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ABSTRACT

AN EXPERIMENTAL STUDY ON THE EFFECT OF METAL LOADINGS ON
WGS PERFORMANCE OF Au-Re SYSTEM

The aim of the current work is to understand the effect of Au and Re loadings and
Au:Re loading ratio on the WGS performance of the Au-Re/CeQO, system under the flow of
realistic feeds. In this experimental work, water-gas shift (WGS) reactions were performed
over Au2-Rel/Ceria, Au2-Re0.5/Ceria, Aul-Rel/Ceria and Au0.5-Re0.5/Ceria catalysts
which were prepared via rhenium impregnation followed by deposition precipitation of
gold. The catalysts were characterized by XRD, XPS and HRTEM-EDS analyses. Besides
catalyst composition, temperature, H,O/CO ratio in the feed were used as experimental
parameters. The performance tests were performed in the temperature range of 250-350°C
under two different realistic feed compositions. HRTEM-EDS analyzes indicated that gold
and rhenium are very well dispersed and both metals have small particle size. It was
observed that with the increase in gold loading, CO conversion increased for fixed amount
of rhenium. Similarly, catalysts with higher rhenium loading for fixed amount of gold also
gave better performance. For the fixed Au:Re loading ratio, increase of metal loading
enhances the catalyst performance. The combined evaluation of XPS and performance test
results reveals that Ce** surface concentration and Ce®*/Ce** surface ratio, which shows the
ability to support to metal electron transfer, is dominantly determines performance, and
this is more significant especially when the feed has high H,O/CO ratio. The results
showed that for fixed Au loading Ce**/Ce** surface ratio and hence the catalyst
performance increases with the addition of Re; Au2-Rel/Ceria, which has the highest
Ce*/Ce*" ratio, showed the best performance in terms of CO conversion and the net

hydrogen production.
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OZET

Au-Re SISTEMINDE METAL YUKLEMELERININ WGS PERFORMANSINA
ETKIiSi UZERINE DENEYSEL CALISMA

Bu calismanin amaci Au ve Re yiliklemeleri ve Au:Re ylikleme oranlarinin gergege
uygun beslemelerle gerceklestirilen WGS performans: iizerindeki etkisini anlamaktir. Bu
deneysel c¢alismada, su-gaz degisimi (WGS) reaksiyonlar: renyumun empregnasonu ve
altinin biriktirmeli ¢oktiiriilmesi metoduyla hazirlanan Au2-Rel/Ceria, Au2-Re0.5/Ceria,
Aul-Rel/Ceria ve Au0.5-Re0.5/Ceria katalizorleri {izerinde gergeklestirilmistir. Bu
katalizorler XRD, XPS ve HRTEM-EDS analizleri ile tanimlanmislardir. Katalizor
kompozisyonunun yani sira, beslemedeki H,O/CO orani da deneysel parametre olarak
kullanilmistir. Performans testleri 250-350 °C araliginda iki farkli ger¢ege uygun besleme
kompozisyonu kullanilarak gergeklestirilmistir. HRTEM-EDS analizleri altin ve renyumun
oldukga iyi dagildigini ve her ikisinin de kiiciik parcacik biyiikliigiine sahip oldugunu
gostermistir. Renyum miktar1 sabit tutuldugunda, altin yiliklemesindeki artisgin CO
tilketimini yiikselttigi gozlemlenmistir. Benzer sekilde, sabit altin miktar1 icin de artan
renyum yliklemesi daha iyi performans vermistir. Metal yiiklemeleri Au:Re orani sabit
tutularak yiikseltildiginde katalizor performansini arttirmistir. XPS ve performans test
sonuglarinin birlikte degerlendirilmesiyle; tasiyicidan metal kisma elektron transferi
kabiliyetini gosteren Ce* yiizey konsantrasyonu ve Ce**/Ce** yiizey oranimin baskin
sekilde performansi belirledigi, ve bunun yiiksek H,O/CO oranina sahip beslemelerde daha
dikkat cekici oldugu ortaya cikarilmistir. Sonuglar, sabit Au yiiklemesi icin ce*/ce*
yiizey oraninin ve dolayisiyla katalizor performansinin Re takviyesiyle arttigini; en yiiksek
Ce**/Ce*" oranina sahip olan Au2-Rel/Ceria katalizoriiniin CO tiiketimi ve net hidrojen

iiretiminde en 1yi performansi verdigini gostermistir.
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1. INTRODUCTION

Fuel Processor-Fuel Cell (FP-FC) systems have a crucial role to play in future
sustainable energy generation, especially for decentralized, small-scale (2-5 kW range)
stationary energy production (Caglayan and Aksoylu, 2008; O’Connell et al., 2012). The
proton exchange membrane fuel cell (PEM-FC) is one of the most popular fuel cell
systems which offers series of advantages such as compactness, low operating temperature,
suitability to discontinuous operation, and long stack life, however it requires hydrogen
with a low CO concentration (Tsang et al., 2008; Yu et al., 2006).

A typical fuel processor is a complex device composed of the reformer itself and
carbon monoxide clean-up section in the case of PEM-FCs applications (O’Connell et al.,
2011). In a fuel processing system, the main part is the fuel reformer, which converts the
fuels into hydrogen rich gas (Leung et al., 2009). The water-gas shift unit, which follows
reforming reactor, reduces the CO concentration from 10-15% to 1%. The preferential
oxidation unit reduces CO content of hydrogen stream down below 50 ppm, which can be
tolerated by PEM type FCs (Flytzani-Stephanopoulos et al., 2005). Otherwise, the
presence of CO in the reformate causes irreversible poisoning of the catalyst in the fuel cell
electrodes, which will not only lead to cell voltage losses, but also limit the life of
the fuel cell (Song et al., 2005).

The water gas shift reaction is the key catalytic stage and considered as the main CO

cleanup step in a fuel processor. The reaction is as follows:

CO+H,0 & CO,+H, AH=—41.4k]/mol (1.1)

In conventional systems, reduction of CO content in WGS unit is achieved by
sequential processing the reformate, through a high temperature shift (350-450 °C) and low
temperature water gas shift (180-250 °C) reactors, in order to reach near-to-equilibrium
conversion levels with high reaction rates (Baier and Kolb, 2007). Although commercial
catalysts are excellent to be used in large-scale industrial plants, they have some

disadvantages such as thermodynamic limitations at high temperatures, sensitivity to



air/oxygen, the need of long pre-conditioning, and slow kinetics at low temperatures.
Hence, conventional high temperature (Fe-Cr oxide) and low temperature (Cu-Zn-Al,O3)
WGS catalysts cannot be used in fuel cell applications. Favorable WGS catalyst for fuel
cell applications should be active, thermally stable, resistant to poisoning, and highly
selective for a wide range of H,O/CO ratios (Caglayan and Aksoylu, 2008).

