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ABSTRACT

WGS KINETICS OVER Pt-BASED TRIMETALLIC CATALYST
UNDER REALISTIC CONDITIONS

The aim of this study is to obtain a reliable power law type Kinetic expression under
realistic conditions for water-gas shift reaction over 1Pt-0.5Re-1V/CeO; catalyst to be used
in designing the WGS unit of a small scale fuel processor. In this content, 1Pt-0.5Re-
1VI/CeO, catalyst was prepared using incipient-to-wetness impregnation method and the
preliminary Kinetic tests were conducted to determine kinetically controlled and mass
transfer limitations free experimental conditions. The Kinetic experiments were performed
at 350 °C and atmospheric pressure with S/C feed ratio ranging from 15 to 45. 17 pairs of
kinetic experiments were conducted according to an experimental design having partial
pressures of carbon monoxide, steam, hydrogen, carbon dioxide and methane, and
residence time, W/F, as the parameters. Experimental rate data were used to estimate
kinetic parameters of the power-law kinetic model by using the method of initial rates.
WGS reaction orders were estimated as 0.82, 0.31, -0.29 and -0.35 for carbon monoxide,
steam, hydrogen and carbon dioxide, respectively, by using non-linear regression analysis
in MATLAB™ within +£6% error margin. Results indicated that the reaction rate increased
with an increase in the concentration of CO and H2O in the feed stream, while it decreased
slightly with the addition of H2 and CO.. In addition, the effect of methane presence in the
feed on WGS Kkinetics was investigated, and the kinetic reaction rate was found to be
practically independent of the concentration of CHs4 in the feed stream as there was no
change in the predicted reaction orders of CO, steam, H, and CO: in the absence and
presence of methane term in the rate expression. The apparent activation energy and the
frequency factor were calculated as 28.21 kJ mol™* and 29.09 pumol mgcat? s kPa4°,
respectively in a temperature range of 300-350 °C.
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OZET

GERCEK SARTLAR ALTINDA Pt-BAZLI UC METALLI
KATALIZORUN WGS KINETIGI

Bu calismanin amaci, gergek¢i besleme kosullart altinda su-gaz degisimi
reaksiyonu i¢in kiigiik olgekli yakit islemcisinin WGS iinitesinin tasariminda kullanilmak
tizere 1Pt-0.5Re-1V/CeO katalizorii iizerinde giivenilir bir {issel hiz denklemi elde
etmektir. Bu kapsamda, 1Pt-0.5Re-1V/CeO; katalizorii incipient-to-wetness empregnasyon
yontemi kullanilarak hazirlanmig ve kiitle transferi smirlamalari olmayan deneysel
kosullar1 belirlemek i¢in 6n kinetik testler yapilmistir. Kinetik deneyler buhar/karbon orani
15 ile 45 arasinda degisen aralikta 350 °C'de ve atmosfer basincinda gergeklestirilmistir. 17
cift deney karbonmonoksit, buhar, hidrojen, karbondioksit ve metanin kismi basinglar1 ve
reaktorde kalma siiresi degistirilerek yiiriitiilmistiir. Deneysel hiz verileri, baglangi¢ hiz
yontemi kullanilarak iissel hiz denkleminin kinetik parametrelerini tahmin etmek igin
kullanilmigtir.  WGS  reaksiyon mertebeleri dogrusal olmayan baglanim yontemi
kullanilarak %6 hata payr i¢inde sirasiyla karbonmonoksit, buhar, hidrojen ve
karbondioksite gore 0.82, 0.31, -0.29 ve -0.35 olarak tahmin edilmistir. Reaksiyon hizi,
besleme akisinda CO veya H>O konsantrasyonundaki bir artis ile artarken, besleme akisina
H> ve CO> eklenmesiyle nispeten azalmistir. Buna ek olarak, besleme akisindaki metan
varligiin WGS kinetigi lizerindeki etkisi arastirilmis ve hiz ifadesinde metan teriminin
varliginda ve yoklugunda, CO, buhar, H> ve CO2'nin 6ngoriilen reaksiyon mertebelerinde
herhangi bir degisiklik olmadig: i¢in kinetik reaksiyon hizinin, besleme akisindaki CHa
konsantrasyonundan bagimsiz oldugu bulunmustur. Goriiniir aktivasyon enerjisi ve frekans
faktorii 300-350 °C sicaklik araliginda sirasiyla 28.21 kJ mol™ ve 29.09 umol mgcat™ s*

kPa%4® olarak hesaplanmustir.
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1. INTRODUCTION

Fossil fuels, primarily coal, fuel oil or natural gas, are the dominant fuels satisfying
the global energy demand; they are widely used as they provide a storable, convenient,
transportable, and energy-dense form of chemical energy. However, combustion of fossil
fuels results in greenhouse gases, such as carbon dioxide, methane and nitrous oxide,
which are widely accepted as the reason of global warming. Therefore, researchers have
focused on finding alternative energy sources that reduces the release of CO> and the other
GHG gases including methane (Sathre, 2014).

