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Rh/CeO2–ZrO2 catalysts with various CeO2/ZrO2 ratios have been applied to H2 production from ethanol steam reforming at

low temperatures. The catalysts all deactivated with time on stream (TOS) at 350 �C. The addition of 0.5% K has a beneficial effect

on catalyst stability, while 5% K has a negative effect on catalytic activity. The catalyst could be regenerated considerably even at

ambient temperature and could recover its initial activity after regeneration above 200 �C with 1% O2. The results are most

consistent with catalyst deactivation due to carbonaceous deposition on the catalyst.
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1. Introduction

Hydrogen as a clean energy carrier has attracted
significant interest. Commercially, methane steam
reforming (MSR) is the primary method to produce
hydrogen [1]. Due to transportability, liquid fuels such
as methanol and ethanol are other candidates for
hydrogen production via reforming. Methanol
reforming has been considered extensively for the
hydrogen production on account of its advantages of
ready availability, absence of sulfur impurities, and
ease of reforming at low temperatures [2–4]. However,
methanol is toxic and may not be a renewable source.
On the other hand, bio-ethanol is non-toxic and
renewable, and can be produced by the fermentation
of biomass-derived compounds. Ethanol produced
from biomass is a nearly CO2 neutral product. As a
consequence, ethanol steam reforming is gaining
increasing interest as a possible method for hydrogen
production [5–12].

Compared to methanol steam reforming, ethanol
steam reforming reaction pathways are more compli-
cated due to the presence of a C–C bond. Ethanol
steam reforming has been studied over transition met-
als and noble metals [8–17]. Rh catalysts have been
favored for ethanol steam reforming because they show
the greatest activity toward C–C bond cleavage [11,12].
Ethanol steam reforming has been more widely studied
over the temperature range 600–700 �C, because high
H2 selectivity can be thermodynamically achieved at
these high temperatures [18–21]. However, high

temperature reforming favors co-production of CO,
resulting in a loss of potential H2 yield (due to the lack
of favorable water gas shift equilibrium) and requiring
significant down-stream CO minimization for PEM fuel
cell applications. This adversely affects overall system
efficiency due to heat losses and increases the capital
cost for necessary hardware. As a result, low temper-
ature ethanol reforming is an attractive alternative and
has been studied by several researchers [8,22–25]. Ra-
ney Cu–Ni catalyst has recently been reported to
exhibit stable activity for low temperature ethanol
reforming (250–300 �C) [22]. However, hydrogen yield
is lower from ethanol steam reforming with this cata-
lyst. Oxidative steam reforming has also recently been
studied to improve the low temperature ethanol steam
reforming activity and hydrogen yield [8]. Introduction
of oxygen as air has the disadvantage diluting the
hydrogen product with N2, which lowers fuel cell effi-
ciency. The alternative, air separation, may be pro-
hibitive economically. The challenge with low
temperature ethanol steam reforming is to develop
catalysts which are sufficiently active, and have high
selectivity toward H2 over CH4. To do this requires
kinetic control of the reforming process, since methane
is the thermodynamically favored product. Recently,
we have reported that Rh/CeO2–ZrO2 is selective to H2

at low temperatures for ethanol steam reforming at
350 �C [26]. However, the Rh/CeO2–ZrO2 catalysts
deactivate fairly rapidly.

The objective of this study was to elucidate the
catalyst deactivation on Rh/CeO2–ZrO2 catalysts
operating at low temperatures, and to develop facile
methods of regeneration, if possible, at these same low
temperatures.
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2. Experimental

CeO2–ZrO2 supports with various Ce/Zr ratios were
prepared by a co-precipitation method [27, 28]. Stoi-
chiometric quantities of zirconyl nitrate solution
(20 wt% ZrO2 basis, MEL Chemicals) and Ce-nitrate
(99.9%, Aldrich) were combined in distilled water. To
this solution 15% ammonia solution was added drop-
wise at 80 �C to attain a pH of 10. The precipitate was
digested at 80 �C for 3 days. After that, it was washed
with distilled water several times and then air-dried for
48 h followed by drying at 110 �C for 6 h. Supported
Rh catalysts (Rh = 2 wt%) were prepared by the
incipient wetness method using a Rh nitrate solution.
The catalysts were calcined at 500 �C for 6 h in air.