The aim of the current work is to understand the effect of Au and Re loadings and
Au:Re loading ratio on the WGS performance of the Au-Re/CeQO, system under the flow of
realistic feeds. Au2-Rel/Ceria, Au2-Re0.5/Ceria, Aul-Rel/Ceria and Au0.5-Re0.5/Ceria
catalysts were prepared via rhenium impregnation followed by deposition precipitation of
gold. Besides catalyst composition, temperature, H,O/CO ratio in the feed were used as
experimental parameters. The catalysts were characterized by XRD, XPS and HRTEM-
EDS analyses and their performance was tested in the temperature range of 250-350°C

under two different realistic feed compositions.

Chapter 2 involves a literature survey containing a brief introduction to fuel cell-fuel
processor systems, water gas shift reaction and the catalysts employed in water gas shift
reaction, especially on gold over ceria systems. Experimental work is presented in detail on
Chapter 3. The results obtained in the experiments discussed on Chapter 4 and the
conclusions drawn from the study are given on Chapter 5.



2. LITERATURE SURVEY

2.1. Fuel Processor-Fuel Cell System

The increasing attention to the emissions from the conventional energy production
routes and the internal combustion engines evokes fuel cells technology as clean
alternative for reducing emissions from energy production units. Owing to their advantages
such as high power density, low operating temperature, mechanical robustness, low
weight, compactness, long stack life, fast start-up and dynamic response characteristics; the
proton exchange membrane fuel cells (PEM-FCs) are considered as the most suitable
electrochemical devices for vehicles application. Though hydrogen is considered as the
best fuel for PEMFC, there is still no economically feasible solution available fot its
storage, either as a liquid, as pressurized gas, or in the form of metal hydrides. Fuel
processors which produce hydrogen in-situ from various hydrocarbon fuels offer an

attractive alternative to hydrogen storage.

In a reformer unit converting hydrocarbons to hydrogen, carbon dioxide and carbon
monoxide are also produced. However, in fuel cell applications, the presence of CO in the
reformate causes irreversible poisoning of the catalyst in the fuel cell electrodes, which
will not only lead to cell voltage losses, but also limit the life of the fuel cell (Song et al.,
2005). This is the reason why a fuel processor has three catalytic units, namely reformer
for hydrogen production, WGS unit for increasing hydrogen concentration while
decreasing CO through utilizing hydrogen from water, and PROX unit for eliminating CO.
The water-gas shift unit, which follows reforming reactor, reduces the CO concentration
from 10-15% to 1%. The preferential oxidation unit reduces CO content of hydrogen
stream down below 50 ppm, which can be tolerated by PEM type FCs (Flytzani-
Stephanopoulos et al., 2005).



2.2. Reactions in a Fuel Processor

A typical fuel processor utilizes reforming, water-gas shift (WGS) and preferential
carbon monoxide oxidation reactions in series in order to produce hydrogen from

hydrocarbons.
2.2.1. Reforming

In a fuel processing system, the main part is the fuel reformer, which involves the
conversion of hydrocarbons into hydrogen rich gas. There are three common methods of
reforming: steam reforming, partial oxidation and autothermal reforming. Steam reforming
Is an extensively used method in industrial hydrogen production. Steam reforming is an
endothermic reaction of steam with the fuel in the presence of a catalyst to produce H, and

carbon monoxide.

1
C,H, +nH,0 - nCO + (Em + n) H, (2.1)

Another option for fuel reforming is partial oxidation, which is an exothermic
process and occurs when the feed reacts directly with air or pure oxygen at carefully
balanced oxygen to fuel ratios.

n m
CoH +5 05 = nCO +—H, (2.2)

Autothermal reforming combines endothermic steam reforming and exothermic
total/partial oxidation reactions to maintain the required temperature without using external
heat source; there, the heat produced by exothermic total/partial oxidation is used as the

heat source for endothermic steam reforming.



m
CoHy +x 0, + (2n—2x)H,0 - nCO, + (2n — 2x + 7)H2 (2.3)

2.2.2. Water Gas Shift

The water gas shift reaction is the key catalytic stage and considered as the main CO
cleanup step in a fuel processor. In the WGS reaction, carbon monoxide is converted to

carbon dioxide by water vapor. The reaction is as follows:
CO + H,0 & CO,+H, AH = —41.4 kj/mol (2.4)

Water gas shift reaction and its catalysts will be discussed in more detail in Section
2.3.

2.2.3. Preferential Carbon Monoxide Oxidation

The gas mixture that leaves water gas shift reactors still has a CO concentration that
will cause irreversible poisoning of the catalyst in the fuel cell electrodes, which will not
only lead to cell voltage losses, but also limit the life of the fuel cell (Song et al., 2005).
The preferential oxidation unit reduces CO content of hydrogen stream down below 50
ppm, which can be tolerated by PEM type FCs (Flytzani-Stephanopoulos et al., 2005). The
preferential oxidation term refers to selective oxidation of CO under the presence of high

hydrogen concentration, usually between 45-60% by mole.

1
€O +350; - CO; (2.5)



2.3. Water Gas Shift Reaction and Its Catalysts

The water gas shift reaction is a slightly exothermic reaction which is considered as
the key catalytic stage, and the main CO cleanup step in a fuel processor. As WGS is an
equilibrium reaction, in conventional systems; reduction of CO in WGS unit is achieved by
sequential processing of the reformate, through a high temperature shift (350-450 °C)
and low temperature water gas shift (180-250 °C) reactors, in order to reach near-to-

equilibrium conversion levels with high reaction rates (Baier and Kolb, 2007).

Although commercial catalysts are excellent to be used in large-scale industrial
plants, they have some disadvantages such as thermodynamic limitations at high
temperatures, sensitivity to air/oxygen, the need of long pre-conditioning, and slow
kinetics at low temperatures. Hence, conventional high temperature (Fe3O4/Cr,03) and low
temperature (Cu/ZnO/Al,O3) WGS catalysts cannot be used in fuel cell applications. WGS
catalysts for combined 'fuel processor-fuel cell' applications should be sufficiently active at
relatively low temperatures, thermally stable, and resistant to coke deposition.
Furthermore, they should be highly selective at high H,O/CO feed ratios with no side
reactions, such as methanation or hydrogen oxidation that would consume valuable
hydrogen (Kondarides et al., 2007) (Caglayan and Aksoylu, 2008). Many catalytic systems
have been investigated so far; however, an effective commercial catalyst, which guarantees
high CO conversion levels without consuming hydrogen present in the reformer effluent
fed to the WGS unit, is still not available.

The catalyst performance not only depends on the active metals, but also on the
nature of the support used. Ceria, alumina, zirconia, titania, thoria and magnesia are oxides
which have been widely tested in WGS reaction. Many precious metals such as Pt, Pd, Rh,
Ru and Au have been reported to show high WGS reaction rate when they are supported on
ceria (Hengrasmee et al., 2011). Au and Pt group metals have been extensively studied in
order to overcome the relatively weak performance specs of the commercial WGS
catalysts. Moreover, they are generally superior to base-metal catalysts for the long time
use. While platinum catalysts are generally more active than ruthenium, rhodium and
palladium; gold is superior to platinum in terms of catalytic performance (Fraga et al.,
2008).



