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The progress in fuel cell technology has resulted in an increased interest towards
hydrogen fuel. Consequently, water gas shift reaction has found a renewed significance.
Even though iron- and copper-based catalysts have been used for water gas shift reaction
for decades, the catalysts are not strong enough to bring carbon monoxide concentration
to a level tolerable for a fuel cell working at low temperatures.
This study is focused on hydrogen production from water gas shift reaction using
a nickel catalyst. Literature review revealed that nickel is one of the promising catalysts
for water gas shift reaction. A thermodynamic analysis proved that exothermic water gas
shift reaction is thermodynamically favorable at low temperatures but kinetically limited,
and vice versa at higher temperatures.
Initial experiments using 12 catalysts supported over monolith alumina revealed
that nickel supported on ceria-promoted monolith alumina (Ni/CeO2-Al2O3) performed
best, especially at 500oC. At this temperature and steam flowrates of 0.1-0.5 ml/min, the

nickel catalyst had an activity of 94-99%, H2 yield of 55-61 vol.%, and H2 selectivity of
77-99%.
A second set of experiments examined nine nickel based catalysts using different
supports (mostly in powder form) which also demonstrated that Ni/CeO2-Al2O3 is the
most promising catalyst for high temperature (450oC) water gas shift reaction. When
nickel loading was varied from 1 to 8% (w/w), it was apparent that the catalyst
performance increased with the nickel loading. Powder alumina resulted in better
catalysis than monolith alumina. In this experiment, it was evident that the presence of
minor amounts (1% (w/w) of the nickel loading) of a dopant material that included
cobalt, chromium, molybdenum, or ruthenium affected the catalytic activity of the
primary catalyst. The addition of cobalt or chromium resulted in positive effect on the
performance of Ni/CeO2-Al2O3 catalyst. There was no appreciable effect due to the
addition of ruthenium, and there was negative effect owing to the presence of
molybdenum. Undoped, cobalt-doped, or chromium-doped Ni/CeO2-Al2O3 catalyst
performed much better for water gas shift reaction at 450oC than that of a commercial
(control) catalyst. A kinetic study revealed that the activation energy of water gas shift
reaction over Ni/CeO2-Al2O3 was to be 104.5 kJ/mol.

Key words: water gas shift, hydrogen, nickel catalyst, activity, selectivity.
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CHAPTER I
GENERAL INTRODUCTION

A New Role for the Water Gas Shift Reaction
The water gas shift (WGS) reaction is a technology in which carbon monoxide
(CO) reacts with water vapor (H2O) to produce hydrogen (H2) and carbon dioxide (CO2).
The first intellectual property on this technology appeared in a British Patent in 1888.
The reaction plays an important role in several industrial processes such as ammonia
synthesis, hydrogen production, and Fisher-Tropsh process.
Due to progress in the fuel cell technology, H2 has gained a new interest as a fuel
source. The WGS reaction, therefore, has found new significance. The benefit of
employing the reaction is that WGS reduces the carbon monoxide (CO) content in a
synthesis gas feed. Carbon monoxide is poisonous for commonly used catalysts in low
temperature fuel cells such as the proton exchange membrane (PEM) fuel cell. This fuel
cell is projected to be the most reliable fuel cell for many applications but quite sensitive
towards CO. Only a CO concentration of 10 ppm is tolerable in PEM fuel cells under
steady-state operation. The WGS reaction can be applied to purify the gas feed for a PEM
fuel cell to an acceptable CO level. Another advantage of WGS reaction is that it
produces extra H2 from water which is the required fuel in a hydrogen fuel cell.
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The Need for New Catalysts for the WGS Reaction
The WGS reaction is an exothermic reaction. Therefore, low temperatures are
thermodynamically favor the reaction. However, at low temperatures the reaction rate is
kinetically limited. Hence, in order to achieve the highest possible CO conversion, a twostep catalytic WGS reaction is conventionally applied: a high temperature shift reaction
which is performed at 320–450oC with an iron-based catalyst (Fe2O3-Cr2O3), followed by
a low temperature shift reaction performed at 200–250oC with a typical copper-based
catalyst (Cu-ZnO/Al2O3). Even though Fe- and Cu-based catalysts have been used for
WGS for decades, both catalysts are not robust enough to bring the CO concentration
down to a level tolerable by a PEMFC. In addition, these conventional catalysts are
pyrophoric which means they deactivate when exposured to air. These catalysts also need
to be reduced, usually in the presence of hydrogen, prior to usage, which is paradoxical to
the goal of generating H2. For that reason, the quest for more active and robust catalysts is

justifiable.

Objectives and Outline of the Dissertation
The objective of this research is to find a promising catalyst for the WGS
reaction. Not only should the catalyst be more active than the conventional ones, but also
the catalyst should be stable under the usual reaction condition. The performance of the
selected catalyst is compared to that of a commercial catalyst for WGS reaction to
ascertain it’s potential.
This dissertation is composed of six chapters. Chapter 1 presents a brief
background and the objectives of the study. The thermodynamic analysis of the WGS
2

reaction presented in Chapter 2 is devoted to build a basic understanding of the nature of
the WGS reaction. The chapter will discuss some important parameters and different
possible reaction paths. The literature review presented in Chapter 3 is to identify
promising non-conventional catalysts for the WGS reaction. This chapter also discusses
important factors affecting catalyst performance. Chapter 4 reports preliminary
experimental results of the screening of metal catalysts for WGS. The promising catalyst
will be further explored and discussed in Chapter 5. The effects of temperature, support
types, metal loading, and the presence of dopant material are discussed. In this chapter,
the performance of prepared catalyst is compared with that of a commercial catalyst for
the WGS reaction. Kinetic parameters are also discussed in Chapter 5 using a simple
kinetic model. Finally, in the Chapter 6, the general conclusions of this dissertation and
some recommendations for future research are presented.
It should be noted that Chapters 2 to 5 were prepared for separate publication.
Therefore, some important ideas or equations were repeated in other chapter(s). However,
the continuity of these chapters was maintained.
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CHAPTER II
HYDROGEN PRODUCTION THROUGH WATER GAS SHIFT REACTION:
A THERMODYNAMIC ANALYSIS OF SELECTED REACTION PATHWAYS

Abstract
WGS reaction plays an important role in the renewable hydrogen production
process. This chapter discusses theoretical equilibrium thermodynamic compositions of
the WGS reaction under different temperatures (room temperature to 1500 K), pressures
(1 to 5 atm), and steam-to-CO molar ratios (1 to 9). The discussion includes four
reaction scenarios which were based on possible chemical compounds generated in the
reaction. Simulation results showed that the best scenario was able to convert totally CO
at low temperatures (<600 K). Reaction scenarios that include CH4 and/or C formation
had reduced the maximum CO conversion and they required increase in temperature to
deliver high H2 yields. The results also showed that thermodynamic equilibrium
conversion of CO decreased with increasing temperature, and that reaction pressure did
not affect the CO conversion. It was also found that increasing steam flow rate resulted
in an increase in the H2 yield at the same time it suppressed CH4 and coke formations.
Key words: WGS reaction, thermodynamic, selectivity, conversion, CO/Steam molar
ratio.
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Introduction
The water gas shift (WGS) reaction is an established industrial technology in
which water (H2O) in the form of steam is reacted with carbon monoxide (CO) to
produce hydrogen (H2) and carbon dionoxide (CO2). The first intellectual property related
to this technology appeared in a British Patent in 1888.[1] The WGS reaction is described
by Equation (2.1).[2-4]
CO + H2O

H2 + CO2

o
∆H 298
= - 41.2 kJ/mol;

∆G = -28.6 kJ/mol

(2.1)

The WGS reaction is characterized by two important properties: it is moderately
exothermic, and it is reversible. The first property implies that the WGS reaction is
favored by low temperatures and under these conditions, renders a high equilibrium
conversion of CO. However, at low temperatures the reaction rate is kinetically limited.
On the other hand, at high temperatures the WGS reaction is kinetically fast but
thermodynamically limited because the reaction tends to reverse while consumes some of
the H2 that has already been produced.[5]
In industrial processes, it is important to have high reaction rates and to obtain
maximum concentration of the desired products. To produce high purity hydrogen at the
highest possible CO conversions, two-stage adiabatic reactors with cooling in between
are used: the first stage is a high temperature shift (HTS) operating at 593 – 723K with a
catalyst based on iron oxide structurally promoted with chromium oxide (Fe2O3-Cr2O3) is
used and followed by a low temperature shift (LTS) operating at a temperature range of
473 – 523K in which the typical industrial catalyst is copper with zinc oxide and
aluminum oxide as support materials (Cu-ZnO/Al2O3) to further increase the hydrogen
yield.[6-8] Typical designs of HTS WGS reactors with Fe2O3-Cr2O3 catalyst reduces CO
5

content from 8–10% to about 3–5% CO, while a LTS reactor with Cu-ZnO/Al2O3
catalysts further decreases the CO level to less than 1%. The use of a two-stage reactor
also greatly reduces the steam required to get the same level of conversion.[9]
The WGS reaction, as presented in the Equation (2.1), is the idealized version
which assumes that there are no other species in the gas stream except H2, CO2, and
unreacted CO and H2O as well. In reality, however, reaction conditions may trigger
production of other species such as methane (CH4) via methanation. The production of
CH4 is not only undesirable, but its formation also reduces the H2 yield. In addition, the
decomposition of methane may also produce coke which poisons certain catalysts.
Amongst metal catalysts such as Ru, Rh, Ni, Pt, and Pd, Ru-based catalysts were reported
to have the highest activity that promotes methanation.[3, 10] Rhodium (Rh) supported on
ZrO2 or TiO2 was also reported to have high activity towards CH4 formation.[11] Due to
the unfavorable effects, selecting a catalyst that promotes methane formation in the WGS
reaction should be avoided.[12]
Another unacceptable species which can be formed during the WGS reaction is
carbon or coke (C). Coke formation in the catalyst surface is detrimental because it
“poisons” the catalyst and may result in irreversible deactivation of the catalyst. The loss
of catalyst activity due to carbon formation may occur because of blockage of active
sites of the catalyst, catalyst break-down due to the accumulation of whisker carbon,
encapsulation of the metal crystals, or physical blockage of the reactor tube.[13] Formation
of carbon will also cause loss of effective surface area, lower the heat transfer rate from
catalyst to gas, and plug of the void space within the catalyst.[14] Carbon occurrence may

6

arise due to the decomposition of CO or CH4 or the reaction of CO2 or CO with H2.[15]
Ni-based catalyst was reported to produce coke during the WGS reaction.[3]
WGS reaction has attracted new interest due to the fact that producing hydrogen
via steam reforming of hydrocarbons (e.g., natural gas, petroleum, or renewable
resources) and gasification of coal or biomass always results in CO as a by-product.[16].
With the emergence of fuel cell technology, the WGS reaction also has found new
significance. The benefit of this reaction is that it reduces CO concentration while
producing H2 which is a fuel for hydrogen-fuel-cells.
Although numerous studies on water gas shift reaction for hydrogen production
has been done, a comprehensive thermodynamic analysis to evaluate the possibility of
producing H2 has not yet been carried out. Such analysis is important because it gives a
basic understanding of the important characteristics of WGS reaction, especiallywhen it
is known that the yield of hydrogen depends on variables such as operating temperature,
CO-to-steam (CO/S) molar ratio, and system pressure.
The aim of section of the study is to analyze the CO conversion and product
composition under different process variables (temperature, pressure, CO/S molar ratio,
and reaction pathways) from a thermodynamics perspective. The equilibrium
concentrations of different compounds are calculated by direct minimization of the
Gibb’s free energy formation. This analysis is performed for the water gas shift reaction
over the following variable ranges: pressure 1 – 5 atm, temperature 300 – 1500 K, and
CO/S molar ratio of 1:1-1:9. This method has been successfully used for analyzing the
hydrogen production through steam reforming of glycerin.[17]
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Methodology
Thermodynamic equilibrium compositions of a reaction can be estimated using
Gibb’s energy minimization function (G). The derivation of Gibb’s energy function has
been performed in our earlier work and the function can be expressed in Equation (2.2)[17]
K

K

K

i =1

i =1

i =1

G = ∑ ni ∆Gi0 + RT ∑ ni ln y i +RT ∑ ni ln P

(2.2)

where Gi0 is Gibb’s free energy for species i at standard condition, ni is number of moles
of species i, yi is mole fraction of species i, R is universal gas constant (8.3144 J/mol.K),
T is absolute temperature, and P is pressure.
The objective is to find the set of ni values that minimize the value of G. This
equation can be solved in two ways:[18] (i) stoichiometric, and (ii) non-stoichiometric
thermodynamic approaches. In the stoichiometric approach the system is described by a
set of stoichiometrically independent reactions, and they are typically chosen arbitrarily
from a set of possible reactions.[19] In non-stoichiometric approach the equilibrium
composition is found by direct minimization of the Gibbs free energy for a given set of
species.[20] The advantages of non-stoichiometric approach over the stoichiometric
approach are as follows:[15] (a) selection of the possible set of reactions is not necessary,
(b) no divergence occurs during the computation, and (c) accurate estimation of the initial
equilibrium composition is not necessary. The non-stoichiometric approach is used in this
study.
In order to find the values of ni that minimize the value of G, it is necessary that
they are positive and satisfy the elemental mass balance requirement, i.e.,
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m

∑a
i =1

ij

ni = b j

(2.3)

where aij is number of atomic of element i in a molecule of species j; bj is atomic number
of element j in the mixture for j = 1 to m; and m is number of chemical elements involved
in the mixture.
Based on the possible species formed during the WGS reaction as previously
mentioned, we consider the compounds that should be included in the model are: H2,
CO2, CH4, unreacted CO, unreacted H2O, and C. Four possible scenarios are proposed:
1. The WGS reaction produces no other undesired species. In this case, the compositions
of gas stream will be H2, CO2, unreacted CO, and unreacted H2O.
2. In addition to H2 and CO2, the reaction also produces CH4 so that the compositions of
gas stream are H2, CO2, CH4, unreacted CO, and unreacted H2O.
3. In addition to H2 and CO2, the reaction also produces coke but not CH4. The species
that will be involved in the model include H2, CO2, unreacted CO, unreacted H2O,
and C.
4. The reaction produces all possible species including H2, CO2, CH4, and C. The model
includes H2, CO2, CH4, unreacted CO, unreacted H2O, and C.
The objective function in Equation (2.2) is minimized using Mathcad version
11.[21] Only carbon (C), hydrogen (H) and oxygen (O) are involved in all the products
considered in this study, and therefore only C, H and O are used for elemental mass
balance. Other parameters required by the program include pressure, temperature,
number of compounds, number of atoms, values of the Gibbs free energy of formation,
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and initial estimates for ni’s. Thermodynamic data of the involved compounds were
obtained from Rossini.[22]
For the first scenario, which assumes production of no undesired species,
equilibrium CO conversion (X) can be calculated simply by using relations used in our
previous work[23] and the compositions of gas stream is determined using mass balance
principle.
Keq =

X2
(1 − X )( w − X )

(2.4)

where w is number of mole of water and Keq is equilibrium constant and is determined
using the following relations.[24]
Keq = exp[Z ( Z (0.63508 − 0.29353Z ) + 4.1778) + 0.31688]

(2.5)

Z = (1000/T) – 1.

(2.6)

For the remainder of the scenarios, the computation follows a more complex
method which will be described by using a sample of Mathcad code as presented in
Figure 2.1. The code was intended to calculate the values of ni that minimize Gibbs
energy value of the fourth scenario at temperature of 700 K, pressure of 3 atm, and CO/S
molar ratio of 1:5. The simulation generated a Gibbs energy value of -1.228 MJ/mol with
xi values of 0.351, 0.727, 0.013, 4.533, 0.058, and 0.202 mol for H2, CO2, CO, H2O, CH4,
and C, respectively. The code was repeated for other reaction conditions by changing the
input for temperature, pressure, Gibbs energy formation for each species, mass balance
equations, guess values for xi, and by modifying equation for different scenario.

10

Figure 2.1. Mathcad code sample to solve non linear Gibbs energy function
11

Results and Discussion

Equilibrium CO Conversion

Figure 2.2 shows the graphs of equilibrium CO conversion under different
temperatures and CO/S molar ratios for the four afore mentioned scenarios. The graphs
show that equilibrium CO conversion was affected by reaction temperature, and that
increasing temperature reduced the CO conversion for all scenarios. At low temperatures
(below 700 K) the CO conversion was able to reach near 100%. This result indicates that
WGS reaction is thermodynamically favored at low temperatures due to improved CO
conversion.

Figure 2.2. The effect of temperature and CO/S molar ratio on the CO conversion of
WGS reaction at atmospheric pressure for four different scenarios.
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It was also observed that as the mole number of water was increased to greater
than three, at the same CO/S molar ratio, the CO conversion was not significantly
different among the scenarios tested. For example, the CO conversion for all scenarios at
1000 K was 87, 91, and 92% at CO/S molar ratio of 1:5, 1:7, and 1:9, respectively. This
meant that in a situation of excess steam, the CO conversion was independent of the
reaction pathway. At CO/S molar ratio of 1:1, however, a considerable difference in CO
conversion was observed for scenario one relative to other scenarios. For example, at 700
K, the CO conversion was 75% for scenario one, and was >95% for all other scenarios.
The figure also reveals that CO conversion was greatly influenced by CO/S molar
ratio, especially at temperatures greater than 800 K. Increasing the number of mole of
water positively affected the CO conversion. For example, at 800 K, increasing number
of mole of water from 1 to 5 elevated the conversion from 67 to 95% for scenario one and
86 to 95% for scenario two. For the other scenarios, the CO conversion percentage
increased from 95 to 97.
Based on this observation, it can be reported that thermodynamically, CO
conversion was independent of operating pressures - when it is between 1-5 atm (figures
is not presented). This is consistent with Le Chatelier principles that increase in pressure
on a gas reaction shifts the position of equilibrium towards the side with fewer molecules.
As presented in Equation (2.1), water gas shift is an equimolar reaction. Therefore,
changing pressure resulted in no effect. However, as will be demonstrated later, that
pressure affects the H2 and CH4 yields and carbon formation as well.
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Hydrogen Yield

Figure 2.3 depicts the hydrogen yield in moles at different temperatures, CO/S
molar ratios, and scenarios. Scenario one, which produces only H2 and CO2, was proved
to be the best. In this scenario, H2 yield reached 100% at low temperatures (<600 K) and
gradually decreased as temperature increased. As can be seen from Figure 2.3, in the
other three scenarios, which produce CH4 or C or both, H2 production started after the
temperature reached above 500 K. The H2 yield then increased with increasing
temperature and it reached a maximum point at around 800-900 K depending on the
reaction scenario and CO/S molar ratio. Afterward, the H2 yield decreased gradually with

Figure 2.3. The effect of temperature and CO/S molar ratio on the H2 yield of WGS
reaction at atmospheric pressure for four different scenarios.
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increasing temperature. In case that a reaction pathway produces coke, there was no
difference in H2 yield whether or not the reaction produces CH4 (Figure 2.4). It is obvious
that the production of CH4 or coke or both competed with H2 production.
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Figure 2.4. The effect of temperature on the H2 yield of WGS reaction for four different
scenarios at atmospheric pressure and CO/S molar ratio of 1:3.