The BET surface areas were measured by nitrogen
adsorption at ) 196 �C using a Micromeritics (ASAP-
2400) surface area measurement apparatus. H2 pulse
chemisorption measurements were performed with an
ASDI RXM-100 apparatus using the pulse equilibrium
adsorption method. About 0.2 g of catalyst was placed
in a quartz reactor. Before pulse chemisorption, the
sample was reduced in 5% H2/Ar at 350 �C for 1 h and
evacuated at this temperature for 15 min before being
cooled to ) 196 �C while evacuating. The total adsorp-
tion isotherm was measured volumetrically by consec-
utively expanding hydrogen trapped in a calibrated
sample loop into the reactor containing the catalyst
sample. The physisorption isotherm was measured
similarly after a 10 min evacuation. Hydrogen chemi-
sorption at ) 196 �C was determined as the difference
between the total adsorption and physisorption iso-
therms. The catalyst sample was thereafter heated in 5%
H2/Ar at 350 �C for 10 min, evacuated at this temper-
ature for 15 min and cooled to 20 �C under vacuum
before being subjected to an additional H2 chemisorp-
tion measurement at room temperature. 5% H2/Ar and
H2 (ultra high purity, 99.999%) were used without fur-
ther purification.

Temperature programmed oxidation (TPO) experi-
ments were performed as follows. The ethanol steam
reforming reaction was carried out in a 6 mm quartz
micro-reactor under conditions similar to those used
during activity experiments. The ethanol/water feed was
discontinued at the chosen final reaction times and the
reactor was rapidly removed from the furnace and
allowed to cool to ambient temperature under a flow of
He. The purge gas composition was subsequently
changed to 2.4% O2 in He with about 28 cm3/min total
flowrate. The system was allowed to equilibrate for
about 1 h before the temperature was ramped at a rate
of 10 �C/min up to 800 �C where it was held for 2 h. The
effluent gas composition was monitored with an MKS
PPT mass spectrometer system by recording the ion
signal corresponding to M/z = 44 (CO2). The amount
of CO2 generated was quantified from recorded peak

areas using calibrations with CO2 + He gas mixtures of
known concentration.

Catalytic activity measurements were conducted at
1 atm with a fixed-bed micro-tubular quartz reactor
having an inner diameter of 4 mm. The catalyst charge
was 50 mg, and SiC was used as a catalyst diluent. A
thermocouple was inserted into the catalyst bed to
measure the reaction temperature. Prior to each cata-
lytic measurement, the catalyst was reduced in H2/N2

(10% H2 in vol.) at 350 �C for 1 h. Reactions were
carried out at a steam to carbon ratio of 4 (H2O/EtOH
= 8). A mixture of ethanol and water was fed using a
syringe pump and was vaporized at 250 �C upstream of
the reactor [29]. The reformate was chilled, passed
through an ice-trap to condense residual water and
ethanol, and then flowed to the on-line gas chromato-
graph (GC) for analysis. An Agilent micro-GC with
Molesieve 5A and PoraPlot Q columns was used in this
study.

Following reaction, some catalyst samples were
cooled to different temperatures and purged (30 min)
under a flow of 50 cm3/min N2, and then subjected to in-
situ regeneration in 1% O2 while monitoring the CO2

concentration in the effluent. The amount of CO2 eluted
was quantified by time integration of the CO2 elution
curve.