Gold-based catalysts have received enormous interest since the discovery by Haruta
et al. of high catalytic activity and selectivity for a number of reactions when prepared in
an appropriate manner (Holliday et al., 2005). Gold exhibits surprisingly high catalytic
activity when deposited as nano-particles on metal oxides, while it has long been regarded
as a poorly active catalyst (Galletti et al., 2011). Gold catalysts have high activity at low
temperatures; hence they have received much interest during last 10 years (Park et al.,
2009; Naito et al., 2005). Furthermore, gold has been regarded as a potentially useful
element for CO abatement in WGS reaction at low temperature, considering its relatively
lower price when compared to other noble metals such as platinum and rhodium (Galletti
et al., 2011). Moreover, the activity of well-prepared gold catalysts are significantly more

active than platinum catalysts (Burch, 2006).

The catalytic activity and selectivity of the Au-based catalysts is strongly affected by
the state and the structure of the carrier. In order to provide desirable contact between Au
and the carrier, and for achieving good catalytic performance, the selection of an efficient
carrier is thus a crucial parameter. One of the most studied noble metal based systems for
water gas shift reaction is gold supported on reducible oxides. A comparative study on the
effect of the activation temperature and the nature of the support for gold supported WGS
was performed by Zanella and co-workers. The behavior of gold supported on reducible
(TiOzand CeO) and non-reducible (SiO;and Al,O3) oxides was studied in order to
determine the role of the support on the catalytic activity of gold particles. The results
revealed that the activity of Au on TiO, and CeO, was much higher than Au supported on
Al,O3 and SiO, due to the fast conversion of formate species in Au/TiO, and Au/CeO,. In
addition, Au/ SiO, catalyst was found practically inactive (Zanella et al., 2007).

Another study that investigates gold catalysts promoted by CeO, and (a-y)-Al,Og, is
published by Galletti and co-workers. Au-based catalysts supported on alumina and ceria
were prepared by deposition-precipitation method at different pH and molarity of the
precursor solution. By considering the catalytic activity in terms of CO conversion for the
WGS reaction, it was revealed that catalysts on alumina were not so active, despite a
satisfactory gold deposition on the support; while ceria-based catalysts displayed better
performances. Under the flow of a feed containing only H,O and CO, with H,O/CO ratio
equal to 4, catalysts prepared at different pH and molarity (M=1x10®) approached the



equilibrium WGS conditions, especially the catalysts for which the preparation pH used
was 8.5. The performance worsened by increasing or decreasing pH. Despite the
satisfactory results with ideal feed conditions, catalytic activity tests conducted with a
realistic reformate feed showed fairly low CO conversions. Moreover, HRTEM results
indicated that catalyst with smaller Au cluster size gave better performance (Galletti et al.,
2011).

In case of noble metals or transition metals, the use of a high surface area
mesoporous oxide support, rather than a commercial low surface area support, has some
advantages in terms of the catalytic performance. The usage of mesoporous support would
led to well dispersed and stable metal particles on the surface upon calcination and
reduction, hence an improved catalytic performance can be observed. Idakiev et al. used
mesoporous titania as a support for gold catalysts prepared by deposition precipitation
method in their study, which investigate the influence of gold content and particle size on
the catalytic activity. It has been reported that different loading, average particle size and
dispersion of the gold profoundly influences the catalytic activity. Higher activity was
observed for the sample which has lower average gold particle size and lower gold content.
This is probably due to a better ratio between surface gold active sites and surface area of
mesoporous titania (Idakiev et al., 2004). Later, Idakiev and co-workers analyzed the effect
of CeO, to addition to mesoporous titania. It was concluded that ceria addition decreases
the degree of crystallinity of mesoporous titania and its particle size. In addition, owing to
the interaction of ceria with mesoporous titania, the reducibility of the support is affected
strongly. The researchers concluded that the gold catalyst over ceria modified mesoporous
titania is highly active catalyst for WGS reaction (Idakiev et al., 2007).

In the biphasic catalysts as the metal supported on oxides, many studies have been
conducted to understand the role and the synergetic effect of the two phases in the catalytic
reaction. One catalyst receiving much attention as a potential candidate is cerium oxide
loaded with metals promoting the support reducibility (Naito et al., 2005). Because of its
ability to undergo rapid reduction and oxidation cycles, ceria is a highly promising support.
It can also be used as a stabilizer for other metal oxide supports in order to maintain a high
dispersion of the catalytic components and promoting WGS reaction (Guliants et al.,
2010). While the importance of ceria has been known for many years, the need for active



water-gas shift catalysts for nontraditional applications, such as fuel processing, has led to

renewed interest in studying ceria-supported metals.

Support composition strongly affects the activity of WGS reaction. In recent years
noble metal catalysts supported on CeO, and Ce-Zr mixed oxides have been intensely
investigated as a promising next-generation WGS catalysts, which exhibited much faster
high-temperature kinetics than conventional ferrochrome catalysts (Bi et al., 2009). It is
possible to design very active gold catalysts by improving the oxygen storage capacity of
ceria through incorporating it with other elements; CeO, can store and release oxygen to
undergo oxidation-reduction cycles and promote catalytic activity for the water gas shift
reaction, especially in case of metal-modified ceria (Hengrasmee et al., 2011). Flytzani-
Stephanopoulos et al., also investigated the effect of preparation method on the
enhancement of cerium oxide reducibility by gold. Nanoscale Au-(La doped) ceria
catalysts was prepared by three methods: Deposition precipitation, coprecipitation and
gelation methods. It was revealed that the presence of gold profoundly enhances the
oxygen storage capacity of ceria, while the enhancement of ceria reducibility by gold is
independent from the catalyst preparation method. In addition, a uniform gold distribution
was observed for the sample which was prepared by deposition precipitation method, while
relatively large large gold particles were observed for coprecipitated samples (Flytzani-
Stephanopoulos et al., 2003).

A very active Au/CeyZr; O, composition for LT-WGS reaction (LT: low
temperature) has been reported by Thompsett and co-workers. It was found that Au
supported on a CeZrOy prepared by a modified deposition-precipitation method has higher
activity for the water-gas shift reaction than Au supported on CeO,, TiO, and ZrO,
prepared in a similar manner (Thompsett et al., 2007). Surface area of ZrO, increases with
the addition of CeO, due to the fact that cerium inhibits the crystallite growing and assists
the production of smaller particles of monoclinic structure. Apesteguia and co-workers also
tested the activity of Pt/CeO,, Pt/ZrO, and Pt/Ce,Zr,—O, catalysts at the temperature of
250 °C. It was revealed that when the conversion of CO was greater or equal to 0.5 and the
activity of Pt/CexZr,—,O, catalyst was seen to be greater than Pt/CeO, as Zr addition to
CeO, increases both the surface area and reducibility of ceria. In contrast, the water gas
shift activity on Pt/Ceg5Zr0750, was lower than that of Pt/CeO, since the stability of the
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formate species increases on Zr-rich Pt/Ce,Zr,—O, samples. It was indicated that lowering
the formate decomposition rate would be rate-limiting in the WGS associative mechanism
(Apesteguia et al., 2011).