Hydrogen has been considered as a future energy carrier and it is a perfect candidate
to satisfy a plausible fraction of the global energy demand as it can be utilized through
efficient and environmentally friendly routes. Hydrogen can be produced through biomass
gasification, hydrothermal liquifaction or electrolysis of water, but the common method is
steam reforming of hydrocarbons since the fully renewable routes are not economically
feasible yet. In foreseeable future, non-intermittent routes of decentralized and dispersed
energy production, which supports enhanced use of flow-limited renewable routes, like sun
and wind energy, via providing base-load will be of primary concern. The proliferation of
smart grid distribution systems, enabling each small-scale energy consumer can also
become a producer as long as they produce excessive of their need, accelerates the
transition from centralized to decentralized energy production. One of the most widely
accepted routes of decentralized non-intermittent energy production at small scale, like in
houses, apartments, small business, is Fuel Processor-PEM Fuel Cell (FP-PEMFC)
systems for which the PEM-grade hydrogen is produced on site via catalytic routes from
hydrocarbons. As there is still technological hurdles and safety concerns in hydrogen
storage, the use of fuel processors for on-site hydrogen production is a viable option. Fuel
processors convert a hydrocarbon into hydrogen rich reformate, having CO concentration
in 100-200 ppm range, feed for the PEM fuel cells. Fuel cell technology has the potential
of well-proliferated use in the near future owing to its high efficiency in energy production.
Among fuel cell types, polymer electrolyte membrane fuel cells are attractive for many
applications, especially of small-scale, as they operate at low temperature and have high
power density (Ogden, 1999; O’Hayre et al., 2009; Perez et al., 2014).



In fuel processors, 3 catalytic reactions occur in series: (i) reforming of
hydrocarbons; (ii) water-gas shift reaction (iii) preferential carbon monoxide oxidation. As
a result of reforming, besides hydrogen, some other gases such as CO, CO2, H.O, CH4 and
other hydrocarbons are formed. In case of small scale on site electricity production through
the combined use of FP-PEMFC, CO amount in the reformate must be reduced in order to
prevent poisoning of the platinum-based anode of PEMFC for guaranteeing stable
operation. The role of the WGS reactor in the fuel processors is to provide a primary CO
clean-up step and also acts as a secondary reaction to produce hydrogen (LeValley et al.,
2014).

Water-gas shift reaction, first reported in 1888, is a well-known process used in
chemical industry for the production of methanol, ammonia, hydrogen and hydrocarbons.
For hydrogen production in a fuel processor, the main purpose of WGS reaction is to
decrease the amount of carbon monoxide and simultaneously increase the hydrogen
content of the reformate. WGSR is a reversible moderately exothermic reaction and so CO
conversion is limited at high temperatures by thermodynamic equilibrium (Mond and

Langer, 1888; Ratsanamy and Wagner, 2009).

In the industrial applications utilizing conventional WGS catalysts, the WGS reaction
is carried out in two serial adiabatic stages, namely the high temperature shift followed by
low temperature shift since the reaction is kinetically favored at high temperatures and
thermodynamically favored at low temperatures. In the high temperature stage,
iron/chromium based catalysts are preferred whereas in the low-temperature stage,
copper/zinc based catalysts are used. The carbon monoxide concentration of the high
temperature WGS product ranges between 2 and 3 vol.% depending on the feed
composition whereas the low temperature WGS product contains between 0.05 vol.% for
large scale systems, and 0.3-1 vol.% for small scale applications. However, two-stage
systems are not economically feasible for fuel cell type operations (Kolb, 2008).
Additionally, the use of iron/chromium and copper/zinc based conventional catalysts in the
WGS unit of the fuel processor is not suitable due to their thermodynamic and kinetic
limitations, pyrophoric structure, detailed activation procedures and long pre-conditioning
requirements. Therefore, stable, active, poison resistant and non-pyrophoric platinum



group metal (PGM) based catalysts must be designed and developed for WGS unit of fuel
processors (Caglayan et al., 2009; Gonzalez et al., 2010).