For all scenarios, CO/S molar ratio had an effect on H2 yield. At 700 K, changing
CO/S molar ratio from 1:1 to 1:3 resulted in increasing of H2 yield by 0.20, 0.28, 0.17,
and 0.17 moles for scenario one to scenario four, respectively. There was a small increase
in H2 yield as the mole number of water was further increased.
The number of moles of hydrogen was also influenced by pressure, especially at
higher temperatures (> 800 K). As can be observed from Figure 2.3, increasing pressure
to five atm considerably increased the H2 yield at those temperatures. At temperatures
lower than 800 K, however, H2 yield was not significantly affected by the operating
pressure.
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Figure 2.5. Effect of temperature and pressure on the H2 yield of reaction scenario 4 at
CO/S molar ratio of 1:3.

Methane Production

Methane is an undesired product because it competes against H2 production and it
is a precursor for coke formation. Figure 2.6 shows CH4 yield as a function of
temperature for the two reaction scenarios which produce CH4. The highest CH4
production occurred in reaction scenario two, and it was 0.25 moles. As the temperature
increased CH4 gradually decreased, and at temperature 900 K the reaction practically
produced no CH4. Methanation reaction, however, was competed by coke formation. If
the reaction pathways produced coke and CH4 then coking dominated the reaction so that
the completed reaction resulted in very little CH4 compared to coke and CO2 yield.
Methane can be produced through different reactions as presented by Equations (2.7) to
(2.9).
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Figure 2.6. Comparison of CH4 production between reaction scenario 2 and scenario 4
at different temperatures (condition: pressure 1 atm, CO/S molar ratio 1:3)

CO + 3H2

CH4 + H2O

∆H298 = -206 kJ/mol

∆G298 = -142.2 kJ

(2.7)

CO2 + 4H2

CH4 + 2H2O

∆H298 = -165 kJ/mol

∆G298 = -113.7 kJ

(2.8)

2CO + 2H2

CH4 + CO2

∆H298 = -247 kJ/mol

∆G298 = -170.8 kJ

(2.9)

All three methanation reactions mentioned previously need H2 to proceed and this
H2 is the result from WGS reaction (Equation 2.1). Tanaka and Iizuka (1985)[11]
suggested that after water gas shift reaction, the formation of CH4 occur through the
hydrogenation of carbonaceous species formed by the dissociation of CO or CO2.
By examining the composition of the product gas from the reaction of second
scenario at low temperatures, it can be demonstrated that the reaction sequence should
proceed through WGS reaction (Equation 2.1) and then followed immediately by reverse
dry methane reforming as presented in Equation (2.9). For example, at temperatures
below 400 K, the product composition was essentially comprised of 0.25 moles CH4 and
0.75 moles CO2. This could only be resulted from the reaction of 0.5 moles CO with 0.5
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moles H2O to produce 0.5 moles CO2 and 0.5 moles H2. Subsequent reaction used the
remaining 0.5 moles CO with the produced 0.5 moles H2 to turn out 0.25 CH4 and 0.25
CO2. The final product, therefore, was 0.25 moles CH4 and 0.75 moles CO2.
Mathematically, the reaction order can be presented as follows:
Step 1:

0.5CO + 0.5H2O

Step 2:

0.5CO + 0.5H2

Total:

CO + 0.5 H2O

0.5H2 + 0.5CO2
0.25CH4 + 0.25CO2
0.25CH4 + 0.75CO2

Indeed, looking at the methanation reactions (Equation 2.9), it can be seen that the
reverse dry methane reforming has the highest negative Gibb’s free energy (∆G = -170
kJ). This implies that the reaction is thermodynamically most favorable compared to the
other two methanation reactions.
Methane production was also influenced by CO/S molar ratio and the reaction
pressure. Figure 2.7 makes obvious that the increase in the number of mole of water
reduced the yield of CH4. It can also be stated that if the reaction generates coke, the CH4
production diminished and it reached 0.023 moles which was less than 10% of the
possible maximum.
Figure 2.8 shows the effect of working pressure on CH4 production for the second
scenario, in which CH4 production was maximized. It can be seen that increasing
pressure significantly increased the CH4 yield at moderate temperatures (700 – 900 K),
but its effect was insignificant at lower and higher temperatures.
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Figure 2.7. Effect of temperature and CO/S molar ratio on the CH4 production for
scenario 2 and scenario 4 at pressure 1 atm.
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Figure 2.8. Effect of temperature and pressure on the CH4 production for reaction
scenario 2 at CO/S molar ratio 1:3 (bar sign represents error at 5%).
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Carbon Dioxide Production

Figure 2.9 shows the number of moles of CO2 at different temperatures and CO/S
molar ratios for four different scenarios. The number of moles of CO2 yield increased
with increasing temperature, it peaked at around 850 K (depending on the CO/S), and
then decreased when the temperature was further raised. The CO2 yield increased with
the increase in the number of mole of water. The effect of number of mole of water to the
CO2 yield was more pronounced at CO/S molar ratio of between 1:1 and 1:3. The effect
was less prominent at higher number of moles of water.

Figure 2.9. The effect of temperature and CO/S molar ratio on the CO2 yield of WGS
reaction at atmospheric pressure for four different scenarios.
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The pattern of CO2 curves were similar to the H2 curves but CO2 curves did not
start at the origin (zero point). Instead, it started at 0.5 mole if the reaction route produces
coke (third and forth scenarios) and started at 0.75 mole if the reaction produce CH4 but
no coke (second scenario). Looking at the increasing CO2 composition at low
temperatures and the increasing trend of H2 curve, it was concluded that that WGS
reaction should happen first followed immediately by the methanation reaction. At higher
temperatures, when there is no methanation, the WGS reaction (Equation 2.1) increased
the CO2 concentrations. As the temperature increased, the CO2 yield also increased as a
result of suppression of the Boudouard reaction and methane steam reforming and WGS
reaction as well. However, CO2 yield decreased due to reverse WGS reaction if the
temperature was further increased.
As previously mentioned, if the reaction route produces CH4 but no coke, the
reaction sequence proceeded with WGS reaction (Equation 2.1) followed immediately by
methanation (Equation 2.8). When the reaction produces coke, with or without CH4, as
will be revealed later, CO2 is mainly resulted from the Boudouard reaction and the carbon
balance is perfectly satisfied.

Carbon Production

The knowledge of the conditions promoting carbon formation is essential because
a catalyst is required for the WGS reaction. Coke formation may take place either by the
disproportionation of carbon monoxide into carbon dioxide known as Boudouard reaction
(Equation 2.10) and decomposition of methane (Equation 11).[25, 26]
2CO

CO2 + C(s)

CH4 → 2H2 + C(s)

∆H298 = −170 kJ/mol

∆Gf298 = -120 kJ

(2.10)

∆H298 = 74.85 kJ/mol
21

∆Gf298 = 12.14 kJ

(2.11)

The Boudouard reaction is exothermic and therefore is favorable at low
temperatures, and the formation of CO is dominant at higher temperatures. Due to its
extremely slow speed, this reaction does not take place at lower temperatures and low CO
concentrations. Reverse water shift reactions (Equation 2.12 and 3.13)[15] are other routes
of producing coke.
CO + H2 → H2O + C(s)

∆Gf298 = -21.8 kJ

(2.12)

CO2 (g) + 2H2 (g) ↔ 2H2O (g) + C (s)

∆Gf298 = -15.0 kJ

(2.13)

Reactions (2.10) and (2.12) are commonly observed at the inlet of the methanator
unit in an ammonia plant which has a temperature of around 620 K. These reactions,
however, are extremely slow.[27]
Figure 2.10 illustrates coke formation at different temperatures and CO/S molar
ratios. The curve was sigmoid with a maximum value of 0.5 moles and a minimum of
zero. Based on the number of moles of coke, it was obvious that the coke formation
proceeded through Boudouard reaction. The figure also shows that increasing reaction
temperature and the number of mole of water suppressed coke formation.
Figure 2.11 reveals the effect of species composition on coke formation. It can be
concluded that there was no significant difference in the coke formation whether or not
CH4 was generated in the reaction. For both scenarios, the main process at low
temperatures is Boudouard reaction. This can be observed from the gas stream
composition. In this case, the reaction of one mole of CO produced 0.5 mole of CO2 and
0.5 mole of coke through the Boudouard reaction. When the temperature was
increased, however, coke formation was suppressed and CO2 was resulted from the WGS
reaction (Equation 2.1).
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Figure 2.10. Effect of temperature and CO/S molar ratio on the coke formation for the
forth reaction scenario at operating pressure 1 atm.
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Figure 2.11.

Effect of temperature on the coke formation for scenario 3 and scenario 4
(condition: pressure 1 atm, CO/S molar ratio 1:3).
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Figure 2.12 presents the effect of pressure on the coke formation for the fourth
reaction scenario. From the figure, it can be surmised that increasing pressure reduced
coke formation at low temperatures (<800 K), but it increased the possibility for coke
formation at medium temperatures (800-1100 K). At temperatures greater than 1200 K,
coke formation was practically negligible regardless the operating pressure.
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Figure 2.12.

Effect of pressure on the coke formation at different temperature for the
forth reaction scenario (condition: pressure 1 atm, CO/S molar ratio 1:3)

Unreacted Water

It can be reported here that for scenario one, water content in the gas stream
increased slightly with the increase in temperature. For the other three scenarios, water
content initially decreased with the increasing temperature and reached a minimum point
at the same time when H2 yield was maximum. Subsequent to that point, water content
increased with increase in temperature, whereas H2 yield decreased with increase in
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temperature. The increasing water content and the decreasing H2 yield implied that the
WGS reaction is reversed as the temperature goes up. Figure 2.13 depicts the unreacted
water as a function of temperature for all scenarios to show when the WGS reaction start
to reverse. Table 2.1 summarizes the temperature when the reverse WGS reaction started
for different scenarios and CO/S molar ratios.
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Figure 2.13.

Unreacted water as a function of temperature for all scenarios (condition:
pressure 1 atm, CO/S molar ratio 1:3)

Table 2.1. Starting temperature (K) for reverse WGS reaction for different scenarios and
CO/S molar ratios
Reaction Scenario

CO/S molar ratio
1:1

1:3

1:5

1:7

1:9

Scenario 1

400

500

700

800

900

Scenario 2

950

900

850

825

800

Scenario 3

1100

1000

950

950

900

Scenario 4

1100

1000

950

950

900
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Conclusions

A thermodynamic analysis for hydrogen production by the WGS reaction was
performed. The number of moles of hydrogen produced was calculated based on
minimizing the Gibbs free energy. It is concluded that low temperatures and high number
of moles of water favored the hydrogen production. The H2 yield was adversely affected
by the presence of undesired compounds such as CH4 and coke. In the case that undesired
methane is produced without coke formation, at low temperatures, the WGS reaction was
immediately followed by methanation and produces exclusively CO2 and CH4. In the
case which the reaction generated coke, with or without CH4, at low temperatures the
reaction was dominated by the Boudouard reaction which produced equimolar CO2 and
carbon (0.5 moles). The methane and carbon production were thermodynamically
inhibited at high temperatures. The study revealed that reaction pressure had insignificant
impact on the CO conversion.
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CHAPTER III
CURRENT STATUS OF HYDROGEN PRODUCTION BY CATALYTIC WATER
GAS SHIFT REACTION
Abstract
Water gas shift (WGS) reaction plays an important role in renewable hydrogen
production processes such as steam reforming and biomass gasification. Due to
drawbacks in conventional Cu- and Fe-based catalysts, efforts have been made in the
development of improved and robust catalysts that can tolerate variable feedstock and
reaction conditions. This article discusses promising new catalysts and their catalytic
performances in the WGS reaction. Platinum catalysts supported either on CeO2 or TiO2
are promising candidates that could potentially replace present commercial WGS
catalysts. While this noble metal is economically prohibitive, Ni-based catalysts have
high potential as alternative for WGS reaction.
Keywords: hydrogen, water gas shift, catalyst

Introduction
Many believe that hydrogen (H2) is an attractive alternative for the non-renewable
fossil-based fuels and is an effective answer to mitigate increasing environmental
problems associated with fossil fuel combustion. Hydrogen, together with fuel cell
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technology, is expected to play an important role in future energy systems.[1, 2] Currently,
hydrogen is mainly produced by steam reforming of natural gas or light oil fraction.[3-6]
However, reformate produced via steam reforming of hydrocarbons (e.g., natural gas,
petroleum, or renewable resources) and synthesis gas from gasification of coal or
biomass always contain carbon monoxide (CO) as a by-product.[7] Carbon monoxide is a
poison for catalysts that are used in several applications such as ammonia production[8]
and low temperature fuel cells (especially proton exchange membrane (PEM) fuel
cells).[9] At low temperatures (< 100oC), platinum has a higher affinity towards CO
resulting in an irreversible binding of CO onto the active sites of the catalyst. A CO
concentration of only 10 ppm is usually cited as a tolerable limit for proton exchange
membrane (PEM) fuel cells under steady-state operation.[10] Accordingly, the gas feed for
a PEM fuel cell must be purified from CO to acceptable levels.
There are several methods of purifying H2 from CO, namely, the water-gas-shift
(WGS) reaction, pressure swing adsorption, cryogenic distillation, or membrane
separation.[11] WGS reaction is the oldest and attractive option for CO reduction because
it reduces CO concentration while producing more H2. In addition, since the WGS is
exothermic, the reaction temperature can be controlled relatively easily.[12] In renewable
H2 production via biomass gasification, the CO fraction in the synthesis gas stream could
be as high as 25%, and the WGS reaction is a useful technique to remove CO and to
enrich the synthesis gas stream with H2. The WGS reaction is performed with numerous
catalysts and the overall reaction kinetics are totally dependent on the nature of the
catalyst used. Even though Fe- and Cu-based catalysts have been used in WGS for
decades, the quest for more active and robust catalysts is still ongoing. The objective of
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this paper is to discuss the performance and limitations of major catalysts that have been
attempted so far and to analyze the state of the art of this technology with a look in to
future directions.
The organization of the paper is as follows: Section 2 presents the basics of the
WGS reaction. Sections 3 to 6 discuss the performance of various catalytic systems
attempted so far for the WGS reaction. Factors affecting catalyst performances are
discussed in Section 7. Finally, summary and major conclusions of this work are drawn in
Section 8.

Brief Overview on WGS Reaction
In WGS reaction, carbon monoxide (CO) is reacted with steam (H2O) to produce
hydrogen (H2) and carbon dioxide (CO2). The reaction can be expressed by the following
equation (3.1).[13-16]
CO + H2O

H2 + CO2

∆H = - 41.2 kJ/mol;

∆G = -28.6 kJ/mol

(3.1)

WGS reaction is characterized by two important properties: 1) it is moderately
exothermic and 2) it is reversible. The first property implies that WGS reaction favors a
high equilibrium conversion of CO at lower temperatures. However, at low temperatures
the WGS reaction is kinetically limited. On the other hand, at high temperatures, the
WGS reaction is fast but thermodynamically limited because the reaction tends to reverse
to the left[17] and it spends some of the H2 that has already been produced to regenerate
CO. In industrial environment, it is more important to have high reaction rates and to
have maximum the concentration of the desired products. To produce high purity
hydrogen and to achieve the highest possible CO conversion, two-stage adiabatic reactors
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with cooling in between are used: a high temperature shift (HTS) at 320–450oC with a
catalyst based on iron oxide structurally promoted with chromium oxide (Fe2O3-Cr2O3),
followed by a low temperature shift (LTS) in the temperature range of 200–250oC with a
catalyst of copper with zinc oxide and aluminum oxide as support materials (CuZnO/Al2O3).[18-20] Typical designs of HTS WGS reactors with Fe2O3-Cr2O3 catalyst
reduces CO content from 8–10% to about 3–5% CO, while a LTS reactor with CuZnO/Al2O3 catalysts further decreases the CO level to less than 1%. The use of two-stage
reactor also greatly reduces the amount of steam required to get the same conversion.[8]
Generally, there are two different mechanisms to explain the WGS reaction,
namely the formate or adsorptive mechanism and the surface redox or regenerative
mechanism.[13, 16, 21, 22] The mechanism of the WGS reaction depends upon the type of
catalyst as well as the support used. In case of Cu-ZnO catalyst, the WGS reaction
involves both formate and redox mechanisms, whereas for Cu-Cr2O3 catalyst the
mechanism is purely redox.[23] Interestingly, the rate limiting step in both mechanisms is
the dissociative adsorption of water.[24]
In the formate mechanism,[16, 25-27] surface hydroxyl moieties (OH*) produced
from dissociatively adsorbed H2O, combined with adsorbed CO (CO*) to produce a
surface formate intermediate (HCOO*), which in turn decomposes to 0.5H2 and CO2.
The formation of formic acid (HCOOH) is the rate limiting step of water gas shift
reaction,[7, 28] and is the major reaction route for CO production in the reverse water gas
shift reaction over Cu catalyst.[29] Ayastuy et al.[30] found that at a temperature range of
180 to 217 °C and a pressure of 0.3 MPa, formate formation mechanism of the WGS
reaction was a better fit than the commercial CuO/ZnO/Al2O3 catalyst which is well
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known as the low temperature shift catalyst. Another catalyst which favors the formate
mechanism is Pt/CeO2.[31-33] Possible steps of formate mechanism is presented in
Equation 3.2.[34]
1.

CO + *

2.

H2O + *

3.

OH* + CO*

COOH* + *

4.

COOH* + *

CO2* + H*

5.