Tabakova et al. also investigated the impact of support composition on the
performance in WGS reaction over Au/CeQO,-Fe,O3 catalysts. The gold particles were
prepared via deposition-precipitation method on pure ceria, iron oxide and mixed Ce-Fe
composite oxides. The following activity order Au/CeO;, > Au/Ce50Fe50 > Au/Ce75Fe25
> Au/Ce25Fe75 > Au/Fe,O3 was observed. This tendency can be attributed to significant
difference in gold particle size and in the ability of the supports to assist formation of

oxygen vacancies (Tabakova et al., 2011).

Guliants et al. studied a number of bimetallic CuyNiz.,/CeLaOy catalysts and
compared monometallic Cu and Ni catalysts supported on La-doped ceria. Supported Cu,
Ni and bimetallic Cu-Ni catalysts were tested for the WGS reaction in 150-400 °C
temperature range. The effect of the Cu/Ni ratio on the physicochemical properties and the
catalytic performance was studied. It was concluded that Cu addition to
Ni/CeLaOy decreases the methane formation during WGS reaction and Ni addition to
Cu/CelLaOy increases the WGS activity (Guliants et al., 2010).

It has been reported that some CeO,-containing catalysts deactivate, and many
factors may affect the extent of deactivation. Liu et al. used several techniques together in
order to understand deactivation of Pt/CeO, water-gas shift catalysts under conditions
simulating system/reactor shutdown. The reason for deactivation was seen to be the
formation of carbonates on the catalyst surface which caused to shutdown, while Pt metal
sintering was not found as a contributing factor to deactivation. Regeneration by air
treatment removes the carbonates and restores activity. Ruettinger et al. suggested using
Zr0O,-CeO, composites in order to minimize the deactivation problem. When Pt/CeO,-
ZrO, water gas shift catalyst was used, substantial aging was observed under both steady
state operation at relatively low temperature (200-250 °C) and high temperature stress (up
to 450 °C), whereas almost no reduction in activity was observed by simulating start-stop
cycling, unlike with Pt/CeO,. Moreover, the data indicated that the aging is mainly due to

sintering of Pt particles and these materials are not appropriate for practical use. Lefferts et
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al. also investigated deactivation scenarios for different supports and described possible
ways to regenerate and stabilize catalyst activity. The activity of Pt/TiO, was seen to be
better than Pt/CeO,. It was revealed that carbonate promoters did not affect the activity of
Pt/TiO, due to the instability of carbonates on titania under WGS reaction conditions. Also
the stability of Pt/TiO, can be increased by the addition of Re in order to prevent sintering.
(Ruettinger et al., 2006) (Liu et al., 2005) (Lefferts et al., 2007).

Cerium oxide has high oxygen mobility where its electronic conductivity and oxygen
vacancy can be easily improved by using different promoters (Tsang, 2008). Studies on
ceria supported precious metals such as Pd, Pt and Rh, have confirmed that these materials
are effective catalysts for the WGS reaction (Andreeva et al., 2002). Song et al. used ceria-
supported Pd-Cu & Pt-Cu bimetallic catalysts in order to clarify the characteristics of
oxygen enhancement on WGS reaction. It was indicated that oxygen addition partially
oxidizes chemisorbed CO leading to vacant sites for H,O adsorption and the reaction. In
terms of H, yield and CO conversion at temperatures lower than 300 °C, Pt-Cu and Pd-Cu
showed better characteristics than monometallic catalysts owing to the strong interaction
between metals, which provide more resistant catalysts toward oxidation (Song et al.,
2011). Tsang et al. tested bimetallic Au-M (M=Pt,Pd) on ceria catalysts for low
temperature WGS reaction. (Au-Pt)/Ceria and (Au-Pd)/Ceria catalysts exhibited higher
WGS activity than that of the monometallic promoters. Tsang and co-workers proposed
that the role of gold containing promoter is altering the local band structure of ceria to
facilitate its redox properties at low temperatures (Tsang et al., 2008). They claimed that
the role of the gold containing promoter is to alter the local band structure of ceria

facilitating its redox properties at low temperature.

Another studies investigating the effect Re addition to the ceria supported catalyst,
were conducted by Hengrasmee and her colleagues. Hengrasmee et al. studied the effect of
Re addition on the activities of both Co/CeO, and Ni/CeO, catalysts for water gas shift
reaction. The catalyst were prepared via incipient wetness impregnation technique and
characterized by several standard methods. The conclusions attained from the studies
confirm that Re influences the catalyst performance in several ways. It was revealed that

addition of rhenium increases the reducibility on the surface ceria and facilitates the redox
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process at the surface. It also increases the metal active sites and weakens the active metal-

adsorbate bonds (Hengrasmee et al., 2011).

Radhakrishnan et al. also investigated the impact of using rhenium promoter for
ceria-zirconia supported platinum catalysts on the WGS reaction. It was found that the
reaction rate of the supported platinum catalyst was doubled by using rhenium as the
promoter and long term stability for about 500 h was achieved. The optimal platinum to
rhenium ratio was proposed as 2:1 by weight with the nominal platinum loading of 2 wt.
%. In addition, the introduction of the rhenium promoter lowered the amount of total noble
metal was required to handle the targeted 6000 ppm carbon monoxide concentration in a

realistic feed coming from the reformer (Radhakrishnan et al.,2006).

Presence of divalent elements also lowers the necessary loading levels of precious
metals and the rare earths, which are becoming increasingly expensive. Davis et al.
revealed the effects of Ca-doping on Pt/CeO; catalysts and observed improved LT-WGS
rates over Ca-doped Pt/CeO,. They concluded that divalent elements weaken the Ce-O
bond and hence enhance both O-mobility and CeO, reducibility (Davis et al., 2011).

The activity and stability of ceria-supported catalysts strongly depend on preparation
conditions. Hence, understanding the effect of preparation conditions, gaining insights into
mechanism and limiting steps for WGS reaction are important for obtaining catalysts with
improved performance (Gorte et al., 2004). Specchia et al. tested the catalytic activity of
Rh-based catalysts supported on CeO, with the aim of evaluating the influence of the
preparation method on the catalytic activity in WGS reaction. CeO, was prepared by two
methods which are solution combustion synthesis and hard template. For the feed having
5% CO and 20% H,0, the conversion of CO was started at slightly lower temperatures
over the catalysts prepared by the hard template method, however CH,; outlet
concentrations were found to be higher than the catalysts prepared by the solution
combustion synthesis method. Moreover, the catalysts prepared with solution combustion
method, showed the best performance weight space velocity is lowered (Specchia et al.,
2011). (Gorte et al., 2004).
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There are various parameters affecting the catalytic activity of gold catalysts, mainly
the preparation method. The preparation technique strongly influences catalytic activity
due to the large differences in size of gold particles and the availability of active gold sites
at the surface. Tabakova and co-workers have compared the structural and catalytic
properties of Au/ceria catalysts prepared by deposition-precipitation and modified
deposition-precipitation method in low temperature WGS reaction. The results indicated
that the deposition-precipitation is a more promising technique than modified deposition-
precipitation technique because large portion of gold occur in the form of nanoparticles on
the surface, as confirmed by XPS and FTIR data (Tabakova et al., 2004).