Recent research has focused on the development of a suitable WGS catalyst which is
stable, active, non-pyrophoric, poison resistant and robust in case of rapid shut-down/start-
up conditions. In small scale fuel processors, single stage WGS unit operating at HTS-LTS
transition temperature range, i.e. 250-400 °C, is preferred. In WGS reaction, both the
support and the metal play essential roles in the activity and stability of the catalyst. Noble
metal based catalysts supported on CeO2, ZrO and TiO have been shown to be promising
to accomplish this goal (Caglayan et al., 2009; Franchini et al., 2012).

In order to design, construct and control an efficient FP, reliable kinetic expressions
must be known for each of its catalytic reactions. In the current study, the aim was to
obtain a reliable kinetic expression for WGS reaction over Pt-Re-V/CeO, catalyst, which
have been proven to have high WGS performance in realistic conditions. Kinetic
experiments were conducted for different partial pressures of reactants and residence times.
The kinetic parameters of the power-law type rate equation were determined by using non-
linear regression analysis in MATLAB™.

Chapter 2 contains literature survey including information about hydrogen
production, fuel processors, and followed by detailed information about FP reactions,
active and selective catalysts for WGS reaction and also kinetic expressions for WGS
reaction. The experimental systems and procedures used in the present study are presented
in Chapter 3. The results obtained in the experiments and related discussions can be found
in Chapter 4. Finally, Chapter 5 includes the conclusions attained from the present study

and recommendations for future work.



2. LITERATURE SURVEY

2.1. Fuel Cell and Fuel Processor Technology

A fuel cell is an electrochemical device which generates electricity by converting
hydrogen through a chemical reaction. Fuel cells, which are highly efficient in energy
conversion, are an alternative for clean energy production in recent years due to less/no
harmful emissions since using hydrogen as a fuel provides only water emisson (Donitz,
1998).

Proton exchange membrane fuel cells are considered as the most promising fuel cell
type for small scale applications for several reasons. First, their power density is very high
particularly in pressurized systems. In addition, since the pressure difference between the
anode and the cathode is very large owing to its solid polymer electrolyte, system
operation is quite easy even in pressurized system. Moreover, a wide variety of materials
can be adopted for cell components due to its low operating temperature (80 °C), compared
with other types of fuel cells. However, at low temperatures, PEMFCs are very susceptible

to carbon monoxide poisoning (Okada and Yokoyama, 2001).

The ideal fuel for PEMFCs is pure hydrogen, with less than 40 ppm carbon
monoxide, owing to its high reactivity at the anode. Hydrogen fuel is not found in nature,
S0 it is an energy carrier rather than an energy source. Thus, nearly CO-free and sulfur-free
gas feed must be produced. Most studies have been focused on the design of on-site
hydrogen generation for use in PEMFCs since the major challenge for small-scale fuel cell
is storage of hydrogen fuel (Palma et al., 2017). Many studies have focused on small-scale
fuel processor technologies as components of fuel cell systems. The optimum solution
could be to transport liquid fuels having high energy densities and convert them to a
hydrogen rich gas (reformate) via fuel processor. The combined FP-PEMFC system is the
most promising option for both vehicular and small-scale stationary applications (Gokaliler
et al., 2008; Holladay and Wang, 2015).



A fuel processor consists of three catalytic reaction units in series: a reforming unit
to produce hydrogen rich synthesis gas from hydrocarbons, a water-gas shift unit to
convert CO in further Hy, and a preferential oxidation unit to decrease CO concentration to
ppm levels. There are several methods for hydrocarbon reforming, namely steam
reforming (SR), partial oxidation (POX), and oxidative steam reforming (OSR). Fuel
processors for PEMFCs must generate a hydrogen rich gas with less than 40 ppm CO
concentration since CO poisons the catalysts and the Pt anode of the PEM type fuel cells,

when its concentration is greater than 40 ppm (Caglayan et al., 2009).

2.1.1. Reforming Reaction

The reforming unit converts hydrocarbon fuels into hydrogen-rich synthesis gas by
applying heat. Steam reforming is highly endothermic and conducted at high reaction
temperatures (above 700 °C). Nickel is known to be catalytically active metal in the steam
reforming process since Ni promoted catalysts are conventional, cheap and efficient for
large scale hydrogen production although Ni is less active compared with some noble
metals and more prone to deactivation. Since the reforming reaction requires high
temperature, coke formation can be observed on catalyst surface. In order to overcome that
problem water should be added in sufficient amounts. Main advantage of SR to other
hydrogen production routes is the high H. yield. However, SR is not suitable for on-site
FP-FC applications due to the need of large reactor size. The general equations of SR
reactions are given in Equation 2.1 and 2.2 (Rostrup-Nielsen, 1984; Trimm and Onsan,
2001; LeValley et al., 2014).