2H*

CO*
OH* + H*
(3.2)

H2 + 2*

* represents a vacancy on metal sites.
It has been reported that the mechanism of WGS reaction with catalyst can be
considered as a redox process.[35-38] In this mechanism, dissociative adsorption of water
produces oxygen adsorbed atoms (O*) and H2 followed by the reaction of CO with O* to
produce CO2.[26] Zhao et al.[39] found evidence of the redox mechanism in WGS reaction
over Pd/ceria catalyst. The support (ceria) from which oxygen atoms were produced is
subsequently re-oxidized by water.[21] The redox mechanism also occurred in Fe-Ce-CrO catalysts [38], Au/Fe2O3 and Au/TiO2.[40] There is a strong evidence which suggests
the redox-type mechanism is the controlling step.[41] A redox based micro-kinetic model
have been used to improve low-temperature WGS reaction catalyst (e.g. Cu) by
increasing its strength with CO and O2 that are bonded to the surface.[42] The following
scheme is one of possible steps of reactions for the redox mechanism in the WGS
reaction.[30]
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1.

CO + *

2.

H2O + *

3.

H2O* + *

4.

OH* + *

5.

CO* + O*

6.

2H*

CO*
H2O*
OH* + H*
(3.3)
O* + H*
CO2 + 2*

H2 + 2*

The kinetics of the WGS reaction has been studied extensively. Out of more than
20 kinetic expressions proposed for HTS catalysts, Lyoid et al. (1989) has taken the best
five of reaction models, namely Langmuir–Hinshelwood, Hulburt-Vasan, Kodama,
Oxidation-Reduction, and Power Law. The most widely applied models, however, are
based on a Langmuir–Hinshelwood (Equation 3.4)
r=

kK CO K H 2O {[CO ][ H 2 O] − [CO2 ][ H 2 ] / K }
{1 + K CO [CO ] + K H 2O [ H 2 O] + K CO 2 [CO2 ] + K H 2 [ H 2 ]}2

(3.4)

or on a power rate law basis (Equation 3.5)
a
c
d
r = kPCO
PHb 2O PCO
2 PH 2 (1 − β )

(3.5)

PCO 2 PH 2
K eq PCO PH 2O

(3.6)

with β =

The reaction orders with respect to partial pressures of reactants and products are
greatly influenced by reaction conditions. Table 3.1 summarizes the reaction orders along
with reaction rate model for several catalysts. Most cases demonstrated a zero order with
respect to CO, close to first order with respect to H2O, and negative (inverse) order with
respect to H2 and CO2.
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Improvement and Development of Catalysts for WGS Reaction
As mentioned previously, WGS reaction is performed in two-stage adiabatic
reactors using conventional Fe- and Cu-based catalysts. The limitations of the present
catalysts are that both Fe- and Cu-based catalysts require activation by pre-reduction in
situ and also they are pyrophoric (degradation upon exposure to air).[62] In addition, the
activity of Fe-based catalysts drops precipitously at temperatures less than 300°C, while
the Cu-ZnO catalyst is very sensitive to temperature and works well only in a narrow
range of 200-250 °C, where it undergoes deactivation at temperatures higher than 300oC
due to the sintering phenomena.[18] For this reason, improvements to existing catalysts
and development of new highly active catalysts for the WGS reaction are very important
to broaden the working temperature ranges and to reduce the volume of the reformer
system.
For this reason, various efforts have been attempted to improve catalyst
performance or to find new, highly active catalysts. Good catalysts are characterized by
high efficiency or activity in terms of being capable of converting all CO, high selectivity
toward H2, low selectivity toward unwanted product compounds, having excellent
durability, having a wide range of operating temperatures, being non pyrophoric, and
being cost-effective. Ladebeck and Wagner (2003) lists parameters to be considered in
the selection of catalysts for WGS reaction (Table 2), especially, as related to fuel cell
applications.[63]
Fuel cell working at low temperature, such as PEM fuel cell, requires high purity
of H2 feed with extremely low CO content (10 ppm). This H2 needs to be reformed
separately outside the fuel cell. Figure 3.1 presents a schematic diagram of H2
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Table 3.1. Reaction orders along with reaction rate model for several catalyst for WGS reaction
Catalyst

Reaction Rate Model

Au/CeO2

Reaction Order
CO

H2O

H2

CO2

a
c
d
r = kCO PCO
PHb 2O PCO
2 PH 2

0.5

0.5

-0.5

-0.5

Cu(1 1 1)

r = kP P

0

Cu(1 1 1)

a
r = kPCO
PHb 2O

Cu/Al2O3

r = kP P

Cu/ZnO/Al2O3

r = kP P

Cu/ZnO/Al2O3
CuO/MnO

a
CO

b
H 2O

[43]
[24]

37

0

[44]

1

1.9

[45]

1

1.4

r = kP P

0

1

[47]

r = kP P

1

1

[48]

Cu-Ce/La (excess of H2O)

b
H 2O

r = kP P

1

0

[49]

Cu-Ce/La (excess of CO)

a
r = kPCO
PHb 2O

0

1

[49]

Cu-Ce/La

a
c
d
r = kPCO
PHb 2O PCO
2 PH 2 (1 − β )

0.8

0.2

Cu-Fe3O4/Cr2O3

r = kP P

1

0

[50]

CuO/ZnO/Al2O3

r = kP P

0.2

0.6

[51]

CuO/ZnO/Al2O3
CuO/ZnO/Al2O3

r = kP P

P

r = kP P

P

0.8
0.47

0.8
0.72

a
CO

a
CO

a
CO
a
CO

a
CO

a
CO
a
CO

a
CO

a
CO

0.5 - 1

0.5 – 1

Ref.

b
H 2O
b
c
d
H 2 O CO 2 H 2

P

P

b
H 2O
b
H 2O

b
H 2O
b
H 2O

P (1 − β )

b
c
d
H 2 O CO 2 H 2

P (1 − β )

b
c
d
H 2 O CO 2 H 2

-0.7

-0.3

-0.9
-0.65

-0.9

-0.3

-0.9
-0.38

[46]

[18]

[52]
[30]

α-Fe2O3

a
r = kPCO
PHb 2O

0.8

0.08

[53]

Fe/Al2O3

a
r = kPCO
PHb 2O

0.58

0.04

[45]

Fe/Al2O3

a
c
d
r = kCO PCO
PHb 2O PCO
2 PH 2

1

0.25

0

0

[54]

Fe/TiO2

r=k P P

1

0.25

0

0

[54]

Fe3O4/Cr2O3

r = kP P

0.90

0.25

-0.6

0

[8, 55]

a
CO CO
a
CO

b
c
d
H 2 O CO 2 H 2

P

P

P (1 − β )

b
c
d
H 2 O CO 2 H 2

P

37

Table 3.1. (Continued).
Catalyst

Reaction Rate Model

Fe3O4/Cr2O3

Reaction Order

Ref.

38

CO

H2O

H2

CO2

a
c
d
r = kPCO
PHb 2O PCO
2 PH 2 (1 − β )

1.1

0.53

0

0

Fe3O4/Cr2O3

a
r = kPCO
PHb 2O

1

0

[50]

Ni-Al2O3

a
r = kPCO
PHb 2O

-0.14

0.62

[45]

Ni-Ceria

a
r = kPCO
PHb 2O

0

1

[49]

Pd/CeO2

a
c
d
r = kPCO
PHb 2O PCO
2 PH 2

0

0.8

Pd/CeO2,

a
r = kPCO
PHb 2O

0

1

Pd/ceria

a
c
d
r = kPCO
PHb 2O PCO
2 PH 2 (1 − β )

0

0.5

Pt/Al2O3

a
r = kPCO
PHb 2O

-0.21

0.74

[45]

Pt/CeO2

a
r = kPCO
PHb 2O

0

1

[57]

Pt/Al2O3

a
c
d
r = kCO PCO
PHb 2O PCO
2 PH 2

0.02

0.55

Pt/CeO2 (excess of H2O)

a
a
r = [k1 k 2 PCO
PHb 2O ] /[ k1 PCO
+ k 2 PHb 2O ]

1

0

Pt/CeO2/Al2O3

a
c
d
r = kPCO
PHb 2O PCO
2 PH 2 (1 − β )

0.13

0.49

-0.45

-0.12

[59]

Pt/CeO2/Al2O3

a
c
d
r = kPCO
PHb 2O PCO
2 PH 2 (1 − β )

0.67

0.67

-0.16

-0.57

[60]

Pt-Re/CeO2/Al2O3

a
c
d
r = kPCO
PHb 2O PCO
2 PH 2 (1 − β )

-0.05

0.85

-0.05

-0.32

[60]

Rh/CeO2

a
r = kPCO
PHb 2O

0

1

Rh-Fe3O4/Cr2O3

a
c
d
r = kPCO
PHb 2O PCO
2 PH 2 (1 − β )

1.45

0.44

Uncatalyzed

a
r = kPCO
PHb 2O

0.5

1

Zn/Al2O3

a
c
d
r = kCO PCO
PHb 2O PCO
2 PH 2

1

0.25

38

-0.5

-1

[56]

[35]
[57]

-0.5

-0.22

-1

-

[15]

[58]
[7]

[57]

-0.12

-0.22

[61]
[20]

0

0

[54]

Table 3.2. WGS catalyst requirements for mobile and stationary applications
WGS catalyst attribute
Volume reduction
Weight reduction
Cost
Rapid response
Nonpyrophoric
Attrition resistance
Selectivity
No reduction requirement
Oxidation tolerant
Condensation tolerant
Poison tolerant
Pressure drop

Mobile application

Stationary application
-1

Critical, < 0.11 kW
Critical, < 0.1 kg-1
Critical, < $1 kW-1
Critical, < 15 s
Important
Critical
Critical
Critical
Critical
Important
Critical
Important

Not as constrained
Not as constrained
Not as critical
Load following
Eliminate purging
No constraint
Important
Important
Important
Important
Critical
Important

Source: Ladebeck and Wagner (2003).[63]

reformation and its application for fuel cell stack. It can be observed that WGS reaction is
an important part of the fuel processing.
In moving towards a hydrogen economy, research is being conducted on
converting a wide range of feedstocks including biomass to hydrogen by gasification.
When converting synthesis gas from gasification to hydrogen, the WGS reactors have the
added burden of dealing with high sulfur gases like H2S and SOx. In light of this,
understanding the performance of other catalysts is important. The following is a
compilation of studies on non-conventional catalysts that have showed good performance
with the WGS reaction. In the following discussion, the promising catalysts for WGS
reaction are classified into HTS, LTS, combined HTS-LTS, and special purpose catalysts.
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Figure 3.1. Schematic of H2 reforming process along with WGS reaction for fuel cell
application.[63]

HTS Catalyst

There are several catalysts that demonstrate good performance for the HTS WGS
reaction including Pd/CeO2, Pt-, Rh-, and Ru-supported on titania (TiO2), and Fe-based
catalysts.

Paladium/Ceria (Pd/CeO2) Catalysts

Pd/CeO2 is an active catalyst for WGS reaction at high temperatures,[15] and
exhibited much higher activities for WGS reaction than ceria alone, Pd/silica, Co/ceria or
Fe/ceria.[35] The activity of this catalyst reached an equilibrium limit at temperatures
above 700 oC. An advantage of the Pd catalyst for WGS reaction is that it could be
coupled with membrane hydrogen separation.[17] The performance of the Pd/CeO2
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catalyst could be enhanced by the addition of Fe2O3 to CeO2 as a promoter. Gorte and his
collaborators[64, 65] reported that the addition of Fe promoter on Pd/ceria significantly
increased the WGS rates up to 8 times higher than on the unpromoted Pd/ceria at 200 °C.
This increase in activity was attributed to the formation of an active Fe-Pd alloy. The
addition of Mo, on the other hand, caused deactivation of the Pd/CeO2 catalyst.[39]

Metal/Oxide Catalysts (Metal = Pt, Rh, Ru, Ni; Oxide = TiO2 or CeO2)

Pt-, Rh-, and Ru-supported on titania (TiO2) were reported to be quite active for
the HTS reaction.[13] The CO conversion reached equilibrium at a temperature range of
375-450 oC. Wheeler et al.[15] reported similar results for Ni, Pt-, Rh-, and Ru-supported
on ceria (CeO2). The WGS activity of both Pt/TiO2 and Pt/CeO2 was greatly affected by
the amount of Pt loading and the conversion curve shifted toward lower temperatures
with the increase of Pt loading. A Pt loading between 0.5 to 5 wt. % produced very active
WGS catalysts both on TiO2 and CeO2 supports.[13, 15] It is important to note that Jacobs
and his collaborators[16, 32, 33, 66, 67] reported that Pt/CeO2 was a useful low temperature
WGS catalyst. In a recent paper, they reported that 5%Pt/CeO2 reached maximum CO
conversion at temperatures of 300-325 oC.[7] Goguet, et al. (2004)[68] reported that
Pt/CeO2 showed activity exceeding that of conventional Cu/ZnO shift catalysts. The 1%
Pt/CeO2 was substantially more active than other catalysts in the presence of 20% H2O.
The Pt/CeO2 catalyst also showed good stability and did not have to be activated by in
situ reduction.[69] However, Pt/CeO2 catalyst was deactivated as a consequence the
formation of carbonates.[70] The carbonates originating from both CO and CO2 covered
not only the surface of CeO2 but also the Pt metal surface and affected the catalyst’s
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electronic properties. It was reported that addition of Re significantly improved the
activity of Pt-ceria catalysts.[71] Bimetallic formulations are also capable of increasing the
activity and stability of Pt/doped ceria catalysts.[72, 73]

Cu/CeO2 Catalysts

The use of ceria (CeO2) as a support on a Cu catalyst resulted in a higher activity
at lower temperatures and the was able to maintain its activity at a wider temperature
range (200-500°C).[74] Ceria nanoparticles prepared by a single-step synthesis method,
which resulted in Cu/CeO2 which was non-pyrophoric,[75] exhibited excellent WGS
activity due to the combined effects of the copper oxide and the cerium dioxide.[76] This
catalyst did not produce methane[75] or carbon deposits.[18] The high activity of the
catalyst was attributed to it’s surface properties and the presence of dopant. Unlike ironchrome catalysts that deactivate severely in CO2-rich gases, copper-ceria was stable at
high-temperatures.[18] It was also observed that copper loadings greatly influenced the
catalytic activity. The optimum metal loading for Cu/CeO2 was 50 wt.% in which CO
conversion reached 66.1% at 200°C.[74] The addition of a slight amount (2 wt.%) of Cu
on lanthanum doped (10%) ceria (Ce(La)Ox) prepared in nanocrystalline form by the urea
co-precipitation-gelation method significantly increased the WGS reaction activity. This
catalyst required no activation and retained high WGS activity and stability at
temperatures up to 600oC.[49]
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Modified Iron (Fe) Based Catalysts

Addition of ruthenium (Ru) and potassium (K) to iron oxide catalysts was
reported to have a promoting effect on the activity of the catalysts for the WGS reaction.
The presence of K stabilized the highly dispersed Ru phase on the iron oxide surface,
whereas Ru(IV) oxide substantially changed the kinetics of the reduction process.[77] The
presence of Ru also enhanced the redox effects.[78] The activity of Ru/Fe2O3 catalysts in
the WGS reaction can be significantly improved by modification of α- and δ-iron oxidehydroxide supports with alkali metals (potassium, rubidium and cesium) prior to
deposition of Ru or with samarium (Sm) or lanthanum (La) ions.[79, 80] Stoleecki et al.[81]
observed that the effects of Ru doping on magnetite catalysts (Fe3O4/carbon and Fe3O4Cr2O3/carbon) were dependent strongly on the Ru precursor. Ruthenium carbonyl
(Ru3(CO)12) was significantly more active than the ruthenium chloride (RuCl3.0.5H2O)
precursor, and the best Ru content was 0.75 wt.%. However, they also observed that the
improvement in the WGS reaction upon Ru addition was accompanied by methane
formation, which may have led to a significant decrease in the hydrogen efficiency,
especially when the Ru loadings were high.
Metal promotion on Fe2O3-Cr2O3 catalysts was reported to increase the rate of
reaction, with Rh offering the best performance.[82] The sequence activity of metals that
promoted Fe-Cr based catalysts was Rh > Pt > Cu, Ni and Pd. It was also observed that
chromia (Cr2O3) was the best support with Pt (1%) as the promoter. Pt/chromia was the
most effective catalyst with the rate of reaction being 10% faster than Pt/Fe2O3-chromia
or Rh/chromia and 20 times faster than chromia alone. Other promoters which resulted in
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excellent activity, selectivity, and stability for the WGS reaction over Fe/Cr catalysts
were Cu[38, 83] and CeO2.[38]

Ni-Catalysts

Nickel catalysts are common for steam reforming natural gas. However, nickel
also plays important role for water gas shift reaction. Cooper (2000), for example, noted
that nickel, which forms part of the anode composition, facilitates WGS reaction to take
place on the surface of the anode of solid oxide fuel cells.[84] The existence of nickel in
the CeO2-supported bimetallic Ni-Rh catalyst was reported to help converting CO into
CO2 and H2 by WGS reaction.[85]
In 1994, Willms[86] have reported that nickel is an effective catalyst for producing
hydrogen either through water-gas shift reaction or steam reforming process. In addition,
for both water-gas shift and steam reforming, performance was progressively better as the
operating temperature was increased. An investigation on charcoal-supported nickel
hydroxides for the WGS reaction reported that the catalyst exhibited high activity.[87]
The same group also compared the activity NiOH, NiOHS, Ni, and KNi catalysts for
WGS reaction and concluded that the highest catalytic activity was showed by NiOH.[88]
In addition, they also revealed that sulfided NiMo catalyst demonstrates high activity for
WGS reaction and better than Mo or Ni alone. At 400oC and GHSV of 2000 h-1, NiMosulfide had CO conversion of around 75%.[88] Recently, the use of Ni-MoO2 for the WGS
reaction was also reported.[89] The Ni-MoO2 catalysts displayed good catalytic activity.
At 350 and 400oC, the Ni-MoO2 system was much more active than isolated Ni or
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isolated MoO2. The Ni-MoO2 catalysts were also so active for WGS reaction than CuMoO2 that may be superior to commercial low-temperature Cu-ZnO catalysts.
Chu (2004) observed that Ni-ceria is a more active catalyst for WGS reaction than
Fe-ceria.[75] Nickel catalysts, however, seem to be good for high temperature shift than
for low temperature one. Li and coworkers[49] investigated the used of ceria-lantana
supported catalysts for WGS reaction at gas hourly space velocity 8000 and 80000 h-1
and temperature ranges of 150 to 550oC. It was found that Ni-Ce(La)Ox catalyst was
found to be far superior than the support itself , i.e., Ce(La)Ox. A CO conversion higher
than 90% was measured at 400oC over the metal oxide-containing ceria, while the
corresponding CO conversion over Ce(La)Ox was less than 10% at this temperature. It
was also observed that at around 350oC, the activity of Ni-loaded catalyst surpassed that
of Cu-loaded one, while at lower temperature Cu-loaded catalyst was superior. Reaction
rate data at 250oC show that the Ni-ceria system is much less active than its Cu-based.
This may be attributed to the lower reducibility of NiO on the support, which is present at
temperatures up to 275oC.