The correlation between gold loading and catalytic activity was investigated by
Andreeva and co-workers. Ceria supported gold catalysts, especially the ones with higher
gold content, exhibited a high and stable activity for the WGS reaction. It was indicated
that the high and stable activity of the catalysts is probably due to the high stability of the
gold dispersion. When the effects of space velocity on CO conversion was studied, it was
observed that CO conversion noticeably decreases with the increasing space velocity. In
addition catalytic activity of the catalysts slightly increased as a function of H,O/CO
(Andreeva et al., 2002).

Tabakova et al. conducted a FTIR study for understanding the chemisorption and
reactivity of the molecules use the information gained in designing highly active and stable
gold-based catalysts. (Tabakova et al., 2003). The FTIR results indicated that gold is
covered by oxygen atoms, and causes a strong modification of the ceria surface properties.
More coordinatively unsaturated sites appear on the surface due to this modification. The
reduction of the catalyst in the presence of hydrogen leads negatively charged gold sites
and oxygen vacancies at the surface. In addition, CO adsorption on gold nanoparticles
increases after the reduction. During the reaction, the adsorption of CO occurs on the gold
particles, while the dissociation of steam on the ceria. Therefore, the WGS reaction
proceeds at the metal support interface, which plays a crucial role in clarifying the
noticeable high stability of Au/CeO, catalysts (Tabakova et al., 2003).

The studies on gold-based catalysts bimetallic catalysts received great attention due
to their extraordinary activities. Suo et al. investigated a bimetallic structure with gold and
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other metals (Ni, Cu, Ag, Pt and Pd) on ceria support. The catalytic activity of the catalysts
studied was found to be related to the metal added. It was revealed that Au-Pt/CeO, had
the highest activity at 78% conversion level. The benefits of using Pt and Au, such as
reduction of ceria to Ce®" |, as well as the creation of oxygen vacancies which makes the
average size of ceria smaller (Suo et al., 2010). Another study focuses on the effects of
doping different metals (Al and Sm) on gold supported on ceria catalysts was conducted by
Andreeva and co-workers. The results attained from this study confirm that the Sm and Al
dopants increase the oxygen mobility, and improve the stability of the catalysts through

preventing the gold and ceria particles from agglomeration (Andreeva et al., 2010).

While many research groups have reported that Re can improve the activity of many
reaction when it is used as a second metal, Caglayan and Aksoylu was the first group that
conducted a study in case of ceria supported Au-Re catalysts in WGS reaction. Caglayan
and Aksoylu investigated water gas shift activity under ideal feed conditions on ceria
supported gold catalysts promoted by rhenium, by using the effect of temperature, rhenium
incorporation, metal addition sequence, GHSV and H,O/CO ratio as the test parameters.
Test results showed that rhenium increases steam tolerance of the catalysts, hence highest
activity was observed on a novel Au-Re/ceria bimetallic catalyst, especially at high
H,O/CO feed ratios. The application sequence of rhenium impregnation and gold
deposition precipitation causes pronounced changes in catalytic properties. Higher
dispersion and CO conversion was obtained when gold deposition precipitation applied on
impregnated Re/Ceria catalysts, while poor WGS activity was observed for the catalysts
which were Re impregnated before gold deposition precipitation. This is probably due to
the blockage of active sites (Caglayan and Aksoylu, 2011).



3.1.1. Chemicals

3. EXPERIMENTAL WORK

3.1. Materials

All the chemicals used for catalyst preparation are presented in Table 3.1.

Table 3.1. Chemicals used in catalyst preparation (all specifications: research grade).

) Molecular Weight
Chemicals Formula Source
(9/mol)
Ammonium
CHgN2O,.CH5NOs | Merck 157.13
carbonate
Ammonium .
NHsReO,4 Aldrich 268.24
perrhenate
Cerium (I11)
nitrate Ce(NO3)3.6H,0 Merck 434.23
hexahydrate
Sodium
Na,CO3 Merck 105.99
carbonate
Tatrachloroauric
(1) acid AuCl4H.3H,0 Merck 393.83
trihydrate

3.1.2. Gases and Liquids

15

All of the gases used in this research were supplied by the Linde Group. The

specifications and applications of the liquids and gases in this study are listed in Table 3.2.

and Table 3.3.
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Table 3.2. Specification and application of the liquid used.

Liquid | Specification Application

Water De-ionized Aqueous solutions, Reactant

Table 3.3. Specifications and application area of the gases used.

Gas/Standard Specification Application
Argon 99.998% Inert, GC Carrier Gas
Reactant, GC
calibration
Reactant, GC

Carbon dioxide 99.995%

Carbon monoxide 99.999% o
calibration

_ Calcination, GC 6-way
Dry air 99.998% )
pneumatic valve

Helium 99.999% Inert, GC Carrier Gas

Reactant, Reduction,

Hydrogen 99.990% o
GC calibration

Nitrogen 99.998% Inert, GC calibration

3.2. Experimental Systems

There are three main groups of experimental systems used in this study:

Catalyst Preparation Systems: These are the systems used to prepare the support and

to carry out impregnation and deposition precipitation steps of catalyst preparation.

Catalyst Characterization Systems: These systems were used to analyze the structural

properties of the catalyst samples.

Catalytic Reaction System: This catalytic reaction system was used for determining

the catalytic activity, selectivity and stability. The continuous flow microreactor
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system consists of a feed section including mass flow controllers, HPLC pump and a
mixing zone; a reaction section including a temperature controlled oven, and an
analysis section consisting of two gas chromatographs that are connected on-line to

the microreactor flow system.

3.2.1. Catalyst Preparation Systems

The impregnation system (Figure 3.1) consists of a Retsch UR1 ultrasonic mixer, a
vacuum pump, a biichner flask and a MasterFlex computerized-drive peristaltic pump. The
system used for deposition precipitation method (Figure 3.2) includes a Julabo water bath,

a 400 ml beaker, a Heidolph impeller and a Mettler Toledo pH-meter.

Figure 3.1. Schematic diagram of the impregnation system
(a) Ultrasonic mixer, (b) Biichner flask, (c) Vacuum pump, (d) Peristaltic pump,

(e) Reactant storage tank and (f) Silicone tubing.
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Figure 3.2. Schematic diagram of the deposition precipitation system
(a) Water bath, (b) Beaker, (c) Impeller and (d) pH-meter.

3.2.2. Catalyst Characterization Systems

3.2.2.1. X-Ray Diffraction (XRD). In order to identify the crystalline phases of the catalyst

samples and calculating their particle sizes, a Rigaku D/MAX-Ultima+/PC X-ray
diffraction equipment having an X-ray generator with Cu target and scan speed of 2°/min
was used. The experiments were performed at the Advanced Technologies Research and

Development Center of Bogazici University.

3.2.2.2. High Resolution Transmission Electron Microscopy (HR-TEM). HR-TEM

analyses were carried out using JEOL 2100 LaBs HRTEM operating at 200 kV in order to
obtain information on the microstructural characterization of the catalyst surface and the
surface variation upon reduction. The tests were conducted at the Institute of Materials at
TUBITAK-MAM.