Ethanol conversion was calculated using a carbon
balance on the gas phase products. N2 was introduced as
a reference gas to calculate the carbon balance. Traces
of acetaldehyde, acetone and acetic acid were detected in
the condensed liquid product but were not quantified
within this study. The equations used in this study are as
follows:

EtOH conversion ¼ Carbonout in gas phase=Carbonin: ð1Þ

CO2 selectivity was calculated using the carbon balance
in the product gas stream. CO2 selectivity is defined as
follows.

CO2 selectivity ¼ CO2=ðCH4 þ COþ CO2 þ 2C2H4Þ:
ð2Þ

CH4, CO and C2H4 selectivities were also calculated
using the carbon balance in the effluent. H2 yield is
defined as:

H2 yield ¼ moles of H2 produced=moles of EtOH fed:

ð3Þ

3. Results and discussion

3.1. Characterization

Table 1 summarizes the BET surface areas of the
catalysts used in this study. The BET surface area of Rh/
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Ce0.8Zr0.2O2 is 61 m2/g. The BET surface area increases
with increasing ZrO2 content. The BET surface area of
Rh/Ce0.2Zr0.8O2 is 98 m2/g.

It is known that accurate Rh dispersion is hard to
estimate from H2 chemisorption at ambient due to the
hydrogen spillover from Rh to CeO2–ZrO2 [30,31].
Thus, H2 chemisorption was carried out both at ambient
temperature and at 77 K. It was assumed that the effect
of the hydrogen spillover from Rh to CeO2–ZrO2 is
minimal at 77 K. The resulting Rh dispersion values
were calculated from the H2 chemisorption results and
are provided in table 2. At 77 K, all the catalysts
showed approximately 25% dispersion. On the other
hand, apparent Rh dispersion measured at ambient
temperature increased with increasing CeO2/ZrO2 ratio.
This indicates that the hydrogen spillover is occurring
and correlates with CeO2 content.

3.2. Reaction results

It is known that supports with redox properties
enhance the reducibility of the supported metal and
have desired properties in promoting the water gas shift
(WGS) reaction. Among these supports, the Ce1-x-ZrxO2

system is known to have high oxygen storage capacity
(OSC), redox capability, and thermal stability [32–35].
As a result, the Ce1-x-ZrxO2 system has been investi-
gated for catalytic methane reforming [36–38]. Consis-
tent with this, we have recently reported that Rh/CeO2–
ZrO2 is selective to H2 production over CH4 formation
at low temperatures with ethanol feedstock [26].

In this study, the CeO2/ZrO2 ratio was systematically
varied to evaluate the effect of the CeO2/ZrO2 ratio on
ethanol steam reforming. Table 3 summarizes the etha-
nol steam reforming testing results on these catalysts. It
is clear that the Rh/Ce0.8Zr0.2O2 catalyst exhibits the
highest H2 yield among the catalysts tested in this study.
This catalyst shows the lowest CH4 selectivity and the
highest CO2 selectivity. H2 yield increase correlates with
increasing CeO2/ZrO2 ratio. The trend of CO2 selectivity
is similar to that of H2 yield, consistent with the WGS
reaction being favored especially with supports having
high CeO2 content. In terms of stability, only the Rh/
Ce0.2Zr0.8O2 catalyst deactivated with time on stream
under these test conditions, decreasing to 95% conver-
sion at TOS of 10 h.

Based on the apparent deactivation of the Rh/
Ce0.2Zr0.8O2 catalyst, we decided to investigate activity
maintenance with the series of Rh/Ce–Zr catalysts. To

see the catalyst deactivation behavior within a short
time period, the space velocity was increased to
243,000 cm3/gcat-h (table 4). Initially, all the catalysts
showed 100% conversion, and all deactivated with time.
The Rh/Ce0.2Zr0.8O2 catalyst showed the most severe
deactivation, with conversion declining to 14% by 7 h.
The deactivation rate is strongly dependent upon the
CeO2/ZrO2 ratio. The Rh/Ce0.8Zr0.2O2 catalyst is more
stable than other catalysts in ethanol steam reforming,
which may be a result of increased oxygen storage
capacity [27,38]. Figure 1 shows the ethylene selectivity
increase with time over the Rh/CeO2–ZrO2 catalysts.
The catalyst deactivation is closely correlated with eth-
ylene formation. Because ethylene is considered a car-
bon precursor, it is likely that the catalyst deactivation is
due to carbonaceous deposition.

