ethane on PtYSZ.

4.4. Steam reforming reaction mechanism on Pt4K700

The addition of potassium could affect the apparent reaction
rates of methane and ethane in steam reforming in two ways:
potassium either influences the activation of water or modifies the
activation of the hydrocarbons, methane and ethane. In literature it
is stated that potassium can indeed enhance water activation on
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the support [45,46], but as indicated earlier, there is no agreement
in literature on the kinetic relevance of water activation on the
support on steam reforming [34–38,40].

In our experiments with Pt4K700, it was observed that a
changing water concentration had no influence on apparent
reaction rates for both methane and ethane (Fig. 6), in contrast
to PtYSZ (Fig. 4). With the addition of potassium to PtYSZ, the
competition between ethane and methane was diminished, as
reported in an earlier paper [1]. First order kinetics in methane
and ethane was reported, indicating low surface coverage of
both hydrocarbons, even in mixtures of methane and ethane.
The apparent first order in both methane and ethane suggests
that hydrocarbon activation on Pt is the limiting step on
Pt4K700 and activation of water is not kinetically relevant, as
observed in Fig. 6. The conclusion that hydrocarbon activation is
rate limiting on Pt4K700 is also in agreement with the
observation that increasing the number of accessible Pt sites
with TOS (Fig. 1) is accompanied by an increase in catalytic
activity.

In an earlier paper [1], a lower activity was reported for the
potassium modified catalysts during steam reforming of the single
hydrocarbons ethane and methane, as compared to the unmodified
Pt/YSZ catalyst. For methane the activity decreased by 60%, while
for ethane reaction rate decreased by 33%. The IR experiments in
this work indicate that potassium weakens the interaction with
methane and ethane, leading to lower surface coverages of
methane and ethane. The lower surface coverages can explain
the observed lower reaction rates of methane and ethane on
Pt4K700 as compared to PtYSZ.

Interestingly, contrary to the rate limiting step found for Pt/YSZ,
the rate limiting step of hydrocarbon activation on Pt4K700 is well
in agreement with the mechanism proposed by Wei and Iglesia
[34,35,40]; competition effects as observed on PtYSZ, leading to
high surface coverage, were eliminated on potassium modified
catalysts. In conclusion, our results show that adsorption for both
ethane and methane was reduced on potassium modified PtYSZ.
Blocking effects by ethane as observed on PtYSZ could be
eliminated by reducing the alkane adsorption strength. However,
this also resulted in reduced adsorption of methane, leading to
lower reactivity for both hydrocarbons.

5. Conclusion

Potassium modification of PtYSZ strongly influenced the
conversion and rate determining steps in methane and ethane in
steam reforming. Water activation is the rate determining step
on PtYSZ, resulting in high surface coverage of hydrocarbon
fragments during steam reforming of mixtures of methane and
ethane. This led to blocking of active sites by ethane fragments
and consequently low conversion of methane. If potassium is
added to the catalyst, hydrocarbon activation on Pt is rate
determining, resulting in low surface coverage of methane and
ethane. As a result, competition effects of methane and ethane
diminished on potassium modified PtYSZ, enabling simultaneous
conversion of methane and ethane. The weaker interaction of the
hydrocarbons with the Pt surface due to potassium addition is
also reflected in the lower adsorption strength of CO as found
with CO-FT-IR-TPD.
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