LTS Catalysts

Several catalysts including copper- and gold-based catalysts, exhibit satisfactory
performance for LTS WGS reaction.

Modified Copper (Cu) Catalysts

Many studies direct us to believe that Cu-based catalysts show superior
performance towards LTS operation. There was a linear relationship between the low45

temperature (200°C) catalytic activity for WGS reaction and the Cu surface area of the
catalyst.[90] Like Fe-based catalysts, Cu-based catalysts are pyrophoric and require
activation by in situ pre-reduction. These catalysts deactivate at temperatures greater than
300oC. Improvement efforts have been conducted including the use of various supports
and dopant materials and by changing the preparation methods.
The use of Cs (cesium) as a dopant for binary Cu/ZnO produced an active catalyst
for the WGS reaction. The rate was 2.0-2.5 times greater for catalysts containing 0.1-0.8
mol % Cs than that of Cs-free catalysts.[91] The use of iron (Fe) as an intermediate in a
plate-type Cu-Fe/Zn catalyst caused superior shift performance with relatively low
deterioration at 250°C compared to an ordinary copper-based catalyst which suffered
high deterioration of activity during the reaction.[92]
Tanaka et al.[12] reported that CuMn2O4 showed superior performance for LTS
WGS reaction. This catalyst showed comparable performance with conventional
Cu/ZnO/Al2O3 even at temperatures above 225 oC while Cu/ZnO/Al2O3 performed well
only at temperatures < 200 oC.

Platinum (Pt) Catalysts

Since the late 1970s, Pt/CeO2 has been used as a three-way catalyst for auto
exhaust emission control.[93] Mendelovici and Steinberg (1985) noted that Pt/CeO2 was
active for the WGS reaction.[94] Especially, Pt/CeO2 catalyst has received a renewed
interest due to properties such as, its excellent activity toward WGS reaction at lower
temperatures (250 – 400°C), being nonpyrophoric and the absence of a pretreatment
requirement before use.[57]
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Goguet, et al. (2004)[9] reported that Pt/CeO2 showed superior activity towards
WGS in comparison to conventional Cu/ZnO shift catalysts. The 1% Pt/CeO2 was
substantially more active than other catalysts in the presence of 20% H2O. Similar results
for Pt-supported on ceria (CeO2) were noted by Wheeler et al. (2004).[15] At around
400oC, the conversion of CO over Pt/CeO2 catalyst reached thermodynamic equilibrium.
At a Pt loading of 5%, Pt/CeO2 achieved maximum CO conversion at temperatures
between 300-325oC. The Pt/CeO2 catalyst also showed good stability[68] and did not need
activation prior its use by in situ reduction. However, as described earlier, Pt/CeO2
suffered from deactivation as a result of formation of carbonates. Also, at low
temperature (< 100 oC), Pt has higher affinity toward CO, resulting in deactivation due to
irreversible binding of CO to the catalyst active sites.
It is important to note that Pt/CeO2 also has demonstrated good WGS
performance at higher temperatures. Recently Haryanto et al. (2006)[95] reported that Ptceria supported on monolith alumina (Pt/CeO2-Al2O3) showed superior activity towards
WGS reaction at high temperatures (>700oC) and high gas hourly space velocities
(~64000 h-1). The catalyst was better than catalysts such as Ru, Rh, Ni, Ir, and Ag in
CeO2-Al2O3 supports. At an operating temperature of 700oC, Pt-CeO2/Al2O3, showed the
highest CO conversion (76.3%). The catalyst, however, exhibited deactivation tendencies
and needed to be reactivated by H2 reduction subsequent to several hours of operation.
Zalc et al. (2002) observed that deactivation rates of Pt/ceria for WGS reaction was
around 0.008 h−1.[96]
Platinum supported on titania (Pt/TiO2) catalyst has been widely reported to be a
favorable catalyst for LTS WGS reaction.[9, 15, 68] The catalyst has demonstrated good
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activity towards the WGS reaction at higher temperatures. For example, similar to Pt/CeO2,
at a temperature range of 375-450oC, the CO conversion over 0.5% Pt/TiO2 catalysts
reached the maximum thermodynamic equilibrium limit.[13] At a Pt loading of 5%, this
catalyst achieved equilibrium even at a lower temperature (~325oC).
Recently Radhakrisnan et al. (2006a),[97] identified that platinum was the most
active catalyst among noble metals for WGS reaction. Pt/Ce/Zr was able to reach
equilibrium CO conversion at 300 oC. However, the catalyst activity dropped by 20-30%
between 330 and 500 hours of operation. Choung et al (2005) reported that the addition
of renium (Re) as a promoter enhanced the WGS activity of ceria-zirconia supported
platinum.[73] The optimum loadings with respect to cost and performance was identified
to be 2 wt.% for platinum and 1 wt for renium.[60, 97]

Gold (Au) Catalysts

The attention for gold containing catalysts increased very rapidly due to their high
activity even at low temperatures when their form is nanosized.[98, 99] Gold-based
catalysts are essential for some oxidation reactions[100] and exhibited excellent activity for
CO oxidation at low-temperatures, surpassing the activity of platinum group metal
catalysts by approximately a factor of five.[98] These catalysts were studied as potential
candidates for hydrogen generation through the WGS reaction.[101] Gold-based catalysts
are reversible in cyclic reduction-oxidation treatment up to 400oC and nonpyrophoric.[102] Only several types of Au-based catalysts promising for WGS reaction are
discussed here. More details on the role of gold catalysts in WGS activity can be found
elsewhere.[98-101, 103]
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In one study, a Au/Fe2O3 was reported to be a more catalytically active at lower
temperatures than commercial CuO/ZnO.[40, 104] Also, Au/Fe2O3 was reported to be better
for the WGS reaction than Au/ZnO, Au/ZrO2, Au/Fe2O3-ZnO or Au/Fe2O3-ZrO2.[105]
Luengnaruemitchai et al.[68] showed that Au/Fe2O3 prepared by deposition precipitation
displayed higher catalytic activity in the WGS reaction than Pt/CeO2, Au/CeO2, or
Au/Fe2O3 prepared by co-precipitation. The optimal Au loading on Au/α-Fe2O3 that
produced was 8.00%.[106] Calcination at 150 °C was able to increase its activity close to
the equilibrium levels.[107]
Different pretreatment methods and addition of dopants have shown positive
effects of Au based catalysts. Reduction pretreatment with sodium borohydride (NaBH4)
has increased the activity of Au/Fe2O3 to almost three-fold higher than that of fresh
calcined Au/Fe2O3.[108] Furthermore, Venugopal and his collaborators[108-111] found that
amongst some metal dopants, ruthenium (Ru) showed the best promoting effect on Aubased bimetallic iron(III) catalyst at temperatures ranging from 100 and 240oC. Andreva
et al.[25] reported that a good contact between Au and the support, high Au dispersion, and
uniform distribution were crucial for highly-active Au/α-Fe2O3 catalysts.
Au/TiO2 is another candidate for LTS WGS catalyst because of its high activity in
the WGS reaction.[40, 112] Sakurai et al.[113] reported that Au/TiO2 showed the highest
reaction rates for the WGS reaction compared with Au/Fe2O3, Au/Al2O3, Au/ZnO, and
CuZnO/Al2O3 catalysts. This catalyst also exhibited high activity for CO oxidation to
CO2 even at room temperature.[114]
Ceria-supported gold (Au/CeO2) catalysts demonstrated very high activities for
the WGS reaction. Fu et al. reported that low-content Au/CeO2 catalysts prepared by the
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urea gelation/coprecipitation (UGC) or coprecipitation methods exhibited high activity
and stability for the WGS reaction.[102, 115-117] Tabakova et al.[118] insinuated that
interactions between gold metallic particles and ceria caused the remarkably high
stability of Au/CeO2 catalysts. However, Fu et al.[115] observed that the active site
involved in the Au/CeO2 was cationic gold (Auδ+) and the rate of WGS reaction was not
affected by metallic gold (Au0) nanoparticles. The initial reaction rate for Au/CeO2 was
reported to be almost four times higher than that of a commercial Cu–Zn–Al catalyst.
However, the catalytic activity of Au/CeO2 decreased by more than 50% during the first
12 hours of continuous operation.[119] This deactivation was primarily caused by the
poisoning of the active sites by carbonates and/or formates formed during the WGS
reaction. In this case CO and H2 in the reactants significantly affected the deactivation
behavior and microstructure of the catalyst. The deactivated materials could be
regenerated by calcination in air at 400 °C and more than 95% of the initial activity was
recovered. Some Au catalysts supported on lanthanum-doped ceria also exhibited high
activity.

Special Purposes WGS Catalysts

If the input of WGS reaction comes from coal or biomass gasification, Co-Mo
catalysts which are sulfur-tolerant are recommended. The Co-Mo/Al2O3 catalyst has a
working temperature range of 150-400°C.[120-122] Increasing the Mo loading enhanced the
reducibility of Mo oxide while the addition of Co enhanced the reducibility of the overall
catalyst.[120, 122] The optimum amount of Mo loading was 10% (w/w) whereas the
optimum amount of Co was 3% (w/w) for MoO3/γ-Al2O3. In addition, the catalytic
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activity of MoO3/γ-Al2O3 increased by doping it with Fe, Co, or Ni in the order of Co ≥
Ni > Fe. Although the addition of K retarded the reducibility of Co-Mo catalyst, it did not
give any enhanced catalytic activity in comparison to Co or Mo.[122] The addition of K to
the Mo/Al2O3 caused the molybdenum-oxygen entities to distribute unevenly due to
partial migration of the MoOx species to the external surface.[123]
Molybdenum carbide (Mo2C) demonstrated a higher activity than a commercial
Cu–Zn–Al shift catalyst when the WGS reaction was carried out at 220–295°C and
atmospheric pressure. In addition, this catalyst did not produce any methane and there
was no apparent deactivation during 48 h on stream.[124] WGS activity of Co-Mo sulfides
supported on alumina modified with up to 15% La2O3 provided better catalytic
performance.[125] Another Mo-sulfide catalyst which exhibited high catalytic activity in
the WGS was NiMo-sulfide with or without potassium-promoter.[88] However, in
retrospect, the addition of small amounts of Mo (1.8 Mo/nm2) on ceria was reported to
significantly poison the catalytic WGS activity of Pd/ceria by blocking the surface redox
ability of ceria.[39] Mo affected ceria by preventing the reduction of the ceria surface
which indicated that higher temperatures were required to add and remove oxygen from
the Mo-poisoned surface. It was reported that Co-MnO and CoCr2O4 catalysts were
tolerant to sulfur up to levels of 220 ppm under WGS reaction conditions. However, in
feed streams containing between 0.25 and 0.3 mol sulfur and at a reaction temperature of
400°C, the catalysts deactivated rapidly and irreversibly for Co-MnO catalyst and
CoCr2O4 catalyst.[126]

51

Factors Affecting Catalyst Performance

There are several factors affecting WGS catalyst performance. These include:
Reactants and reformates concentration; partial pressure; temperature of the reaction; gas
flow rate; gas hourly space velocity (GHSV); catalyst preparation method; metal loading;
catalyst pretreatments; and support and dopant materials.

Reactants and Reformates Concentration

WGS reaction is reversible and the amount of reactants (CO and H2O) and
reformates (CO2 and H2) influence the rate of reaction. In addition, CO poisoning
deactivates most of the metal catalysts. Hence, catalyst performance is greatly influenced
by the concentration of reactants and reformates. Deactivation behavior of the Au/ceria
catalyst was reported to be significantly affected by CO concentration in the reactants.[119]
A low WGS activity was also found over the Au-containing catalysts in the presence of
about 40% H2.[68] Water had a positive effect on the Pt/CeO2 catalysts and a more
moderate effect on the Au/CeO2 and Au/Fe2O3 catalysts. Increasing steam from 2.6% to
20% at 360oC increased CO conversion over the Pt/CeO2 catalyst prepared by sol-gel
method from 18% to 85%. Water content was also important for the activity of
commercial CuO–ZnO catalysts.[47] On the other hand, CO conversion decreases with
increasing CO concentration in the feed. The decrease in CO conversion with respect to
increasing CO concentration is most likely due to the well-known poisoning effect of CO
on Pt sites.[68] The catalytic activity of Au/CeO2 series slightly increased as a function of
H2O/CO ratio.[127] The ratio of steam to carbon monoxide of 3:1 was reported to be close
to the optimum ratio.[17]
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Partial Pressure

The partial pressures of CO, H2O, CO2 and H2 influence the rate of the WGS
reaction over a catalyst. Increasing reactor pressure resulted in an increase of the WGS
reaction over both unpromoted and Cu-promoted Fe2O3/Cr2O3 catalysts at a reaction
temperature of 370 °C.[128] The reaction orders were reported to be 0.93 with respect to
CO and 0.18 with respect to H2O partial pressure for magnetite/chromium catalyst, and
0.79 with respect to CO and 0 with respect to H2O for the copper/zinc oxide catalyst.[129]
The relationship between reaction orders and partial pressures over Pd/ceria were
approximately zeroth-order in CO, half-order in H2O, inverse-half-order in CO2 and
inverse-first-order in H2.[35] The effect of the CO partial pressure on the rate of reaction
is negligible because the Pt surface is highly covered by adsorbed CO, while the negative
reaction order with respect to the H2 pressure is caused by the increased coverage of
adsorbed H atoms. The fractional positive order with respect to the water pressure is
consistent with non-equilibrated H2O dissociation on Pt.[58] However, Idakiev et al.[112]
reported that the effect of H2O partial pressure towards the CO conversion was
insignificant over a Au/TiO2 catalyst. Rethwisch and Dumesic (1986) reported that over
Fe/Al2O3, Fe/TiO2, and Zn/Al2O3 catalysts the WGS reaction was approximately first
order with respect to CO, about 0.25 order with respect to H2O and zero order with
respect to CO2.[54]

Temperature of Reaction

Although WGS is an exothermic reaction, due to favorable kinetics, the activity of
the reaction generally increases with increasing working temperature. Increasing
53

temperature of reaction resulted in increased CO conversion for Pt/CeO2 sol–gel catalyst
and the maximum conversion was 95% at a temperature of 250oC at 0.5% CO in the
feed.[68] Increasing catalytic activity for the WGS reaction and an increase in the rate of
CO2 formation with increasing temperature were also observed on magnetite/chromium,
copper/zinc oxide[129] and vacuum-pretreated α-Fe2O3 catalysts.[53] The effect of
temperature under GHSV 2000 h-1 and steam/gas ratio of 1:1 was reported.[130] The CO
conversion was 92% at 400°C and 84% at 350°C over Fe2O3 supported on MgAl2O4 and
88% at 400°C and 80% at 350°C over a catalyst supported on oxidized activated carbon
respectively. However, at a certain point the CO conversion reaches a maximum
equilibrium and then decreases (Figure 3.2). This WGS rate pattern was reported over M

Figure 3.2.

Effect of temperature to the activity of WGS reaction over Ru, Ni, Rh, Pt,
and Pd supported on alumina foam monolith. Catalyst loading is 5% (w/w)
of the support. The dotted line represents equilibrium conversions for a
feed composition of 1/2/4 for CO/H2/H2O with 20% N2 dilution.[15]
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and M/ceria catalysts (M = Ru, Ni, Rh, Pt, and Pd) [15], M-TiO2 catalysts (M = Pt, Pd,
Rh, Ru)[13] and Au/Fe2O3.[131] This is related to the reversibility of WGS reaction. It was
stated previously that low temperature favors the WGS reaction forward, whereas high
temperatures shifts the WGS reaction backwards. Therefore, there is a certain
temperature at which the WGS activity reaches a maximum point. Increasing temperature
above this temperature causes WGS activity (in term of CO conversion) to decrease.

Gas Hourly Space Velocity (GHSV)

Gas Hourly Space Velocity (GHSV) is defined as the ratio of the volumetric flow
rate of reactants at standard conditions (25oC and 1 atm) to the total catalyst volume.[132,
133]

If the quantities of catalyst and reactants are in the same units, e.g. for monolith

catalyst, GHSV is frequently expressed in h-l (inverse time). For a granule catalyst,
GHSV is frequently expressed in ml.(gcat.h)-l. A higher GHSV implies a shorter time that
the reactants are in contact with catalyst. It can be predicted, therefore, that the WGS
activity will decrease with increasing GHSV value. Several compositions of vanadiumcobalt catalysts demonstrated this.[62] A noticeable decrease in CO conversion as the
GHSV increase was also observed for the Au/CeO2 catalyst[127] and the Au/TiO2
catalyst.[112] Typical GHSV value for HT or LT WGS reaction is 4000 h-1,[134] but for onboard fuel processing DOE (Department of Energy) targets at least 30,000 h-1.[71, 72] Due
to the inverse relationship between GHSV and space time, it is clear that CO conversion
will increase with the increasing space time, as depicted by Figure 3.3.
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Figure 3.3. Conversion of carbon monoxide vs space time at different reaction
0
= 0.075, y H0 2O = 0.101,
temperatures (Reaction condition P = 0.3 MPa, y CO
-1 [30]
0
y H0 2 = 0.273, and y CO
2 = 0.102; GHSV = 9700 h ).