To further evaluate the performance of the Rh/
Ce0.8Zr0.2O2 catalyst, experiments were conducted at
temperatures as low as 350 �C at a high space velocity
(480,000 cm3/h/gcat-h) in order to reduce the initial
conversion below 100% (figure 2). Initially, ethanol
conversion is around 70% and decreases to 6% after

Table 1

BET surface area of supported Rh catalysts (Rh = 2 wt%) used in

this study

Catalyst Rh/Ce0.8
Zr0.2O2

Rh/Ce0.6
Zr0.4O2

Rh/Ce0.4
Zr0.6O2

Rh/Ce0.2
Zr0.8O2

BET S.A. (m2/g) 61 64 83 98

Table 2

H2 chemisorption results at 77 K and RT over supported Rh catalysts

Catalyst Apparent Rh dispersion

77 K 293 K

Rh/Ce0.8Zr0.2O2 25.3% 46.3%

Rh/Ce0.6Zr0.4O2 26.8% 33.0%

Rh/Ce0.4Zr0.6O2 21.0% 27.3%

Rh/Ce0.2Zr0.8O2 25.8% 23.2%

Table 3

The effect of CeO2/ZrO2 ratio on EtOH steam reforming at 450 �C
and 133,000 cm3/gcat-h space velocity

Catalyst XEtOH

(%)

H2/EtOH

(m/m)

SCH4

(%)

SCO
(%)

SCO2

(%)

Rh/Ce0.8Zr0.2O2 100 4.3 25 11 64

Rh/Ce0.6Zr0.4O2 100 4.0 26 18 56

Rh/Ce0.4Zr0.6O2 100 3.8 27 20 53

Rh/Ce0.2Zr0.8O2 95 3.6 28 21 50

All the data were measured at the TOS of 10 h.

Table 4

The effect of CeO2/ZrO2 ratio on EtOH steam reforming at 450 �C
and 243,000 cm3/gcat-h space velocity

Catalyst XEtOH

(%)

H2/EtOH

(m/m)

SCH4

(%)

SCO
(%)

SCO2

(%)

Rh/Ce0.8Zr0.2O2 61 2.6 19 43 37

Rh/Ce0.6Zr0.4O2 57 2.2 23 47 30

Rh/Ce0.4Zr0.6O2 46 1.8 24 36 39

Rh/Ce0.2Zr0.8O2 14 0.6 22 20 53

All the data were measured at the TOS of 7 h.
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5 h. To suppress ethylene formation, potassium (as
KOH) was added to the Rh/Ce0.8Zr0.2O2 catalyst. Fig-
ure 2 shows the effect of K on ethanol conversion to gas
phase products. It is obvious that the effect of K is
significant on catalytic activity and stability. In the case
of the 0.5% K-promoted catalyst, ethanol conversion is
12% at 350 �C (TOS = 300 min), which is twice that of
the un-promoted catalyst. Initial ethanol conversion is
around 47% with the 0.5% K-promoted catalyst, which
is 20% lower than that of the un-promoted catalyst.
Thus, it can be concluded that 0.5% K addition
decreases the initial activity but increases the stability.
On the other hand, the 5% K-promoted catalyst exhibits
2% conversion at TOS of 1 h, indicating that this high
concentration has a negative effect on catalytic perfor-
mance. Tests with a Rh/Ce0.8Zr0.2O2 catalyst that was
washed with a 2 wt% KOH solution and then rinsed
with DI water prior to reduction indicated no significant
change in catalyst behavior compared to the unpro-
moted catalyst.