CnHyy + mH,0 - mCO + (m + n)H, (2.1)

CynHyy + 2mH,0 - mCO + (2m + n)H, (2.2)

Partial oxidation reaction is highly exothermic and converts the hydrocarbon fuel
into a mixture of Hz and CO, instead of CO2 and H2O as in total oxidation (TOX) reaction.
In POX reaction, hydrogen yield is lower compared to steam reforming. Depending on the
catalyst, the residence time and the amount of oxidant in the feed, POX (Equation 2.3)

reaction turns to TOX (Equation 2.4). Unlike total oxidation, partial oxidation reaction



uses lower stoichiometric oxygen with respect to the hydrocarbon fuel (Hu and
Ruckenstein, 2004).

1
CmHzn + ()0, » MCO + nH, (2.3)

1
CmHzn + (m+-1)0; = mCO, + nH,0 (2.4)

In order to provide energy efficiency and overcome the difficulties of SR and POX,
the endothermic SR and exothermic POX of hydrocarbons are coupled, and named as
oxidative steam reforming. OSR reduces coke formation and also increases hydrogen
yield. In OSR, oxygen to carbon ratio, steam to carbon ratio and temperature are important
parameters since these parameters affect H, and CO concentrations in product stream
(Shekhawat et al., 2011).

2.1.2. Water-Gas Shift Reaction

WGS is an important step for a fuel processor since it produces hydrogen, also
reduces CO levels in the reformate gas stream down to 0.5-1%. The reaction is
thermodynamically favored at low temperatures and Kkinetically favored at high
temperatures. Therefore, conventionally WGS reaction is conducted in two serial reactors,
namely high temperature shift (HTS) and low temperature shift (LTS). HTS is conducted
over Fe>03/Cr,03 catalysts at 310-450 °C temperature interval, while LTS is carried out
over Cu/ZnO/Al,O3 catalysts at 200-250 °C (Smith et al., 2010).

CO+H, & C0, + H, AH2g = —41.1kj/mol (2.5)

2.1.3. Preferential Oxidation Reaction

PrOX reaction reduces the CO level from 0.5-1% to below 40 ppm. Complete
removal of CO is an essential requirement for hydrogen used as a fuel to PEM fuel cells.

The PrOX catalyst should be very selective, such that instead of oxidizing the highly



concentrated H: in the feed, it should oxidize CO. This can be adjusted by carefully
controlling the reaction temperature. Almost 100% CO conversion is achieved at low
temperature 100-150 °C. Pt is reported to be a promising active metal to be used in PrOX

catalysts (Ratnasamy et al., 2004).

1

CO+ = 0, = CO, AHYoq = —283kj/mol (2.6)
1

H, + 502 - H,0 AHYos = —242kj/mol (2.7)

2.2. WGS Catalysts

The water gas shift is a crucial reaction for fuel processing, since it provides not only
CO reduction in reformate but also an increase in hydrogen concentration. The WGS

reaction is an equilibrium-controlled and moderately exothermic reaction.

The industrial scale water gas shift reaction is carried out in two adiabatic stages
consisting of high temperature shift followed by low temperature shift reactors. Iron-
chromium catalysts are used only in HTS because they lose their activity at lower
temperature. On the other hand, copper-zinc based catalysts are used as LTS catalysts, and
they are not suitable for operation at higher temperature as they have tendency to sintering.
For fuel processor applications, the requirements of WGS catalysts are quite different from
the conventional iron-chromium and copper-zinc based catalysts. The two HTS and LTS
catalysts are pyrophoric in their activated form, so there is a much research to develop a

single stage non-pyrophoric WGS catalyst (Smith et al., 2010).

Conventional water gas shift catalysts cannot be used in small scale fuel processors
owing to their pyrophoric structure, long pre-conditioning requirements, restrictions in
volume, weight and cost. Moreover, fuel processor-fuel cell systems undergo too many
shut-down/start-up operations leading severe deactivation problem (Guo et al., 2009; Roh
et al., 2011). Krekel et al. (2016) have conducted their study on catalyst deactivation under
steady-state and shut-down/start-up operations. The reason behind the deactivation was

suggested to be carbon deposition, owing to the occurrence of higher hydrocarbons in the



reformate. As severe catalyst deactivation was detected during shut-down/start-up
operations compared to that during steady state operation of fuel processors, developing

new shut-down and start-up strategies is of crucial importance.