Catalyst Preparation and Pretreatment

The preparation of a catalyst greatly affects catalyst performance. Goguet, et al.
(2004) stated that the activity and stability of Pt/ceria catalysts were closely linked to
their preparation. Preparation of Au-based catalysts (Au/α-Fe2O3 and Au/TiO2) by
deposition-precipitation produces more active catalysts than by coprecipitation.[68, 104, 119,
135]

Carbon-supported iron-chromia (Fe-Cr/C) catalyst prepared with single-step co-

impregnation procedure from aqueous solutions was reported to be almost twice as active
than when prepared with sequence (step-by-step) impregnation procedure.[136] The
reaction rate and turnover frequency over Au/TiO2 catalysts were very different
depending on the preparation method.[113]
Bickford et al also reported the effect of preparation method of nano-structured
ceria supported Cu-Pd bimetallic catalyst on the catalytic performance in the oxygenassisted WGS reaction. Catalyst prepared by incipient wet impregnation method resulted
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in better catalytic activity (99.7 mol.% CO conversion) compared to the one prepared
using deposition-precipitation method which had activity of 90.9 mol.% CO conversion.
The metal contents at the surfaces produced by both methods seem to be responsible for
this. The surface Cu content in the catalyst prepared by incipient wet impregnation was
almost half (14.5 wt.%) compared to that of DP catalyst (26.7 wt%). The surface Ce
content, on the other hand, is almost twice (9.5 wt%) in the previous catalyst compared to
the latter catalyst (4.9 wt%).[10]
Catalytic activity of Au/iron oxide catalyst strongly depends on the catalyst
pretreatment. Research has shown that the higher the calcination temperature the lower
its activity.[107] Li et al.[74] also reported the same for the Au/Fe2O3-ZrO2 catalyst, and the
optimum calcination temperature for this catalyst was 300°C. Besides precursor, the heat
treatment process used to prepare the catalyst greatly influences WGS activity of base
metal catalysts.[71] Reductive pre-treatment of Pt/ceria was found to increase the activity
so that the temperature required to reach a certain activity was lowered by approximately
100-140°C.[137]
It can be concluded that catalyst preparation method that results good
performance for WGS is specific for a certain catalyst. The method may not be
generalized; different catalysts warrant different preparation techniques.

Metal Loading and Size

Generally, WGS activity increases with increased metal loading. The positive
effect of metal loading towards catalytic WGS activity was reported over M/TiO2
catalysts (M = Pt, Rh, Ru, Pd),[13] Pt/CeO2 catalyst,[15, 72] and a series of Au/TiO2 catalysts
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prepared by the deposition–precipitation method.[68] However, Idakiev et al.[112] reported
that 2.5 % Au/TiO2 was more active than 5 % Au/TiO2. This may have caused by the
reduction of the acidic sites in TiO2 that contribute to the WGS reaction. The difference
of preparation methods used may also contribute to such observations. Figure 3.4
demonstrates the effect of metal loading to the catalyst activity.
The size of metal particle also plays an important role in the WGS reaction.
Basinska et al (1999)[138] reported that increasing activity of the catalysts in the WGS
reaction over ruthenium catalysts corresponds to decreasing mean size of Ru particles in
the catalysts. The CO conversion over Ru/MgO and Ru/La2O3 was 7.4 and 96 mol.%,
respectively. In this case, Ru particle size was 3.53 and 1.11 nm, respectively for over
Ru/MgO and Ru/La2O3. The smaller the metal particle size, the larger the catalyst
specific area is and therefore, the catalyst becomes more active. Consequently, use of
nanosized metal particles is expected to result in a robust catalyst. This premise was

Figure 3.4. Effect of metal loading on the catalyst activity for Pt/TiO2.[13]
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confirmed by several related research which showed that Au-based catalysts were vastly
active when the gold particles were nanosized.[99, 100, 139] Additionally, nanosized particles
played an important role in the high catalytic activity of Au/CeO2 in WGS reaction at low
temperature and appeared to be of crucial importance in explaining the remarkably high
stability of the catalytic system.[118]

Effect of Support

Catalytic activity on the WGS reaction was strongly influenced not only by the
nature of the active metal but also by the kind of support used.[68] This is because the
support also plays an active role in the reaction.[9] The activity of the Pt/ceria catalyst was
greatly influenced by the kind of support used.[68] At low temperatures, the conversion of
CO was significantly improved when Pt was dispersed on a TiO2 support of low
crystallite size.[13, 25] Reducible oxide supports such as MnOx, TiOx, FeOx and CoOx
contributed significantly to the catalytic activity of the gold, whereas fixed oxides like
Al2O3 did not. Others reported that mesoporous titania was found to be a promising
support for gold based catalysts for the WGS reaction.[112] Titania was also reported to be
a better support for Mo catalysts than alumina and zirconia.[140] Catalytic activity of the
gold/metal oxide catalysts strongly depends not only on the dispersion of the gold
particles but also on the state and the structure of the supports.[105] Research showed that
gold catalysts supported on well crystallized Au/Fe2O3 and Au/ZrO2 displayed higher
catalytic activity than the samples on amorphous and not well crystallized supports.
Basinska et al (1999) reported the effect of different supports to the activity of Rucatalysts. They figured that the decreasing activity of the Ru-catalysts in the WGS
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reaction directly related to the increasing mean size of Ru particles which was resulted by
different supports used. Oxide supports which had a beneficial effect on the Ru catalyst
included lanthana[138] and V2O5.[141] Grenoble et al hypothesized that WGS reaction
occurs through a bifunctional mode in which the metal activates CO whilst support sites
are the principal sites for water activation.[45]
Among others, acidity of the support is one important factor that determines the
activity of a metal catalyst. Grenoble et al. (1981),[45] for example, reported that at 300oC
and partial pressures of 24.3 and 31.4 kPa (respectively for CO and H2O), Pt/SiO2 has
only 1/10 the specific activity of Pt/Al2O3, while Rh/SiO2 has only 1/13 the specific
activity of Pt/Al2O3. This was related to acidity of the support. SiO2 has much less Lewis
acidity than Al2O3 which in turn causes a lower concentration of the formic acid
intermediate over the catalyst supported by SiO2 than Al2O3. This is in agreement with
Rethwisch and Dumesic (1986) who reported that the catalytic activity of supported iron
and zinc oxides decreased as the acidity of the support increased.[54]
The structure of the support is reported to be relatively insensitive to the WGS
reaction performance. During 1980s to 1990s, some researchers reported that WGS
reaction did not relate or at least insensitive to the structure of the support.[45, 47, 138]
Grenoble et al. (1981), for example, observed that the turnover rate over Rh/Al2O3
catalysts was almost unchanged at metal dispersion of 0.18 – 1.0, implied that WGS
reaction is much less sensitive to the structural and electronic property variations of the
metals.[45] The activity and structural-sensitivity of the water-gas shift (WGS) reaction
were also studied by Gines et al. (1995)[47] over Cu-Zn-Al mixed oxide catalysts. They
also reported that the turnover frequency of the eighteen samples tested was essentially
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the same (0.2~0.3)/s irrespective of varied copper metal surface area between 3 and 35
m2/g Cu and the metallic copper dispersion between 0.5 and 5.0%.This indicated that the
WGS reaction is a structure-insensitive reaction, as the specific reaction rate is always
proportional to the copper metal surface area. Basinska et al. (1999), also showed that
there was no direct relationship between the porous structure of the supports and the
catalytic activity of Ru-catalysts.[138]
In retrospect, later studies demonstrated that the state and structure of the support
is one of the important properties that have an effect on catalyst performance.[13, 105] Hua
et al. (2003)[23] reported that among the factors affecting the catalytic behavior of the
Au/iron oxide were the properties and the structure of the iron oxide support.
Unsupported metallic copper did not show high activity but both the activity and stability
increased by supporting the active component as copper oxide on other oxides such as
zinc or chromium oxide. Tabakova et al. (2000) concluded that the catalytic activity of
the gold/metal oxide catalysts depends strongly not only on the dispersion of the gold
particles but also on the state and the structure of the supports.[105] Panagiotopoulou and
Kondarides (2004)[13] also found that the turnover frequency of CO over Pt/TiO2
increased exponentially with decreasing the primary crystallite size of TiO2. In particular,
decreasing crystallite size of TiO2 from 35 to 16 nm resulted in an increasing the rate per
surface Pt atom by more than two orders of magnitude accompanied by a decrease of
activation energy from 16.9 to 11.9 kcal/mol. Essentially, the evidence suggests that the
effect of structural properties on catalyst performance is catalyst/support specific.
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Effect of Dopants (Promoters)

A dopant or promoter plays an important role on the performance of a WGS
catalyst. For example, in order to promote the activity of chromia supported magnetite
catalysts, a small amount of Cu dopant is often used. Edwards et al. (2002)[128] revealed
that the presence of Cu as a dopant for Fe2O3/Cr2O3 catalysts was able to increase the
WGS reaction by 30 – 60% above that of the undoped catalyst under the same reaction
conditions. Analysis of aged specimens, however, showed that the catalyst suffer from
deactivation as a result of eventual sintering after 1000 h of ageing. This was attributed to
a substantial increase in magnetite particle-size 25-120 nm from only 10-60 nm and
decrease in BET ratio from 50 m2/g in the fresh catalyst to 17 m2/g in the aged one.
Zhao and Gorte (2003)[65] studied the effect of Fe dopant to the ceria supported
noble metal catalysts for the WGS reaction under 25 torr of CO and variation of H2O. It
was reported that at 453K, the addition of 2.2 wt% Fe was able to increase WGS reaction
rate by 10 fold in comparison to unpromoted Pd/ceria. Similarly, the addition of 1 wt%
Pd increased the WGS rate by more than 20 fold as compared to undoped Fe2O3/ceria.
The best composition was observed to be at a Fe:Pd molar ratio of approximately 3:1.
Wang and Gorte also compared the effect of Fe and other promoters such as Tb, Gd, Y,
Sn, Sm, Pr, Eu, Bi, Cr, V, Pb, and Mo on Pd/ceria. Except Fe, there was no significant
effect of these promoters on the WGS reaction.[64] Fe-Cr catalyst can also be promoted by
addition of a slight amount of Rh. Recently, Lei et al. (2006) reported that the addition of
1 wt.% Rh to a Fe3O4/Cr2O3 catalyst increased the WGS reaction rate by 2 to 5 fold in
comparison to unpromoted catalyst.[142] Kinetics comparison with the undoped catalysts
indicated that the promoter had the greatest effect on the reactivity of carbon monoxide
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and hydrogen and was able to decrease the activation energy to 63 kJ/mol (compared to
106-118 kJ/mol for unpromoted catalyst).[61] Rhodes et al (2002) reported that doping
Fe3O4/Cr2O3 with Cu, Ba, Pb, Hg or Ag resulted in an increase in the WGS activity with
the relative order being Hg > Ag; Ba > Cu > Pb > unpromoted.[50] In particular, the
presence of CuO promoter with Fe3O4/Cr2O3 significantly reduced the activation energy
to be around 75-80 kJ/mol at a temperature range of 380-450 oC.[143] Ceria is another
sound promoter for Fe-based catalysts. Using FT-IR spectroscopy, Hu et al. (2000)
observed that iron-based catalysts promoted by CeO2 demonstrated excellent activity,
selectivity, and stability.[38]
Chromia is a promoter found to act as a structural and catalytic promoter for WGS
reaction over skeletal copper catalysts. Ma et al.[144, 145] reported that the addition of
Cr2O3 on skeletal copper catalysts significantly improved the specific activities for WGS
reaction. Flytzani-Stephanopoulos et al (2002)[146] reported the effect of lanthana dopant
on the WGS activity of Cu/ceria. They found that the addition of 30 wt.% La resulted in
the highest conversion of CO to CO2 (about 29 % at 500 oC) in WGS reaction. This was
much higher than the promoting effect of Zr at the same loading - which only rendered a
CO conversion of around 7 %. Further, they concluded that the effect of lanthana is
chemical, and is not related to the surface area. The catalyst, however, deactivated
relatively fast. Subsequent to 40 h time on stream, the activity was half of the initial
value. Since there was no carbon deposition over the sampled catalyst, the deactivation
was attributed to be caused by coking. However, it was speculated that structural
modification may be responsible. Zirconia, on the other hand, is a good promoter for
Au/Fe2O3 catalysts. Recently Zhang et al. (2006)[147] revealed that the addition of ZrO2
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alongside Nb2O5 to the Au/Fe2O3 catalyst resulted in more active gold sites, larger
surface area and smaller magnetite particles which were collectively responsible for the
performance enhancement. At 200 oC, with a promoter loading of 10 wt.% (both for
ZrO2 and Nb2O5) on 8 % Au/Fe2O3 produced a satisfactory low temperature catalyst
having CO conversion of almost 99%. The catalyst, nevertheless succumbed to
deactivation. Subsequent to 50 h on-stream, its activity decreased to 60%.

Summary

Catalysts play an important role in the WGS reaction. Conventionally, Fe2O3Cr2O3 and Cu-ZnO/alumina catalysts were used to perform the high- and lowtemperature WGS reactions, respectively. As a result of the drawbacks of these catalysts,
studies are continually carried out to finding improved and robust WGS catalysts. This
review has tried to compile the current status of the WGS catalysis research and pinpoint
several promising candidates. This task is arduous since most reports lack the entire
spectrum of information needed to make objective comparisons. Except for CO
conversion, most reports did not include other important parameters such as hydrogen
selectivity, deactivation tendencies or poison tolerance. The review suggests that
unfortunately, up to now, new catalysts to replace the conventional catalysts have not
been definitively established. Studies, however, indicate that several new catalysts,
including Platinum catalysts supported either on CeO2 or TiO2 are promising candidates
that could potentially replace present commercial WGS catalysts. While this noble metal
is economically prohibited, Ni-based catalysts have high potential as alternative for WGS
reaction.
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CHAPTER IV*
MONOLITH ALUMINA SUPPORTED METAL CATALYSTS FOR WATER GAS
SHIFT REACTION

Abstract
Noble metal (Rh, Pt, Pd, Ir, Ru, and Ag) and Ni catalysts supported by CeO2Al2O3 were investigated for catalyzing water gas shift reaction at ultrahigh temperatures
(700oC). Pt/CeO2-Al2O3 and Ru/CeO2-Al2O3 demonstrated as the best catalysts in terms
of activity, hydrogen yield and hydrogen selectivity. At 700 oC and steam-to-CO ratio of
5.2:1, Pt/CeO2-Al2O3 was able to convert 76.3% of CO with 94.7% of hydrogen
selectivity. In the same conditions, the activity and hydrogen selectivity for Ru/CeO2Al2O3 were 63.9% and 85.6%, respectively. Both catalysts showed good stability over
nine hours of continuous operation. It was concluded that Pt/CeO2-Al2O3, Ru/CeO2Al2O3, and Ni/CeO2-Al2O3 are good candidates for WGS catalysts at high temperature.
The Nickel catalyst is especially interesting because it is relatively inexpensive compared
to the other two catalysts tested.
Keywords: hydrogen, water gas shift, monolith alumina, metal catalysts.

*

This chapter is based on paper published on Catalysis Today Vol. 129(3-4), 2007: 269-274 and
presentation on The Institute of Biological Engineering (IBE) Meeting, St Louis, 29 March to April 01,
2007.
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Introduction
About 80% of the present world energy demand comes from fossil fuels. The use
of these fuels, however, has contributed to over half of all greenhouse gas emissions and
a large fraction of air pollutant emissions.[1] Many consider that minimizing
environmental impacts from energy use is the greatest challenge we face in the 21st
century.[2] In addition, relying on fossil fuels causes significant challenges with respect to
energy security because the resources, especially crude oil, will wane forever. The
concerns on fossil-fuel depletion and environment pollution make hydrogen an attractive
energy carrier for the future, and would play an important role in addressing both
problems.
Currently, however, over 96% of the hydrogen is produced from steam reforming
of fossil fuels at high temperatures with natural gas as a dominant feedstock (48%)
followed by heavy oils and naphtha (30%) and coal (18%).[3] Biomass is an attractive
alternative feedstock for producing hydrogen.[4] Among all the renewable energy sources,
biomass could be the most promising for sustainable energy production.[5] As an energy
source, biomass has several important advantages. Bio-renewability and environmental
friendliness[6, 7] are the two key features. Hydrogen production from biomass is
environmentally benign because the carbon dioxide (CO2) released from the process will
be reconsumed during the plant growth through photosynthesis, resulting in net zero CO2
emissions.[8]
There are several technologies to produce hydrogen from biomass including
thermochemical and biochemical conversion processes. Gasification is the most mature
thermochemical conversion technology available.[9] Compared to steam reforming of
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natural gas for producing hydrogen, biomass gasification showed a lower dependence on
the feedstock cost.[10] At present, the cost of producing hydrogen from biomass
gasification is higher than that of methane steam reforming.[11] However, future
technological developments such as membrane separation and supercritical water
gasification are expected to reduce production costs considerably.
Although gasification is a viable technology to produce hydrogen, there are still
certain technological challenges to overcome before this technology can become feasible
for widespread commercialization. Synthesis gas produced from biomass gasification
process is generally comprised of mainly carbon monoxide (CO), carbon dioxide (CO2),
hydrogen (H2), methane (CH4), water (H2O), and nitrogen (N2), and trace amounts of
higher hydrocarbons. The amount of hydrogen in the synthesis gas is relatively low. An
alternative way to increase H2 yield is employing water gas shift (WGS) reaction (Eq.
4.1) in downstream reactor. The problem is that synthesis gas from a gasifier exits at a
ultrahigh temperature (around 800oC) in comparison to the temperatures the conventional
WGS catalysts perform.
CO + H2O

H2 + CO2

∆Ho298 = - 41.2 kJ/mol

(4.1)

Conventionally, WGS reaction is employed in a two stage reactor with a cooler in
between. High temperature shift (HTS) reactor is conducted using Fe-Cr catalyst working
at around 450oC and low temperature shift (LTS) reactor using Cu-Zn catalyst at around
250oC.[12] Accordingly, the synthesis gas should be cooled to around 450oC for the HTS
to occur and further reduced to 250oC for the LTS to occur. At commercial scale
gasification processes, this step is energy intensive. Our goal in this study was to evaluate
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nonpyrophopric ultrahigh temperature WGS catalysts that could be directly coupled with
biomass gasification unit.