To further understand the nature of the catalyst
deactivation, the Rh/Ce0.8Zr0.2O2 catalyst was regener-
ated with 1% O2 at different temperatures (figure 3). It
is surprising to see that the catalyst treated at ambient
temperature shows sufficient regeneration to provide
25% ethanol conversion initially, which decreases to 6%
after 100 min. For the catalyst regenerated at 150 �C,
ethanol conversion is initially 45% and then drops to
7% after 100 min. In the case of the catalyst regenerated
at above 200 �C, the initial conversion is around 65%
and decreases to about 10% after 100 min. The results
indicate that the catalyst can be at least partially
regenerated with 1% O2 at low temperature, with extent
of regeneration increasing above 200 �C. During
regeneration with 1% O2, CO2 was detected using GC-
TCD detection at ambient temperature as well as above
200 �C (table 5). It is likely that Rh oxidizes carbona-
ceous deposit to produce CO2. As a result of these
experiments, it is concluded that the catalyst deactiva-
tion is due to carbonaceous deposition on catalyst.

To quantify the amount of carbonaceous material
formed during the ethanol steam reforming reaction,
TPO was combined with in-situ regeneration of the
spent catalysts. Deposited carbonaceous build up was
calculated from integrating the CO2 quantities evolved.
Figure 4 shows CO2 evolved during TPO and residual
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Figure 1. Ethylene selectivity with TOS over Rh/CeO2–ZrO2 catalysts
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Figure 2. Effect of K on ethanol conversion to gas phase over the Rh/

Ce0.8Zr0.2O2 catalyst at 350 �C and 480,000 cm3/gcat-h space velocity.
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Table 5

Summary of TPO/in-situ regeneration results

Catalyst age

(mol EtOH fed/g)

TOS

(min)

XEtOH

(%)

CO2

(mmol/gcat)

CO2 peak

(�C)

0.8 40 29 0.26 210

1.4 70 17 0.31 210

6.3a 310 6 1.02 –

6.3b 310 6 0.39 –

aIn-situ regeneration at 200 �C.
bIn-situ regeneration at 20 �C.
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ethanol conversion as a function of catalyst age. Table 5
summarizes the TPO/in-situ regeneration results. It is
obvious that carbonaceous material deposited on the
catalyst increases with catalyst age, consistent with
progressive catalyst deactivation. The maximum accu-
mulation of carbonaceous intermediates measured was
about 0.9 mmol/gcat (figure 4). This represents a signif-
icant excess when compared with 0.2 mmol Rh/gcat
calculated for a 2 wt% Rh loading. When normalized to
the BET surface area measured for this catalyst
(table 1), a theoretical density of roughly 9 carbon
atoms/nm2 could be calculated. During the TPO
experiments, a CO2 peak appears at 210 �C, which is
quite consistent with the regeneration results in figure 3.
Deposited carbonaceous material on the catalyst from
ethanol steam reforming could be eliminated above
200 �C with O2. In the case of in-situ oxygen treatment
at ambient temperature, CO2 was immediately detected
when 1% O2 was introduced. Compared with the
amount of CO2 evolved during in-situ regeneration at
200 �C, approximately 38% carbonaceous material
could be oxidized even at ambient temperature, which is
in good agreement with the regeneration results in fig-
ure 3.

4. Conclusions

The Rh/CeO2–ZrO2 catalysts deactivate with time on
stream in ethanol steam reforming, when operating at
high space velocities and low temperatures. In the case
of the Rh/Ce0.8Zr0.2O2 catalyst, the deactivation rate is
slower. Addition of 0.5% K (as KOH) has a beneficial
effect on catalyst stability, while 5% K has a negative
effect on catalytic activity. The deactivated catalyst can
be regenerated to some extent even at ambient temper-
ature and is regenerated completely above 200 �C with
1% O2. The catalyst deactivation appears to be due to
carbonaceous deposition on catalyst.
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