3.2.2.3. X-ray Photoelectron Spectroscopy (XPS). The extent of electronic interaction

between metal components of the freshly reduced catalyst samples was examined through
determination the amounts of metallic phases by X-ray photoelectron spectroscopy (XPS).
The analyses were performed at the Middle East Technical University Central Laboratory
using PHI 5000 XPS spectrometer equipped with a hemispherical electron analyzer and

monochromatic Al anode.



19

3.2.3. Catalytic Reaction System for WGS Reaction

The catalytic reaction system was designed and constructed in the Catalysis and
Reaction Engineering Laboratory of Chemical Engineering Department, Bogazici

University, and involves feed, reaction and product analysis sections.

Feed preparation section, which is stationed before the reactor, consists of mass flow
control systems, 1/4", 1/8" and 1/16" stainless steel tubes and fittings for feeding liquid
water and gaseous species, i.e. hydrogen, nitrogen, carbon dioxide and carbon monoxide.
The reactant gases were supplied by pressurized gas cylinders with an optimum pressure of
1.5 bar. Water is fed to the system with an Agilent 1100 series HPLC pump while the flow
rates of the gases were controlled by Brooks Instrument mass flow controllers. The set of
flow rate values were adjusted by the Brooks Instrument 0154 series control box. On-off
valves were placed in front of the mass flow controllers to protect them from possible
back-pressure fluctuations. Each gas was fed from its independent line, in order to adjust
desired feed ratios and evaluate the flow of individual species. The system configuration
enables diverting the flow direction of feed gases before entering the reactor via using a

three way valve in order to protect gas chromatographs from steam.

The liquid water was introduced into the reaction system at constant flow rates using
an Agilent 1100 series HPLC pump. The 1/16" stainless steel tubing, through which water
was allowed to flow and the line going to reactor after the on-off valve, including the
reactant mixing zone (the transfer line), were kept about at 130 °C using a 1 m Cole-
Parmer heating tape for preventing condensation. The temperature level of the transfer line
was controlled by an Omron E5AN.

The reactants, metered and mixed in the feed section, were allowed to flow through
the reaction section. This section was composed of a 45 cm X 20 cm X 20 cm furnace
whose temperature was controlled by +0.1 K through using a Eurotherm 3216P
programmable temperature controller connected to a K type sheathed thermocouple,
having the down-flow, 56.5 cm long, 1/4" OD, stainless steel tubular microreactor inside.
Silane treated glass wool was placed to the center of the reactor in order to hold the
catalyst. Ceramic glass wool insulations were placed in top and bottom ends of the reactor
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furnace to prevent heat loss from the furnace and to provide a stable temperature profile.
The steam in the product flow was removed by two cold traps which were placed after the
reactor. The line between the reactor and cold traps was kept at about 130 °C to prevent

steam to condense along the stainless steel tubing (Caglayan, 2011).
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Figure 3.3. Schematic diagram of the microreactor flow system
(a) Mass flow controller, (b) On-off valve, (c) Three-way valve and (d) Mixing zone.
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3.2.4. Product Analysis System for WGS reaction

Two Agilent Technologies 6850 gas chromatographs equipped with Porapak Q and
Molecular Sieve 5A columns, and a Thermal Conductivity Detector (TCD) were used to
detect feed and dry product streams. The data used for reporting the catalyst performance

were 1 h time-on-stream data. Analysis conditions are given below in Table 3.4.

Table 3.4. Reactant and product gas analysis conditions.

. Agilent Technologies | Agilent Technologies
6850-GC1 6850-GC2
Detector type TCD TCD
Column temperature, °C 80 40
Inlet temperature, °C 65 65
Detector temperature, °C 200 200
Carrier gas Helium Argon
Carrier gas flow rate, ml/min 20 20
Column packing material Porapac Q Molecular Sieve 5A
Column tubing material Stainless steel Stainless steel
Column length & ID 2m x 3 mm 2m x 3 mm
Sample loop 1mil 1mil

Before proceeding with the experiments, the gas chromatographs were calibrated by
injecting known values of the gases to be analyzed under the conditions given in Table 3.4.
Using this procedure, volume versus peak area curves were obtained for each gas and the

corresponding calibration factors were determined by linear regression (Caglayan, 2011).

3.3. Catalyst Preparation and Pretreatment

Ceria support was prepared from cerium (I1l) nitrate hexahydrate precursor, by
homogeneous precipitation method. The pH of the solution was controlled by Na,COj3
solution in order to adjust the pH to 8. The suspension was then allowed to mix for an hour

in a water bath at 60 °C under controlled temperature and pH. A thoroughly stirred mixture
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was then filtered by using Watman filter paper and washed with deionized water, and then
dried overnight at 105 °C and calcined for 4 hours at 400 °C (Caglayan, 2011).

Re addition to ceria support was conducted via incipient to wetness impregnation
method in the system described in Figure 3.1 by using aqueous solution of ammonium
perrhenate. The ceria support was placed in a Buchner flask and kept under vacuum during
the process. The support was mixed ultrasonically for 25 min. before impregnating the
aqueous solution. The precursor solution was impregnated on the support by using
Masterlex computerized-drive peristaltic pump at a rate of 0.5 ml/min. The resulting slurry
was mixed ultrasonically in order to obtain uniform distribution of the precursor solution

on the ceria support. After 1.5 h, the resulting slurry was dried overnight (Caglayan, 2011).

Deposition precipitation technique was used to obtain highly dispersed gold particles
on the Re impregnated ceria supports. The Re impregnated support was put in a beaker
along with DI water at a pH of 8.0-8.5 by adding aqueous solution of ammonium
carbonate. Tetrachloro auric (1V) acid was dissolved in DI water and added dropwise under
vigorous stirring . The resulting precipitate was aged for 1 h, filtered and washed with DI
water at 65 °C. The filtrate was allowed to dry overnight at 75 °C under vacuum and

calcined at air in a muffle furnace at 400 °C for 4 h (Caglayan, 2011).

All catalysts tested in this study are prepared in the sequence mentioned above. The
list of gold and rhenium loadings on ceria supports are shown in Table 3.5. Before the
reaction tests were performed, the catalyst samples were reduced in situ under 5%
hydrogen and 95% nitrogen flow feed for 1 h at 200 °C.

Table 3.5. List of Au-Re/Ceria bimetallic catalysts.

Denoted as Auwt. % | Rewt. %
Au2-Rel/Ceria 2 1
Aul-Rel/Ceria 1 1

Au2-Re0.5/Ceria 2 0.5
Au0.5-Re0.5/Ceria 0.5 0.5
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3.4. Reaction Tests

The WGS performance of Au-Re/Ceria catalysts (given in Table 3.5) in a realistic
feed composition (i.e. feed having CO, H,, H,0, CO,) was investigated at 250, 300 and
350 °C for two different feed compositions (given in Table 3.6). Each experiment was
conducted over 75 mg freshly reduced catalyst with 120000 ml/g.h GHSV.

Table 3.6. Realistic feed compositions used in the current study.