Method

Catalysts Preparation
Catalysts tested in this experiment involved Pt, Rh, Pd, Ir, Ru, Ag, and Ni.
Alumina (92%) ceramic foam monoliths containing 8% silica (from Vesuvius Hi Tech
Ceramics, Champaign, IL) having a nominal surface area of ∼ 1 m2/g and the void
fraction of approximately 0.8 was used as the supports for the catalysts. First, the
monoliths were saturated with ceria solution (Ce(NO3)3.6H2O) by wetness incipience
technique and dried at 125oC for an hour. Ceria loading was 2.5 wt.% of the monoliths.
Then, monoliths were saturated with metal solution using the same technique. Metal
loading was 2.5 wt.% of the monoliths. The absolute amount of ceria and metal loadings
are presented in Table 4.1. The monoliths were dried again at 125oC for one hour. Drying
process was purposed to evaporate water. In the event that the amount of metal solution
was too much to be loaded at once, the loading was repeated after drying for around an
hour at 125oC until solution was fully loaded. Finally, the catalysts were calcined at
700oC for four hours in air. The purpose of the calcination process was to get metal oxide
formation. All the required metal solutions for catalysts preparation (H2PtCl6, Rh(NO3)3,
Ni(NO3)2.6H2O, Pd(NO3)2, AgNO3, HN4O10Ru, and H2Cl6Ir) were purchased from
Sigma-Aldrich (St. Louis, MO). All catalysts were used without being reduced and
therefore all metals were deposited in the oxide form.
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Table 4.1. The monolith alumina dimensions and absolute amount of ceria and metal
loadings
Metal
Catalyst

Dimensions (mm)

Monolith 2.5%
Diameter Thickness mass (g) Ce (g)

2.5%
Metal (g)

Ag-CeO2/Al2O3
Rh-CeO2/Al2O3
Pt-CeO2/Al2O3
Ni-CeO2/Al2O3
Pd-CeO2/Al2O3
Ru-CeO2/Al2O3
Ir-CeO2/Al2O3
Pt-Al2O3

20.117
20.015
19.812
19.939
19.939
20.066
19.812
19.914

0.0960
0.0720
0.0679
0.0831
0.0653
0.0794
0.0769
0.0929

10.693
10.744
10.363
10.261
10.744
10.795
10.846
10.325

3.8396
2.8786
2.7149
3.3220
2.6121
3.1751
3.0743
3.7168

0.0960
0.0720
0.0679
0.0831
0.0653
0.0794
0.0769
0

Catalysts Testing
Catalyst testing was carried out in a tube furnace at temperatures of 700, 500 and
300oC with purging air at 800oC for an hour in between experiments. The reason for
aeration was to oxidize any coke that formed during the previous experiment. The reactor
was made of an alumina (99.8%) tube with an outer diameter 1.25 in. A stainless steel
tube was placed inside the ceramic tube to hold the catalyst in the center of the reactor.
Prepared catalyst was held at the center of the reactor with the help of alumina cloths.
The experimental setup is depicted in Figure 4.1.
The tube furnace was kept for one hr at the required temperature to stabilize
before purging the reactants. Then, the reactants (CO and liquid water) were sent to the
reactor. Carbon monoxide flow was controlled using a mass flow controller (MFC) (EW32907-59, Cole Parmer, Vernon Hill, IL) at a rate of 120 ml/min. Liquid water was
delivered using a high pressure liquid chromatograph (HPLC) pump (LC- 20AT,
Shimadzu Scientific Instrument, Columbia, MD) at a rate of 0.5 ml/min. This was
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Figure 4.1. Experimental set-up for ultrahigh temperature shift WGS reaction

equivalent to a gas hourly space velocity (GHSV) of ~64000 h-1. The resultant gases,
after passing through a condenser and a moisture trap, was analyzed using gas
chromatograph (GC) (GC6890N - Agilent Technologies Inc., Palo Alto, CA). Three
columns from the same company were used in the GC including HP-Molsiv (30 x 0.53),
HP-Plot Q (30 x 0.53), and HP-Plot Q (15 x 0.53).
CO conversion and H2 selectivity were defined as follows:
CO conversion =

H2 selectivity =

FCO, in − FCO, out

(4.2)

FCO, in

mol H 2 yield
mol H 2 maximum

(4.3)

where FCO,in and FCO,in denote CO flow rate at the inlet and outlet of the reactor, while mol
H2 maximum in Equation 4.3 is based on stoichiometric reaction.
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Results and Discussion

Effect of Temperature

All catalysts were tested at three different temperatures, i.e., 300, 500, and 700oC.
First, it is important to note that no hydrogen was observed at 300 oC over all catalysts
studied. This observation was interesting due to the fact that several of the previous
studies suggested otherwise. Wheeler et al (2003) observed a slight CO conversion over
several noble metal and Ni catalysts at around 300oC.[13] On the other hand, noble metal
catalysts, and especially Pt/CeO2, were reported as being good for low temperature shift
WGS reaction.[14, 15] Recently, Germani and Schuurman (2006) reported that Pt supported
on CeO2/Al2O3 was very active for the water-gas shift reaction between 250–400°C.[16]
Liu et al (2005) also reported that Pt-Ce demonstrated a significant CO conversion after
4000 minutes at 350oC.[17] The reason for not observing any CO conversion at 300oC may
be due to the extremely high gas hourly speed velocity applied in our work (~64000 h-1).
Figure 4.2 depicts the hydrogen yield (presented in vol.% of outlet gas) as a
function of operating temperature for different catalysts. It is evident that the reaction
produces more hydrogen at 700oC than that at 500oC for all catalysts. At 500oC, hydrogen
yield in the product gas was comparable for all catalysts, except for Ir-CeO2/Al2O3. Four
catalysts including Rh-, Pt-, Ru- and Pd- supported on CeO2/Al2O3 resulted in hydrogen
compositions of more than 40 vol.% at 700oC. Based on figure 4.2, it can be inferred that
Pt-CeO2/Al2O3 and Ru-CeO2/Al2O3 are the best catalysts amongst all tested catalysts.
Both catalysts produced hydrogen more than 50 vol.%, specifically, 52.2 and 52.0 vol.%,
respectively for Pt-CeO2/Al2O3 and Ru-CeO2/Al2O3 catalysts.
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Figure 4.2. Hydrogen yield at 700 and 500oC for different catalysts (Reaction condition:
120 ccm CO and 0.5 ml/min H2O)

Panagiotopoulou and Kondarides (2006) recently reported that catalytic activity
of Pt and Ru catalysts supported on “reducible” metal oxide such as CeO2 were better
than that supported on “irreducible” one such as SiO2.[18] However, our results suggest
that without reduction these metal oxide catalysts perform satisfactorily at ultrahigh
temperatures.
Figure 4.3 demonstrates catalysts selectivity towards hydrogen. In this case,
hydrogen selectivity is presented as a ratio of hydrogen yield to the possible maximum
value of hydrogen based on stoichiometric reaction. All catalysts showed low (< 40%)
hydrogen selectivity at 500 oC. At 700 oC, however, three catalysts, i.e., Rh-, Pt-, and RuCeO2/Al2O3 demonstrated very good selectivity towards hydrogen. Again, Pt-CeO2/Al2O3
and Ru-CeO2/Al2O3 are superior to other catalysts. Hydrogen selectivity was 94.7 for PtCeO2/Al2O3 and 85.6 % for Ru-CeO2/Al2O3.
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Figure 4.3. Hydrogen selectivity (% of possible maximum) at 700 and 500oC for
different catalysts (Reaction condition same as in Figure 4.2)

Figure 4.4 presents catalysts activity for WGS reaction in terms of CO
conversion. Assuming no methane formation, the theoretical equilibrium CO conversion
for WGS reaction was estimated to be around 96 and 88 % at 500 and 700 oC,
respectively. Based on the reaction conditions in this experiment, the equilibrium CO
conversion (X) was calculated using the following expressions:
⎛ ∆G R ⎞
Keq = exp⎜ −
⎟
⎝ R.T ⎠

(4.4)

and
Keq =

X2
(1 − X )(5.2 − X )

(4.5)

where Keq is equilibrium constant, ∆GR is free Gibb’s energy of the reaction (J), R is
universal gas constant (J.mol-1.K-1), and T is absolute temperature (K). In this case ∆GR
was calculated from the sum of individual Gibb’s energy of the product gases subtracted
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by calculated the sum of individual Gibb’s energy of the reactants. Individual Gibb’s
energy data were taken from Rosini (1953).[19]
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Figure 4.4. CO conversion at 700 and 500oC for different catalysts (horizontal solidand dotted-line was equilibrium CO conversion at 700 and 500oC,
respectively) (Reaction condition same as in Figure 4.2)

The figure shows that at an operating temperature of 500oC, all catalysts showed
relatively low activities compared to theoretical maximum equilibrium conversion
possible. Pd-CeO2/Al2O3 showed the highest CO conversion at this temperature which
was 45.7%.
At operating temperature of 700oC, however, Pt-CeO2/Al2O3, showed the highest
conversion of 76.3%. The second highest conversion was exhibited by Ru-CeO2/Al2O3
with CO conversion 63.9%. Wheeler et al (2003) reported that Ni-, Ru-, Pt-, and Rh-Ce
catalysts were able to reach equilibrium CO conversion at 600oC or lower.[13] This
87

disagreement, especially for Ni catalysts, may have resulted from different reaction
conditions and catalyst preparation method.
It is important to note that only Ni-CeO2/Al2O3 catalyst produced methane. These
values were 1.34 and 4.05 vol.% at 500 and 700oC respectively. No methane was
observed for other catalysts. It is also important that at 300oC, all catalyst presented
extremely low amounts of CO conversion. The average CO conversion at the temperature
was 18.7% with the highest was 24.8 for Ru-CeO2/Al2O3 and the lowest 11.6% for NiCeO2/Al2O3. Utaka et al (2003) reported that even though gas product was dominated by
CH4 as a main yield, at 300oC Ru-Ce catalyst was able to convert more than 80% CO.[20].
Li et al (2000) also observed a significant CO conversion at low temperatures over 5%
Ni-Ce catalyst, which at 350oC the catalyst was even able to convert around 95% CO.[21]
Speed velocity, metal loading, and steam to CO ratio is likely responsible for these
disagreements.
Based on Figures 4.2-4.4, it can be surmised that Pt- and Ru-CeO2/Al2O3 are the
best amongst catalysts tested. Therefore, it is important to see the stability of both
catalysts. The results are presented in Figure 4.5 and 4.6. Figure 4.5 revealed that both
catalysts showed a good stability for approx. 560 minutes time on test apparatus. From
Figure 4.5, however, it can be seen that with time, both catalysts exhibited a slight
decreasing trend in H2 yield. This may be resulted from coke formation in the catalyst.
Figure 6 confirms the deactivation problem. It can be examined from Figure 6 that CO
fraction in the outlet gas increased gradually. For Pt-CeO2/Al2O3 catalyst, the raise in
unconverted CO was more pronounced after about 420 minutes time on stream. Figure 4.5
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Figure 4.5. Hydrogen yield vs. time on stream (reaction conditions: 700oC, steam to CO
ratio 5.2:1, and GHSV ~64000 h-1)
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Figure 4.6. Unreacted CO vs. time on stream (reaction conditions: 700oC, steam to CO
ratio 5.2:1, and GHSV ~64000 h-1)
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and 4.6 also depict that Ru-CeO2/Al2O3 presented a better performance than that of PtCeO2/Al2O3. Liu et al (2005) concluded that deactivation of the Pt/CeO2 catalyst in WGS
reaction was due to the formation of carbonates.[17]
Previously, we reported the performance of some similar catalysts, with
simultaneous ceria and metal loading.[22] The catalysts, however, lost their activity
relatively fast and H2 selectivity decreased to around 20% after 540 minutes time on
stream (Figure 4.7). This behavior implies that the order of metal loading have a
significant effect on the catalyst performances. Mixing ceria in metal solution and
loading them to the support will not guarantee that metal particles are deposited in the top
layer. Some metal particles may be covered by ceria, which may have resulted in fast
deactivation of these catalysts.

H 2 Selectivity (% of maximum)

Rh-CeO2/Al2O3
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80
60
40
20
0
0

100

200

300

400

500

600

Time on stream (min)

Figure 4.7. Hydrogen selectivity vs. time on stream (reaction conditions: 500oC, steam
to CO ratio 6.2:1, and GHSV ~59300 h-1).
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Depending on the above results, it can be inferred that noble metal oxide catalysts
in its unreduced form such as Ru- and Pt-CeO2/Al2O3, could be coupled into a synthesis
gas stream of a biomass gasifier without the gas stream needing to be cooled. The
catalysts could be conveniently regenerated by a hot stream of air after approximately 9 h
of operation. The advantage of the above catalysts is their non-pyrophoricity and the nonrequirement to reduce (under hydrogen) after each run.

Bimetallic Pt-Ru Catalysts

We have showed that Pt/ and Ru/Ceria-Alumina demonstrated good performance
for WGS reaction at 700oC. It is interesting to investigate if both metals exist together in
a bimetallic formation. Therefore, we prepared bimetallic Pt-Ru catalysts supported on
ceria-alumina and tested their performance for the WGS reaction. The amount of ceria
and the total metal loadings were respectively 0.1 g (around 2-3% of the monoliths). The
Ru loadings were 0, 0.01, 0.02, and 0.05 g and impregnated after Pt impregnation. Table
4.2 lists the name of the catalysts along with metal loading.
To observe the effect of impregnation order, another Pt-Ru/ceria-alumina catalyst
contained 10% of Ru and 90% of Pt was prepared in the opposite order (Ru was loaded
first before Pt). Ni/ceria-alumina was also compared because this catalyst is cheap and at
500oC it showed a comparable H2 yield (Figure 4.2) and H2 selectivity (Figure 4.3) with
those of platinum group metals (Pd, Pt, Rh, Ru). In this work, we impregnated monolith
alumina with more diluted metal solutions. The calculated ceria and metal salts were
diluted with distilled water to have 12 ml solution. This meant a dilution factor of 3, 7,
and 10 times of the previous experiment (respectively for Ru, Pt, and Ni). The catalysts
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Table 4.2. Catalyst name and absolute amount of ceria and metal loadings in gram
Catalyst
Symbol

Monolith Ceria
mass (g) loading

Pt
loading

Ru
loading

Pt/Ce-Al
9Pt-Ru/Ce-Al
Ru-9Pt/Ce-Al
8Pt-Ru/Ce-Al
5Pt-Ru/Ce-Al
Ni/Ce-Al

3.2973
2.5361
2.7403
2.6863
2.9975
2.6305

0.10
0.09
0.09
0.08
0.05
0.00

0.00
0.01
0.01
0.02
0.05
0.00

0.01
0.01
0.01
0.01
0.01
0.01

Remark

Ru loaded before Pt
0.1 Nickel

were tested at temperatures of 500 and 700oC, CO flowrate of 28.5 ccm and steam
flowrate of 0.1, 0.3, 0.5 ml/min. The results are presented in Figure 4.8 to 4.10.
It can be observed from Figure 4.8 that there is no significant difference in
catalyst activity due to different steam flowrates, either at 500 or 700oC within all
catalysts tested. This might have been as a result of the low CO flowrates compared to
steam flowrates which results in high CO/steam molar ratios. As we presented in Chapter
2, increasing CO/steam molar ratio above 1:7 has little effect on CO conversion. The
exception was Pt/CeO2-Al2O3. At a temperature of 700oC, the catalyst had a significantly
lower CO conversion at a steam flowrate of 0.1 ml/min compared to other steam
flowrates. The activity of this catalyst at a steam flowrate of 0.1 ml/min is also
significantly lower at 700oC compared to that at 500oC. Reverse water gas shift reaction
might be responsible for this observation. The effect of reverse water gas shift reaction
was also revealed by the Ni catalyst. It is important to note that Ni catalyst demonstrated
the highest activity at 500oC. However, Ni catalyst produces insignificant amounts of
methane - up to 1.7 vol.% - at 500oC and a steam flowrate of 0.1 ml/min (not shown in
the figure).
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Figure 4.8. Effect of different catalysts on the CO conversion at 28.5 ccm CO and
reaction temperatures 500oC (top) and 700oC (bottom) with H2O flowrates
of 0.1, 0.3, and 0.5 ml/min.[23] (Bar sign denotes 5% error)

The presence of Ru produces a markedly different effect. At 500oC the bimetallic
Pt-Ru catalysts had a lower activity than Pt catalyst (without Ru). Increasing the Ru
loading, however, had a positive effect on the CO conversion and at 0.05 g Ru loading,
the bimetallic catalyst has activity comparable to that of Pt catalyst. At 500oC and Ru
loading 0.05 g, however, the bimetallic Pt-Ru produced CH4 up to 3.9 vol.% at a steam
flowrate of 0.1 ml/min (not showed in the figure). Conversely, at 700oC, bimetallic
formation displayed a better activity than the Pt catalyst. However, its effect decreased
with the increased Ru loading. It appears that at higher temperatures, the presence of Ru
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resulted in a more pronounced effect with low loadings, and vice versa. The figure also
reveals that at low Ru loadings (0.01 g), it is better to impregnate Pt first even though no
difference was observed at 500oC.
In terms of H2 yield (Figure 4.9), Pt/CeO2-Al2O3 and Ni/CeO2-Al2O3 exhibited
the highest yield at 500oC compared to bimetallic catalysts. The H2 yield of Ni catalyst,
however, was the lowest at 700oC. The bimetallic catalysts displayed a better H2 yield at
a low Ru loading (10 % w/w), high steam flowrate (0.5 ml/min) and 700oC. At 500oC,
however, the bimetallic formation with low Ru loading displayed a lower H2 yield
compared to that of the Pt catalyst without Ru. We also observed that at 500oC, H2 yield
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Figure 4.9. Effect of different catalysts on the H2 yield at 28.5 ccm CO and reaction
temperatures 500oC (top) and 700oC (bottom) with H2O flowrates of 0.1,
0.3, and 0.5 ml/min. (Bar sign denotes 5% error)
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was independent on the order of the metal loading. However, at 700oC, loading Pt first
resulted in a better H2 yield than when Ru was loaded first.
Figure 4.10 depicts H2 selectivity of the catalysts tested. Ni/Ce-Al demonstrated
its superiority at 500oC with H2 selectivity almost 100% at steam flowrates of 0.1 and 0.3
g/min. At 700oC, however, its selectivity towards H2 was the lowest. Pt/Ce-Al had H2
selectivity around 90% at 500oC and 100% at 700oC. All Ru-containing catalysts gave H2
selectivity around 60% at those two temperatures.

Figure 4.10. Effect of different catalysts on the H2 selectivity for at 28.5 ccm CO and
reaction temperatures 500oC (top) and 700oC (bottom) with H2O flowrates
of 0.1, 0.3, and 0.5 ml/min.
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Conclusions

Noble metal (Rh, Pt, Pd, Ir, Ru, and Ag) and Ni catalysts supported on CeO2Al2O3 were investigated for water gas shift reaction at ultrahigh temperatures. Based on
the previous discussion, it can be concluded that Ni and noble metal including Pt, Ru, Rh,
and Pd supported on CeO2/Al2O3 demonstrated good performance for ultrahigh
temperature WGS reaction. The performance of bimetallic Pt-Ru catalysts catalysts was
slightly affected by the order of metal loading. There was no appreciable effect of the
presence of Ru in the Pt-Ru/Ce-Al catalysts. Using more diluted metal solution, Ni
showed especial H2 yield at 500oC, even surpassed the H2 yield of noble metal Pt and PtRu catalysts. Due to its inexpensive price compared to that of the noble metals, the ability
of Ni catalysts to further enhance the hydrogen selectivity should be further explored.
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CHAPTER V*
PERFORMANCE OF NICKEL CATALYSTS FOR WATER GAS SHIFT REACTION
Abstract
This chapter presents the recent advances of WGS process using supported nickel
catalysts. The effect of different supports, nickel loading, reaction temperatures, and dopant
materials on the catalyst activity and selectivity were discussed. Ceria promoted nickel catalyst
supported on powder alumina (Ni/CeO2-Al2O3) demonstrated the best performance. The

performance of Ni catalysts was superior to that of commercial catalyst. Increasing
nickel loading resulted in a better performing Ni/CeO2-Al2O3 catalyst. The addition of a
small amount of Cr or Co as a dopant also increased considerably the performance of
Ni/CeO2-Al2O3 catalyst. The activity of undoped, Cr-doped, and Co-doped 4%Ni/CeO2Al2O3 was 49, 78, and 85% respectively. Similarly, H2 yield was 36, 46, and 49 vol.% and
H2 selectivity was 61, 78, and 98%, respectively for undoped, Cr-doped, and Co-doped
4%Ni/CeO2-Al2O3. The activity, H2 yield, and H2 selectivity of the commercial catalyst
was 36%, 11 vol.%, and 8%, respectively. A kinetic study on the WGS reaction over
Ni/CeO2-Al2O3 catalyst revealed that the reaction has an activation energy of 104.5
kJ/mol.
Keywords. hydrogen, water gas shift reaction, nickel catalysts, activity, selectivity.

*

This chapter is originally prepared for presentation at The American Society of Agricultural and
Biological Engineer (ASABE) International Meeting, Rhode Island, June 29 to July 2, 2008.
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Intoduction
Recently, water gas shift (WGS) reaction (Equation 5.1) has attracted a new
significance as a result of advances of the fuel cell technology. The benefit of the WGS
reaction is that it reduces CO concentration while producing more H2 which is the fuel
for hydrogen fuel cells.
CO + H2O

H2 + CO2

o
∆H 298
= - 41.2 kJ/mol;

∆G = -28.6 kJ/mol

(5.1)

The WGS reaction is typically performed using two-stage adiabatic converters
with cooling in between: a high temperature shift (HTS) at 320–450oC with iron catalyst
(Fe2O3-Cr2O3), and a low temperature shift (LTS) at 200–250oC with copper catalyst
(Cu-ZnO/Al2O3).[1-3]
However, both of the aforementioned commercial catalysts are not strong enough
to bring carbon monoxide (CO) concentration to a level tolerable by low temperature fuel
cells, especially proton exchange membrane (PEM) fuel cells. Therefore, even though Feand Cu-based catalysts have been used for WGS for decades, the quest for more active
and robust catalysts is still ongoing.
In the previous works,[4-5] we have demonstrated that noble metal catalysts,
especially Pt and Ru, and transition metal catalyst Ni showed good performance for the
WGS reaction at high temperatures (>700 oC). Due to its low price compared to noble
metals, it is reasonable to further develop the Ni catalyst. Moreover, our observation was
reinforced by recent review work performed by Davda et al. (2005) that Ni catalyst had
higher activity for WGS reaction than noble metals such as Pt or Rh.[6]
Nickel catalysts are familiar for steam reforming of natural gas. However, nickel
also plays an important role for the water gas shift reaction. For example, Willms
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(1994)[7] reported that nickel is an effective catalyst to produce hydrogen either through
water-gas shift reaction or steam reforming process. Cooper (2000)[8] also noted that
nickel, which forms a part of the anode composition, facilitates the WGS reaction to take
place on the surface of the anode of solid oxide fuel cells. The existence of nickel in the
CeO2-supported bimetallic Ni-Rh catalyst was reported to help converting CO into CO2
and H2 by WGS reaction (Kugai et al., 2005).[9]
Chu et al. (2004)[10] observed that Ni-ceria is a more active catalyst for WGS
reaction than Fe-ceria. Nickel catalysts, however, seemed to be good for high temperature
shift than for the low temperature one. Li et al. (2000)[11] investigated the use of cerialantana supported catalysts for the WGS reaction at gas hourly space velocity 8000 and
80000 h-1 and temperature ranges of 150 to 550oC. It was found that Ni-Ce(La)Ox catalyst
was found to be far superior than the support itself, i.e., Ce(La)Ox. A CO conversion
higher than 90% was measured at 400oC over the metal oxide-containing ceria, while the
corresponding CO conversion over Ce(La)Ox was less than 10% at this temperature. It
was also observed that at around 350oC, the activity of Ni-loaded catalyst surpassed that
of the Cu-loaded one
This chapter discusses the performance of Ni catalysts for the water gas shift
reaction. The effects of different supports for Ni catalysts as well as Ni loading will be
elucidated. The supports include alumina, ceria, alumina-ceria, ceria-zirconia, ceriasamaria, and ceria-gadolinia; while the Ni loading is 1, 2, 4, and 8% (w/w). The paper
also discusses the effect of dopant materials including cobalt (Co), molybdenum (Mo),
chromium (Cr), and ruthenium (Ru). The performances of selected catalysts were also
compared to that of a commercial catalyst (Shift Max 120, Süd Chemie).
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Experimental Method

Catalysts Preparation
Nine nickel-based catalysts with composition as presented in Table 5.1 were
prepared by incipient wetness technique. Monolith alumina (procured from Vesuvius Hi
Tech Ceramics, Champaign, IL) was crushed and sieved to get particle sizes of 20-45
mesh. Two types of ceria (CeO2) were used: ceria particles from NanoScale Materials
(Manhattan, KS) for support, while cerium nitrate hexahydrate (Ce(NO3)3.6H2O) from
Sigma-Aldrich (St. Louis, MO) for promoter (3% w/w) to nickel-alumina. Other supports
including ceria-zirconia (CeZrO4), ceria-yttria (CeYO5), ceria gadolinia (20% Gd), and
ceria-samaria (15% Sm) were procured from Sigma Aldrich (St. Louis, MO).

Table 5.1. The composition of prepared nickel-based catalysts and its BET surface area
Catalyst #

Name

Composition

BET cm2/g

1
2
3
4
5
6
7
8
9

Ni/CeO2
Ni/Al2O3 powder
Ni/Al2O3 monolith
Ni/CeZrO4
Ni/CeYO5
Ni/CeO2-Gd
Ni/CeO2-Sm
Ni/CeO2-Al2O3 monolith
Ni/CeO2-Al2O3 powder

4% Ni; 96% CeO2
4% Ni; 96% Al2O3
4% Ni; 96% Al2O3
4% Ni; 96% CeO2-ZrO2
4% Ni; 96% CeO2-Y
4% Ni; 76.8% CeO2; 19.2% Gd
4% Ni; 81.6% CeO2; 14.4% Sm
4% Ni; 3% CeO2; 93% Al2O3
4% Ni; 3% CeO2; 93% Al2O3

80.79
3.79
1.53
102.00
100.50
119.30
425.00
6.44
9.01

Nickel precursor for this experiment, nickel nitrate hexahydrate (Ni(NO3)2.6H2O)
from Sigma-Aldrich (St. Louis, MO), was diluted with distilled water. The solution was
used for loading Ni into supports. The Ni loading for all catalysts prepared was 4 % (by
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weight) of the support. The catalysts were dried at 75oC for a night. For ceria-promoted
catalysts, ceria (3% w/w) was impregnated and dried prior to Ni loading. The catalysts
were calcined at 500oC in a muffle furnace for 3 hours. Finally, the catalysts were
pelletized, crushed, and sieved to obtain particle sizes between 20-60 mesh.
Catalyst surface area was measured using Autosorb-1C® (Quantachrome, Boynton
Beach, FL) suface area analyzer. The catalyst surface area was measured by the
Brunauer, Emmett, and Teller (BET) method using N2 adsorption isotherms. Prior to
surface area measurement, samples were degassed at 300oC for 3 h. In addition, to
measure carbon deposits on the used-catalyst, a thermogravimetric analysis (TGA) was
performed on a TG/DTA 6300 instrument (Perkin-Elmer Instrument, Wellesley, MA).
This system is capable of measuring the change in mass of a sample as a function of
temperature up to 1100oC. For this purpose, temperature ramping of 20 degrees per
minute and air flowrate of 100 ccm was used.

Catalysts Testing
Figure 5.1 depicts experimental setup used for catalysts testing. The reactor
consisted of a quartz tube from Technical Glass Products (Painesville Twp., OH) with
12.51 mm outer diameter, 10.01 mm inner diameter, and 50 cm length. Bids of quartz
wool were used to hold catalyst inside the tube. A tube furnace (Lindberg Blue M 3385000, Cole Parmer, Vernon Hill, IL) capable to reaching 1100oC, was used as a heat source
for the reactor. A thermocouple was inserted inside the tube to measure reaction
temperature. The testing was conducted at a low temperature (250oC) and a high
temperature (450oC) at a CO flowrate of 15 ccm and steam flowrate of 0.04 ml/min and
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Figure 5.1. Scheme of the experimental set up for WGS reaction.

catalyst loading of 1 g diluted in 1.5 g fused SiO2 (Sigma Aldrich, St. Louis, MO). At
these temperature and atmospheric pressure, steam will be in superheated condition.
Water was delivered using a high pressure liquid chromatograph (HPLC) pump (LC20AT, Shimadzu Scientific Instrument, Columbia, MD), while CO flowrate was
maintained using a mass flow controller, MFC (Cole Parmer, Vernon Hill, IL).
Gas output was cooled and dried and then measured with another MFC. A large
portion of the gas was vented to the atmosphere and a smaller portion was routed to the
gas chromatograph (GC) (GC6890N - Agilent Technologies Inc., Palo Alto, CA). The
GC used a thermal conductivity detector (TCD) to detect H2 and a flame ionization
detector (FID) to detect CO, CH4, and CO2. Helium and nitrogen were used as carrier
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gases for FID and TCD, respectively. Three columns including HP-Molsiv (30 × 0.53),
HP-Plot Q (30 × 0.53), and HP-Plot Q (15 × 0.53) were used in the GC.
Catalyst performance is demonstrated by gas yield (vol.%), catalyst activity and
H2 selectivity. The catalyst activity is presented as CO conversion (XCO) and defined as
follows:

XCO =

[CO ]in − [CO ]out
× 100%
[CO ]in

(5.2)

Hydrogen selectivity (SH2) is defined as follows:

SH2 =

[ H 2 ] yield
[ H 2 ] max

× 100%

(5.3)

In which [H2]max is the maximum H2 yield based on stoichiometric reaction.

Results and Discussion

Effect of Temperature
Figure 5.2 gives the catalysts performance in terms of gas yield, CO conversion
(XCO), and hydrogen selectivity (SH2) at 250oC. It can be seen that for all catalyst gas H2
and CO2 yield decrease with time; while CH4 yield increases slightly for most catalysts
tested. Hydrogen selectivity and catalyst activity (in terms of CO conversion) decrease
with time. Unreacted CO increases considerably with time.
The increase of unreacted CO, which is accompanied by decreasing CO
conversion, leads to conjecture that this is caused by deactivation of the catalyst due to
carbon deposition. If this is true, the thermogravimetric analysis (TGA) should show a
105

50

60

40

40

SH2 (%)

H2 yield (vol.%)

50

30

30

20

20
10

10
0
0

25

50

75

100

125

150

175

200

0

225

0

25

50

100

100

80

80

60

40

100

125

150

175

200

225

175

200

225

60

40

20

20

0

0
0

25

50

75

100

125

150

175

200

225

0

25

50

75

100

125

150

Time on stream (min)

Time on stream (min)
10

Ni/CeO2
Ni/Al2O3 (powder)

8

CH4 (vol.%)

75

Time on stream (min)

CO (vol.%)

XCO (%)

Time on stream (min)

Ni/Al2O3 (Monolith)
6

Ni/CeZrO4

LEGEND:

4

Ni/CeYO5
Ni/CeO2-Gd

2

Ni/CeO2-Sm
0
0

25

50

75

100

125

150

175

200

225

Time on stream (min)

Ni/CeO2-Al2O3 (Monolith)
Ni/CeO2-Al2O3 (powder)

Figure 5.2. Catalysts performance in terms of gas yield, CO conversion, and H2
selectivity. (Reaction conditions: temperature 250oC, CO flowrate 15 ccm,
H2O flowrate 0.04 cm3/min, catalyst loading 1 gram diluted with 1.5 gram
inert silica, GHSV (gas hourly speed velocity) ≈ 160 L/gcat)
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significant mass decrease above 400oC in which carbon is burnt. However, weight
profiles resulted from the TGA (Figure 5.3) reveals that there is no mass change above
400oC for most catalysts. This implied that there is no carbon deposition on the catalyst.
The only case for the presence of carbon deposits occurred with catalyst number 7
(Ni/CeO2-Sm). For this catalyst, carbon deposition was 4.77% (by weight). Another reason
for deactivation of the other catalysts may be as a result of chemical changes at the
catalysts surface due to CO. This happens, for example, with platinum catalysts which
has a higher affinity towards CO at low temperatures resulting in a binding of the catalyst
active sites with CO.[12, 13]

Figure 5.3. Catalyst weight profiles resulted from TGA analysis (catalyst number is
same as in Table 5.1).

From Figure 5.2, it can be observed that Ni catalyst supported on monolith
alumina (catalyst #3) was not as active compared to those supported on powder materials.
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The Ni/Al2O3 monolith catalyst displayed the least performance in terms of CO
conversion, H2 yield, and H2 selectivity. The highest H2 yield for this catalyst was 29%
with H2 yield of 29% (by volume), and H2 selectivity of 17%. This observation is most
likely related to the BET surface area. As presented in Table 5.1, monolith alumina
supported catalyst had the lowest surface area, only 1.53 m2/g. The addition of ceria,
however, resulted in a better performance. When ceria was added to this catalyst, the
surface area increased to 6.439 m2/g and resulted in a better performance. The CO
conversion of ceria promoted Ni/Al2O3 monolith (catalyst #8) was 65% with a H2 yield of
32% (by volume), and a H2 selectivity of 23%. The increased performance could be
attributed to the presence of ceria and could be confirmed by comparing catalysts #2
(without ceria) and #9 (with ceria).
Figure 5.4 demonstrates relationship of BET surface area to the activity of all
catalyst at 250oC. It can be observed that there was a good relationship between BET
surface area and catalyst activity. Increasing BET surface area (in logarithmic scale)
resulted in increasing catalyst activity. The figure also revealed that BET surface area,
was not the only factor that affects a catalyst’s performance. For example, with BET
surface area of only 9.01 m2/g, ceria promoted alumina powder supported Ni catalyst
(catalyst #9: Ni/CeO2-Al2O3 powder) showed a comparable performance with other
catalysts such as Ni/CeO2, Ni/CeZrO4, Ni/CeYO5, Ni/CeO2-Gd, Ni/CeO2-Sm having
much higher BET surface area, that is 80.79, 102.0, 100.5, 119.3, 425.0 m2/g,
respectively. In terms of CO conversion and stability, Ni/CeO2-Al2O3 powder catalyst
performed even better than the other catalysts.
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Figure 5.4. Relationship of BET surface area to the activity of all catalysts at 250oC

Most catalysts, however, also produced unwanted CH4 which reduces the H2
yield. The maximum CH4 yield was approximately 9% (by volume). Figure 5.2 suggests
that CH4 yield correlates with the H2 yield. This can be observed, for example, by
comparing Ni/CeO2 (catalyst #1) with the Ni/CeO2-Al2O3 powder (catalyst #9). Both
catalysts rendered the highest H2 and CH4 yields. This relationship is understandable by
recalling the evolution of CH4 formation during WGS reaction which is presented in
Equations 5.4 to 5.6.
CO + 3H2

CH4 + H2O

∆H298 = -206 kJ/mol

∆G298 = -142.2 kJ

(5.4)

CO2 + 4H2

CH4 + 2H2O

∆H298 = -165 kJ/mol

∆G298 = -113.7 kJ

(5.5)

2CO + 2H2

CH4 + CO2

∆H298 = -247 kJ/mol

∆G298 = -170.8 kJ

(5.6)

All of the aforementioned methanation routes require H2. Therefore, it could be expected
that the higher the H2 yield, the higher the CH4 yield will be.
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It can also be seen from Figure 5.2 that some catalysts initially produced a high
H2 yield and H2 selectivity. Catalyst # 6 (Ni/CeO2-Gd), for example, had a H2 yield of 52
% (by volume) and a H2 selectivity 84%. Therefore, when testing at high temperature
(450oC), we have reduced the catalyst loading to 50 mg while other conditions remained
unchanged. The results of this experiment are presented in Figure 5.5.
At high temperature (450oC), all the catalysts showed better performances than at
low temperature (250oC). The catalysts not only did show higher activity but also
demonstrated a good stability for 12 h on stream. Hydrogen yield for all catalysts
supported or promoted with ceria was close to or even greater than 50% (by volume). On
the other hand, catalysts without the ceria promoter (catalysts #2 (Ni/Al2O3 powder) and
#3 (Ni/Al2O3 monolith)) had lower H2 yields, CO conversions, and H2 selectivity
compared to those supported on or promoted with ceria. Even though a high CO
conversion was displayed, Ni supported on monolith with ceria promoter (catalyst #8
(Ni/CeO2-Al2O3 monolith) had a low H2 yield and H2 selectivity. Catalysts #1 (Ni/CeO2)
and number 9 (Ni/CeO2-Al2O3 powder) demonstrated superior performances among
others. Ni/CeO2 had an activity of 87%, H2 yield of 50 vol.%, and H2 selectivity of 77%.
Ni/CeO2-Al2O3 powder had an activity, H2 yield, and H2 selectivity of 95%, 52 vol.%,
and 71%, respectively. Thermodynamic equilibrium conversion for the WGS reaction at
450oC is 94%. This implies that the thermodynamic equilibrium conversion has been
reached at the conditions applied in our experiment. Figure 5.5, however, shows that
Ni/CeO2-Al2O3 powder showed a better stability. It can be concluded that at high
temperature, the Ni-loaded catalyst was superior and promising for the WGS reaction.
The low activity of Ni catalyst at a low temperature was also observed by Li and
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Figure 5.5. Catalysts performance in terms of gas yield, CO conversion, and H2
selectivity. (Reaction conditions: temperature 450oC, CO flowrate 15 ccm,
H2O flowrate 0.04 cm3/min, catalyst loading 50 mg diluted with 1.5 gram
inert silica, GHSV ≈ 200 L/gcat)
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coworkers (2000). They reasoned that this may be attributed to the lower reducibility of
NiO present on the support up to a temperature approximately 275oC.