Feed # | H,O/CO | CO% | H,O % | H,% | CO, % | N2 %
1 16.24 2.1 34.1 23.7 12.3 27.8
2 6.67 4.9 32.7 30 10.4 22

After reduction, the catalyst bed heated to the reaction temperature, and nitrogen gas
trapped in the reactor while the reactants with specified compositions were bypassed for

1.5 hour in order to obtain steady state gas composition.
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4. RESULTS AND DISCUSSIONS

The WGS catalysts designed to be used in fuel processor of the combined FP-
PEMFC system must reach high CO conversion activity (ie. near to equilibrium level) for
the feed stream having composition of the typical reformer product -which is rich in H;
and has CO,, H,O, CO and Ny, ie. real feed- without leading any decrease in the H,
concentration due to unwanted reactions like methanation. Though there are many
research papers reporting WGS performance data under ideal feed conditions, the
publications reporting WGS data obtained with real feed are very rare and none of those
report H, concentration at the WGS product and/or change in H, content through
comparing WGS feed and product streams. The aim of the current work is to understand
the effect of Au and Re loadings and Au:Re loading ratio on the WGS performance of the
Au-Re/CeO, system under the flow of representative realistic feeds. Besides catalyst
composition, temperature, H,O/CO ratio in the feed were used as experimental parameters.
The catalysts were characterized by XRD, XPS and HRTEM-EDS analyses, and their
performance was tested in the temperature range of 250-350 °C under two different

realistic feed compositions.
4.1. Catalyst Characterization

X-ray diffraction (XRD) measurements were performed using Cu K, irradiation at a
scan rate 2 degree at a minute. XRD spectrum of ceria support of all Au-Re/CeO, system
tested are presented in Figure 4.1 as an example. XRD spectra revealed that ceria samples
obtained in this study exhibit cubic fluorite structure. In addition, ceria retained its fluorite
structure after rhenium impregnation and deposition precipitation of gold. No detectable
diffraction peaks of gold and rhenium crystallites were observed probably because of high
dispersion of metals with small particle sizes. Table 4.1 shows the lattice constants and
crystallite sizes for ceria determined from (111) diffraction peaks of XRD spectrum

through using Scherrer equation,

K2
T_,Bcose

(4.1)
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where K is the shape factor, A is the X-ray wavelength, B is the line broadening at half the
maximum intensity (FWHM) in radians, 0 is the Bragg angle and 7 is the mean size of the

crystallites. The lattice constants calculated via using the following equation,

a=dyh?+k2+ 2 (4.2)

Ceria lattice constants and crystallite sizes of reduced catalysts are presented in Table
4.1.

Results indicated that rhenium and gold addition to ceria support did not influence
the ceria lattice constant to a great extent. On the other hand, it is observed that the ceria
crystallite size of the with higher Re content (Au2-Rel/Ceria) is calculated 4.5% smaller
than the one with lower Re loading (Au2-Re0.5/Ceria). XRD results revealed that there is a

strong interaction between both Au-CeOy and Re-CeOy enough to leading changes in Ce
crystallite size.
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Figure 4.1. XRD spectrum of ceria support.
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Table 4.1. Ceria lattice constants and crystallite sizes of reduced samples.

Sample Lattice constant, a (nm) | Crystallite size, T (nm)
Ceria 0.538 11.97
Au2-Rel/Ceria 0.538 11.95
Aul-Rel/Ceria 0.540 11.87
Au2-Re0.5/Ceria 0.539 12.49
Au0.5-Re0.5/Ceria 0.539 13.00

Ceria exhibits unique redox properties which can be analyzed by X-ray photoelectron
spectroscopy (XPS). XPS analyzes performed to characterize the oxidation state of cerium
in cerium oxides; the difference between Ce®** and Ce** can be illustrated from the Ce 3d
signal shapes. It is observed that the XP spectrum of Ce 3d region of catalyst samples were
in accordance with the literature. The XPS binding energies of Ce 3d lines are presented in

Figure 4.2.
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Figure 4.2. XP spectrum of Ce 3d region of catalyst samples *: Ce**, **: Ce**, (a) Au2-
Re0.5/Ceria, (b) Aul-Rel/Ceria, (c) Au0.5Re0.5/Ceria and (d) Au2-Rel/Ceria.
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The Ce 3d lines have 10 peaks suggesting the presence of both Ce®* (*) and Ce**
(**). After peak deconvolution via using the XPSPEAK 4.1 program, it was revealed that
the Ce*" concentration seems to be relatively higher in the case of the catalyst which
exhibit high WGS activity. This result is in accordance with the explanation that Ce** plays
a crucial role in increasing electron transfer ability from the support to metallic sites, hence
resulting in higher catalytic activity (Caglayan and Aksoylu, 2011), which is also the case
in the current study. The Ce** and Ce** percentages of the catalysts samples are presented
in Table 4.2.

Table 4.2. Ce** and Ce*" percentages of the catalyst samples.

Sample ce™* (%) | Ce** (%)
Au2-Rel/Ceria 63.00 37.00
Aul-Rel/Ceria 37.36 62.64

Au2-Re0.5/Ceria 52.51 47.49
Au0.5-Re0.5/Ceria 20.63 79.37

HR-TEM analyses were carried out to obtain information on the microstructural
properties of the reduced catalyst samples. The HRTEM images of the Au0.5-Re0.5/Ceria
and Au2-Rel/Ceria samples clearly showed that gold and Re particles are well dispersed
on the CeOy support; Figure 4.3 shows selected images of the same magnification showing
the high dispersion. The Au2-Rel/Ceria sample studied further by HRTEM. Two selected
images from different regions of the sample and the corresponding surface analytical
analysis results by EDS are given in Figure 4.4 and Figure 4.5. Figure 4.4 clearly shows
the highly dispersed Au-Re sites. Figure 4.5, the area which lacks Re sites, revealed that
gold sites are formed as small clusters with different crystallite faces; however Re may

form as very small agglomerations (Figure 4.4).
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(@) (b)

Figure 4.3. HRTEM images of catalysts (a) Au0.5-Re0.5/Ceria and (b) Au2-Rel/Ceria.
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Figure 4.4. HRTEM images and corresponding surface EDS of the differential parts of

Au2-Rel/Ceria sample: area image involves both Au and Re particles.
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Figure 4.5. HRTEM images and corresponding surface EDS of the differential parts of
Au2-Rel/Ceria sample: area image involves only Au particles.

4.2. Catalytic Activity Tests

Activity and stability characteristics of the catalysts (given in Table 3.5) investigated
at 250, 300, 350 °C under atmospheric pressure using 75 mg freshly reduced catalyst with
120000 ml/g.h GHSV. The experiments were performed under flow of two different
realistic feeds (given in Table 3.6) including H,, CO, CO, and balance N, and varied
mainly in terms of H,O/CO ratio. The concentrations of the gases in the product and feed
stream were determined by two gas chromatographs. During the experiments, methane
formation was not observed. CO conversion was taken as a measure of catalytic activity,
stability and net H, production was also used as an indication of selectivity. CO
conversion, net H, production and the amount of water vapor in the feed stream were

evaluated by using the following formulas:

CO|liyn — [CO
CO conversion (%) = [ ]H[ICO][ Jout x 100 (4.3)
in
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H — |H,];
net H, production (%) = HzJoue = [Holin x 100 (4.4)
[Hz]in

_ Viiquia (,0) X Pro X R XT
Vsteam(HZO) - MW, 5 X P
2

(4.5)

where p=1000 g.L"; P=1 atm; R=0.082 L.atm.mol™.K™*; T=298 K and MW/;,0=18 gmol™.