Effect of Ni loading
From the above discussion, it can be concluded that Ni/CeO2-Al2O3 powder is the
best catalyst for the WGS reaction at high temperature (450oC). We were interested in
investigating the effect of Ni loading on the catalyst performance. For this purpose, we
tested the Ni/CeO2-Al2O3 powder catalyst with a different Ni loading ranging from 1% to
8% (w/w). In this test, we also increased the flowrate five times (75 ccm CO and 0.2
cm3/min water) while keeping the other conditions the same. The results are presented in
Figure 5.6 and the average performance in terms of H2, CO, CH4, and CO2 yield as well
CO conversion (XCO) and H2 selectivity (SH2) is depicted in Figure 5.7.
It can be observed that increasing Ni loading results in a considerable increase of
the catalyst performance. Catalyst activity increases from 24% at a Ni loading of 1%; to
54% at a Ni loading of 4%; and to 76% at a Ni loading of 8%. Similarly, H2 yield
increases from 15% to 36% and to 44% at Ni loadings of 1%, 2%, and 8% respectively.
Hydrogen selectivity also increases from 15% to 55% and to 82% at Ni loadings of 1%,
2%, and 8% respectively. Again, we observed here that the high H2 yields are followed
by higher CH4 production. By observing Figure 5.7 it can be expected that increasing Ni
loading to 16% will result in an optimum performing catalyst.
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Figure 5.6. Effect of Ni loading on the catalyst performance (Reaction conditions:
temperature 450oC, CO flowrate 75 ccm, H2O flowrate 0.2 cm3/min, catalyst
loading 50 mg diluted with 1.5 gram inert silica, GHSV ≈ 1000 L/gcat).
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Figure 5.7. Effect of Ni loading on the catalyst performance averaging for around 6 h
(Reaction conditions same as in Figure 5.6)
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Effect of Dopant
Dopant or promoter is a material used to improve catalyst. Usually dopant is
added in a little amount. The dopants used here include Co, Cr, Mo, and Ru. These
materials were selected because they have been tried as promoters to improve other
catalystic reactions. Andreev et al. (1986), for example, studied the effect of addition of
CoO (5 wt.%) on the activity of Fe–Cr catalysts.[14] Chromium is awell known promoter
in commercial iron-based catalysts for high temperature WGS reaction. Meanwhile, the
addition of Ru was reported to have a promoting effect on the activity and enhanced the
redox effect of the iron oxide catalysts for the WGS reaction.[15, 16] Molybdenum and Co
are also well known dopants in sulfur-resistant WGS catalysts.[17, 18]
In our experiment, the loading of the dopant was 1% of the nickel loading and
was loaded after the catalyst had been dried. Chromium nitrate nonahydrate
(Cr(NO3)3.9H2O), cobalt nitrate hexahydrate (Co(NO3)2.6H2O), ruthenium (III) nitrosyl
nitrate (HN4O10Ru) –all from Sigma Aldrich– and ammonium molybdate tetrahydrate
((NH4)6Mo7O24.4H2O) from Fisher Chemicals, were used as precursors for Cr, Co, Ru,
and Mo, respectively. The catalysts were tested with reaction conditions same as used for
the effect of Ni loading testing: temperature 450oC, CO flowrate 75 ccm, H2O flowrate
0.2 cm3/min, and catalyst loading 50 mg diluted with 1.5 gram inert silica. The results are
presented in Figure 5.8. Figure 5.9 summarizes average values of the catalysts
performance in term of gas yield, CO conversion, and H2 selectivity.
It can be observed that Co- and Cr-doped catalysts substantially improve the
catalyst performance in terms of activity, H2 yield, H2 selectivity, and CH4 yield,
compared to that of undoped one/s. The undoped, Co-doped, and Cr-doped Ni catalysts
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in Figure 5.6).
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Figure 5.9. Average performance of doped and undoped 4%Ni-1%M/CeO2-Al2O3
where M is dopant (Reaction conditions same as in Figure 5.6)

had activity values of 48.8, 84.7, and 77.8%, respectively; hydrogen yields of 36.3,
48.9,and 45.8 vol.%, respectively; and hydrogen selectivity values of 60.6, 98.3, and
77.8%, respectively. The addition of Ru dopant resulted in a higher CO conversion
(59.7%) than that of the undoped catalyst. However, H2 yield (38.6 vol.%) and H2
selectivity (61.9%) of Ru-doped catalyst were comparable to that of the undoped one.
The addition of Mo, on the other hand, resulted in a lower performance than that of the
undoped one. This could be attributed to the poisoning effect of Mo on the nickel
catalyst. The negative effect of the presence of Mo on other catalysts was also reported
by Zhao and Gorte (2004), for example, ceria supported palladium. [19]
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Comparative Studies with the Commercial Catalyst
In order to evaluate the performance of the selected Ni catalyst, it is important to
compare the catalyst with a commercial catalyst. For this purpose we have tested Shift
Max 120 (Süd Chemie), a commercial catalyst for high temperature WGS reaction. The
catalyst had a tablet form and is designed for the high temperature shift WGS reaction
working at 450oC. The composition of this commercial catalyst is presented in Table 5.2.

Table 5.2. Composition (in weight percent) of Shift Max 120
Compound
Iron (III) oxide
Chromium (III) oxide
Copper oxide
Graphite
Chromium (IV) oxide

Fraction
80-95
5-10
1-5
1-5
<5

The catalyst was crushed and sieved to have a particles size range of 20-60 mesh
to be analogous to the other tested catalysts. According to the company manual,[20] the
catalyst must be reduced using syngas at a speed velocity greater than 200 Nm3/h and at a
temperature not exceeding 175oC. In this experiment, the catalyst was reduced in situ at
160oC for 7 hours using 0.15 cm3/min of steam and 15 ccm of gas mixture with
composition as presented in Table 5.3. The catalyst was tested at the same condition as
used for testing the effect of Ni loading. The results are presented in Figure 5.10. Figure
5.11 compares performance of commercial catalyst vs. Ni/CeO2-Al2O3 in terms of
average activity, H2 yield, and H2 selectivity.
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Table 5.3. Gas composition (in volume percent) used for reduction of Shift Max 120
Compound
Acetylene
Ethane
Ethylene
Methyl acetylene
Propane
Propylene
Carbon dioxide
Methane
Carbon monoxide
Hydrogen
Nitrogen

Formula
C2H2
C2H6
C2H4
C3H4
C3H8
C3H6
CO2
CH4
CO
H2
N2

Fraction
2.94
2.85
2.98
3.07
2.85
3.11
10.30
10.20
25.00
29.80
balance

It was observed that the commercial catalyst was very stable and was not selective
towards CH4 production. However, Ni/CeO2-Al2O3 catalysts, irrespective of being
doped or undoped, proved to be much active for the HT WGS reaction compared to the
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Figure 5.11. Performance of the prepared Ni/CeO2-Al2O3 catalysts with commercial
catalyst in terms average H2 yield, CO conversion and H2 selectivity.

at 450oC was 60% with a H2 yield of 40 vol.% and SH2 of 60%. Using Cr dopant, the
activity of the catalyst was increased to be more than 80% with a H2 yield of 50 vol.% and
a H2 selectivity almost 100% (Figure 5.7). At the same conditions, the activity of the
commercial catalyst was 36% with a H2 yield and SH2 of 20 vol.% and 18%,
respectively.

WGS Reaction Kinetics Study
With the kinetic parameters, equation 5.1 for the WGS reaction can be presented
as follows:
CO + H2O

kf

H2 + CO2

(5.7)

kr
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where k is rate constant and subscripts f and r represent forward and reverse directions,
respectively.
The rate expression for forward (R1) and reverse (R2) reactions are presented
respectively as:

R1 = kf [CO][H2O]

(5.8)

R2 = kr [H2][CO2]

(5.9)

The rate of WGS reaction (RA) is then presented as

RA = kf [CO][H2O] - kr [H2][CO2]

(5.10)

At equilibrium, R1 is equal to R2 and therefore

kf [CO][H2O] = kr [H2][CO2]

(5.11)

This equation can be rearranged to give the equilibrium constant (Keq) expression for the
reaction as seen in Equation 5.12.

Keq =

kf
kr

=

[H 2 ][CO 2 ]
[CO][H 2O]

(5.12)

As presented in Chapter 3, Keq can be determined using the following relations (Twigg,
1989).[21]
Keq = exp[Z ( Z (0.63508 − 0.29353Z ) + 4.1778) + 0.31688]

(5.13)

Z = (1000/T) – 1.

(5.14)

Substituting Keq into Equation 5.10 results in
⎛
[H ][CO2 ] ⎞⎟
RA = kf ⎜ [CO][H 2O] - 2
⎟
⎜
K eq
⎠
⎝

(5.15)

Using a simple expression, the rate constant for the forward reaction can be
presented as follows:
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kf = ko.e-(E/RT)

(5.16)

where ko is a constant, E is activation energy, R is universal gas constant (R = 8.3144
J.mol-1.K-1), and T is absolute temperature.
Equation 5.15 can be rearranged as:
⎛
[H ][CO2 ] ⎞⎟
RA = ko.e-(E/RT) ⎜ [CO][H 2O] - 2
⎟
⎜
K eq
⎠
⎝

(5.17)

From a series of experiments, there are two unknown variables of Equation 5.17
need to be solved: ko and E. The reaction rate and intrinsic kinetics data are presented in
Table 5.4.

Table 5.4
#
1
2
3
4
5

T (K)
638
653
735
713
693

Experimental reaction rates and intrinsic kinetics data for WGS reaction
over Ni/CeO2-Al2O3 catalyst.
RA
(molCO/gcat.h)
0.9197
1.7301
3.4851
2.3637
2.0737

[CO]
(mol/h)

[H2O]
(mol/h)

[H2]
(mol/h)

[CO2]
(mol/h)

Keq

3.6935
2.8832
1.1282
1.4643
1.7543

15.0803
14.2699
12.5149
10.9696
11.2596

0.1689
0.4569
2.3815
1.7945
1.5377

0.1292
0.4634
2.0360
1.6397
1.4693

17.0849
14.4721
6.6323
8.0229
9.6481

The unknown variables are calculated using non linear procedure of SAS. The
results reveal that for the WGS reaction over Ni/CeO2-Al2O3 catalyst, the activation
energy E is 104,495 J/mol or 104,5 kJ/mol. The reported values for activation energy
over Fe3O4–Cr2O3 catalyst was E = 106–118 kJ/mol (Lei et al., 2005).[22] The observed
activation energy, therefore, is in reasonable agreement with previously reported data.
The predicted and observed rates of the reaction are presented in Figure 5.12.
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Figure 5.12. Comparison of predicted and actual rate of reaction (RA) of WGS reaction
over Ni/CeO2-Al2O3 catalyst.

Cost Issue

Catalyst plays an important role in fuel reforming. Cost of catalyst for WGS
reaction is determined by the size, weight, and materials which are directly correlated to
the catalyst activity. The more active catalyst will lower the catalyst loading which lead
to allow smaller volumes of catalyst to be used to achieve the same level of WGS
activity. Smaller volumes means reduction of material costs. Assuming that same method
to fabricate commercial catalyst is applied to any new catalyst, cost comparison between
commercial and new catalysts can be roughly estimated based on materials used to
synthesize the catalysts. Table 5.5 lists the materials along with their price unit for both
commercial and Ni/CeO2-Al2O3 with Ni loading of 8% (w/w).
It revealed that the material cost of 8%Ni/CeO2-Al2O3 catalyst was as almost 1.5
times as commercial catalyst. This nickel catalyst, however, had an ability to convert CO
as high as 76%, whereas commercial catalyst had 36% with the same loading.
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Table 5.5. Materials used to prepare 1 kg catalyst (commercial vs. 8%Ni/CeO2-Al2O3
catalysts) and their unit price

Material
Commercial Catalyst:
Iron (III) oxide
Chromium nitrate h
Copper nitrate hydrate
Graphite
Nickel Catalyst:
Aluminum oxide
Nickel nitrate hexahydrate
Cerium nitrate hexahydrate

Amount (kg)

Unit Price*
($/kg)

Price

0.875
0.075
0.025
0.025

28.28
73.10
78.00
32.30
Total

24.745
5.4825
1.9500
0.8075
32.9850

36.48
93.50
259.00
Total

32.4672
7.4800
7.7700
47.7172

0.890
0.080
0.030

Note: *) Unit prices were gotten from Sigma Aldrich (http://www.sigmaaldrich.com) as
of May 29, 2008.

With this very preliminary data, the catalyst material cost for CO monoxide conversion
was reduced to 0.7 by using 8%Ni/CeO2-Al2O3 catalyst. It was difficult, however, to
compare the cost of CO conversion over Ni catalyst vs. commercial catalyst. This
difficulty rose from the durability of the Ni catalysts. The commercial catalyst for high
temperature shift WGS reaction is normally accepted with durability of around 15
years.[21] The durability of new catalyst, on the other hand, was not proven yet. Only if
the durability of this Ni catalyst has been established then the thorough cost comparison
can be analyzed. Therefore, future work to determine the durability and stability of Ni
catalysts under typical reformate conditions will be imperative.
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Conclusions

Based on the discussion above, it can be concluded that ceria-promoted Ni
catalyst supported on alumina powder (Ni/CeO2-Al2O3) demonstrated the best
performance for the WGS reaction. The catalyst was stable at high temperature (450oC)
but unstable at low temperature (250oC). Increasing nickel loading resulted in a better
performing Ni/CeO2-Al2O3 catalyst. The addition of a small amount of Cr or Co as a
dopant considerably increased the performance of Ni/CeO2-Al2O3 catalyst. The activity
of undoped, Cr-doped, and Co-doped 4%Ni/CeO2-Al2O3 was 49, 78, and 85%
respectively. Similarly, H2 yield was 36, 46, and 49 vol.% and H2 selectivity was 61, 78,
and 98%, respectively for undoped, Cr-doped, and Co-doped 4%Ni/CeO2-Al2O3. The
activity, H2 yield, and H2 selectivity of the commercial catalyst was 36%, 11 vol.%, and
8%, respectively. A kinetic study on the WGS reaction over Ni/CeO2-Al2O3 catalyst
revealed that the reaction has an activation energy of 104.5 kJ/mol. Compared to a
commercial catalyst for high temperature shift WGS, both doped and undoped Ni/CeO2Al2O3 catalysts demonstrated higher activities, H2 yields and H2 selectivities. The
importance of this work is that Ni catalyst developed is non-pyrophoric. The other
important feature is that there is no need to reduce the catalysts prior to use.
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CHAPTER VI
GENERAL CONCLUSIONS AND RECOMMENDATIONS

General Conclusions
Nickel-based catalysts are among the most promising alternate catalysts for the
WGS reaction. Based on the study conducted over nine nickel-based catalysts, ceriapromoted alumina (Ni/CeO2-Al2O3) was found to be the best support for a nickel catalyst.
The type of alumina support also has an important effect on the catalyst performance.
Powder alumina demonstrates much better performance than monolith alumina as
supports for nickel catalysts. The effects of temperature and nickel loading on the catalyst
performance have been investigated. The catalyst was stable at high temperature (450oC)
but unstable at low temperature (250oC). It was observed that increasing the nickel
loading resulted in a better performing Ni/CeO2-Al2O3 catalyst. The effect of the addition
of a slight amount of a dopant material was also examined with a nickel loading of 4%
(w/w). It was found that Co and Cr are good dopant materials. Molybdenum, on the other
hand, displayed a negative effect on the catalyst performance. There was no appreciable
effect of using Ru as a promoter on the Ni/CeO2-Al2O3 catalyst. Both doped and undoped
Ni/CeO2-Al2O3 catalysts demonstrated better performances in terms of activity, H2 yield,
and H2 selectivity than that of a commercial catalyst. The activity of undoped, Cr-doped,
and Co-doped 4%Ni/CeO2-Al2O3 was 49, 78, and 85% respectively. Similarly, H2 yield
was 36, 46, and 49 vol.% and H2 selectivity was 61, 78, and 98%, respectively for
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undoped, Cr-doped, and Co-doped 4%Ni/CeO2-Al2O3. The activity, H2 yield, and H2
selectivity of the commercial catalyst was 36%, 11 vol.%, and 8%, respectively. A kinetic
study on the WGS reaction over 4%Ni/CeO2-Al2O3 catalyst revealed that the activation
energy was 104.5 kJ/mol and was comparable with previously reported values (106-118
kJ/mol) for Fe-Cr catalysts.

Recommendations
This study revealed that Ni/CeO2-Al2O3 catalysts are quite promising for high
temperature WGS reaction. The study identified that the catalysts performance surpassed
that of a commercial catalyst. However, more detailed experimentation is necessary to
elucidate the combination effect of nickel, ceria, and dopant loading to come up with the
best catalyst formulation. It is also important to look into the factors that reduce methane
formation and increase hydrogen yield from the WGS reaction. A detailed catalyst
characterization study is also important and recommended. Future works can be focused
on the interaction effects of the amount of nickel, ceria, and dopant materials on the
performance of the catalyst. Different catalyst characterizations such as FTIR, XRD and
X-ray photoelectron spectroscopy (XPS) will be helpful in elucidating specific reactions
and reaction mechanisms that take place on the catalyst surface.
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