In the present study, the performance test conditions were designed to investigate the
effects of the Au-Re loading, H,O/CO feed ratio and reaction temperature on the WGS

activity of the bimetallic Au-Re/Ceria catalysts.

All of the catalysts was tested for 3 h and it was revealed that none of them showed
stability loss. The catalytic stability of Au2-Rel/Ceria catalyst, which showed the
maximum conversion during the performance studies, was tested for 3 h at 350 °C. The
test was carried out with a feed stream consisting of 4.9% CO, 30% H,, 32.7% H,0 and
balance N,. The stability of the catalyst is shown in Figure 4.6 and Figure 4.7 in terms of

CO conversion and net H, production, respectively.
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Figure 4.6. Stability of Au2-Rel/Ceria catalyst in terms of CO conversion.
(4.9% CO, 30% Hy, 32.7% H,0, 22% N; 350°C)
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Figure 4.7. Stability of Au2-Rel/Ceria catalyst in terms of net H, production.
(4.9% CO, 30% Hy, 32.7% H,0, 22% Ny; 350°C)

It was observed that the catalyst with higher gold content give both better CO
conversion and net H, production for the fixed rhenium loading. In addition, catalysts with
higher rhenium loading for fixed amount of gold also give better performance. As it also
demonstrated by XPS results (given in Table 4.2), addition of both Au and Re improves
the reducibility of ceria. The evaluation of performance and XPS test results in a combined
fashion clearly shows that there is a direct relation between the activity of the catalysts and
their Ce** surface concentration (in other words Ce**/Ce** concentration ratio). There, Ce**
enhance the activity via increasing the ability of electron transfer from the support to
metallic sites. Additionally, it should be worth mentioning that for the fixed Au loading (ie.
Au2-Rel/Ceria and Au2-Re0.5/Ceria), increase in Re loading led to an increase in
Ce*/Ce*" ratio, which enhance the catalytic activity. Results of the CO conversion and net
H, production performances of the catalysts at 250, 300 and 350 °C are presented in the
following figures (Figure 4.8, Figure 4.9) as a function of temperature. The feed
compositions used in the figures are Feed#1 and Feed#2 is given in Table 3.6, respectively.

The equilibrium conversion of CO is also displayed for comparison.
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Figure 4.8. Effect of Au-Re loading on (a) CO conversion and (b) net H, production for
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Feed#1 (#Au2-Rel/Ceria; mAul-Rel/Ceria; A Au2-Re0.5/Ceria; x Au0.5-Re0.5/Ceria; *

Equilibrium).
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Figure 4.9. Effect of Au-Re loading on (a) CO conversion and (b) net H, production for
Feed#2 (#Au2-Rel/Ceria; mAul-Rel/Ceria; A Au2-Re0.5/Ceria; x Au0.5-Re0.5/Ceria; *

Equilibrium).
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CO conversions for the two feeds having different H,O/CO ratios give nearly the
same activities at 250°C because of slow reaction kinetics at low temperatures (Figure
4.10). At 300°C, high steam content of Feed#1 suppressed reverse WGS reaction, hence
higher CO conversion was obtained. It is worth to mention that, at 300 °C net H,
production was lower when compared to high CO conversion for Feed#1, which is
probably due to oxidation of excess of hydrogen. In addition, no methane formation was
observed during the experiments. As indicated by peak CO conversion levels at 300 °C,
the suppression of reverse WGS by higher steam content of Feed#1 and the consequent
high CO conversion loses its dominance at 350 °C, most probably due to moderately
exothermic nature of the reversible WGS reaction.
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Figure 4.10. Effect of H,O/CO feed ratio on CO conversion
(F1: Feed#1 H,0/C0=16.24; F2: Feed#2 H,0/C0=6.67).

It is evident from the plots of net H, production vs. temperature that H, consumption
was not observed for most of the catalysts. In the case of Feed#1, net H, production was
observed at 300 and 350 °C almost for all catalysts except Au0.5-Re0.5/Ceria. Note that
with its lowest Ce**/Ce** ratio indicated by XPS results, Au0.5-Re0.5/Ceria has very
limited electron transfer ability from support to metal sites; this limits the facilitation of

water during WGS reaction, and severely effect the catalyst performance for the feeds with
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high H,O/CO ratio, like Feed#1. As can be expected from CO conversion and net H;
production levels, H,/CO product ratio makes a peak for Feed#1 (Figure 4.11) at 300 °C
for all catalysts except Au0.5-Re0.5/Ceria. This peak observed at 300 °C for H,O/CO ratio
seems shift to higher temperatures when the H,O/CO ratio in the feed decreases, as can be
observed form Figure 4.12 showing H,/CO product ratio obtained for Feed#2.
Furthermore, all of the catalyst consumed the H, at 250 °C. When the experiments were
performed with lower steam/carbon monoxide ratio (H,O/C0O=6.67), net H, production
level follows an increasing trend as a function of temperature for the range tested, and net

H, consumption was observed only for Au0.5-Re0.5/Ceria at 250 °C.
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Figure 4.11. The effect of T on H,/CO ratio in the product stream for Feed#1.
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Figure 4.12. The effect of T on H,/CO ratio in the product stream for Feed#2.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

The purpose of this experimental study was to investigate the effects of Au:Re
loading, H,O/CO feed ratio and temperature on WGS reaction under realistic feed

compositions. The conclusions from this study were summarized as follows:

e As gold loading increases, CO conversion increases for fixed amount of rhenium.

e Catalysts with higher rhenium loading for fixed amount of gold gave better
performance.

e HRTEM-EDS analyzes indicated that gold and rhenium are very well dispersed and
both metals have small particle size.

e The combined evaluation of XPS and performance test results reveals that Ce®*
surface concentration and Ce**/Ce** surface ratio, which shows the ability to
support to metal electron transfer, is dominantly determines performance, and this
is more significant especially when the feed has high H,O/CO ratio.

e For fixed Au loading Ce**/Ce*" surface ratio and hence the catalyst performance
increases with the addition of Re.

e For the fixed Au:Re loading ratio, increase of metal loading enhances the catalyst
performance.

e Addition of both Au and Re improves the reducibility of ceria, as demonstrated by

XPS analysis.

5.2. Recommendations

Considering the resulst of this experimental study, following ideas are suggested for

future studies which will use Au-Re/Ceria system as a WGS catalyst:
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Performing stability tests for a long period to investigate the stability of the
catalyst, although loss of activity was not observed during the experiments for 3

hours.

Studying wide range of steam/carbon monoxide ratios in order to understand the

effect of steam content, more accurately.
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