The activity of Cu-based catalysts with different supports, which are ceria, ceria-
zirconia and ceria-titania, was investigated by Pradhan et al. (2009) via changing gas
hourly space velocity. They have found that the higher loading of CuO on oxide supports
could result in bigger particles, which leads to a decrease in the activity. Therefore an
optimum loading of 10% wt. was chosen. Their results indicated that CuO-CeO»-ZrO, and
CuO-CeO2 showed better performance than CuO-CeO»-TiOz, and the activity order was
found as CuO-CeQO2-ZrO; > CuO-CeO, > CuO-Ce0»-TiOo.

The Gunawardana et al. (2009) have investigated the performance of the WGS
reaction in the reaction temperature range of 150-360 °C over copper—based catalysts in
which copper loadings change between 20 to 90% Cu. They found that the WGS activity
of Cu-based catalysts supported on ceria increased with copper loadings and 80% copper—
ceria catalyst showed the highest performance. The catalysts were stable at medium
temperature, but deactivation was obtained with the temperature increase.

Catalyst preparation method significantly affects the catalyst performance. Aguila et
al. (2013) have compared the activity of Cu/ZrO, catalysts in the WGS reaction prepared
by a reflux method and by conventional impregnation. The results revealed that the
tetragonal phase was required in order to obtain high activity and by using the reflux
method tetragonal zirconia was generated. Also, higher particle size of CuO was formed
using the reflux method than those obtained using the impregnation method. Therefore, the

catalyst activity prepared by reflux was better for the WGS reaction.

The main drawback of Cu-based catalysts is that they are not very stable against
oxidizing gases when compared to Pt-, Ru- or Au-based catalysts (Nishimura et al., 2010).
During the shutdown operation, the catalysts can be exposed to oxygen containing
atmosphere, resulting in the oxidation of the active species. Moreover, temperature rise of

Cu-based catalysts exposed to air can reach to above 600 °C. This high temperature rise



will result in irreversible catalyst deactivation owing to sintering of the copper species (Liu
etal., 2012).

Most of the studies were conducted on Pt and Au based catalysts since they were
considered as leading candidates to be used in small scale fuel processors. The studies on
Au-based WGS catalysts revealed that Au supported on metal oxides show high catalytic
activity, especially at low temperatures. Au-based catalysts are commonly used in WGS
applications owing to their lower prices compared to Pt-based catalysts although several
studies reveal that Pt is very active compared to other precious metals such as Au (Duarte
de Farias et al., 2008).

Castano et al. (2014) have compared the platinum and gold based catalysts behavior
for the water gas shift reaction. It was known from the studies that copper-zinc catalysts
required safety cautions on air exposure due to its pyrophoricity, so they suggested noble
based catalysts such as Pt and Au catalysts instead of copper-zinc. The gold catalysts
showed higher conversion when supported on CeFeAl rather than Al>Osz regardless of the
reaction temperature. The same was valid for platinum catalysts for reaction temperatures
below 300 °C. The results showed that at low temperatures gold catalysts were always
more active than platinum catalysts, but the reverse was true for temperatures above 200
°C. In addition, Lenite et al. (2011) demonstrated that Au catalysts supported on alumina

were not so active despite an excellent gold deposition on support.

Reina et al. (2015) have studied to increase the efficiency of Au/CeO2/Al;O3 based
WGS catalysts. They conducted their study by adding transition metals, namely Fe, Cu and
Zn. All the transition metals significantly enhanced the WGS performance of the undoped
sample since all dopants increased the oxygen storage capacity (OSC) of the ceria-alumina
support and, hence led to an increase in reducibility and greater oxygen availability.
Among all the dopants, the best result was obtained with Fe since the Au/CeFe/Al sample
showed the highest OSC at 250 °C and 350 °C. It was concluded that Fe, Cu and Zn
dopants significantly promoted the WGS activity of the Au/CeO2/Al>Os3 catalyst.

Reina et al. (2016) have studied the role of Au, Cu, CeO: and their interactions in

order to obtaine good catalytic activity. Their studies indicated that the multicomponent
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catalysts showed appreciable long-term stability and tolerance towards start-up/shut-down
cycles. The water gas shift catalysts must present excellent redox since the WGS reaction
is a redox process. It is known from the studies that the oxygen storage capacity is
important for redox property. The magnitude of Au-support interaction affects the OSC,
enhancing the reduction of catalyst components. Among the gold-based catalysts, the ones
rich in copper showed better catalytic activity, and the best result was obtained over
Au/Ce2Cu8/Al sample as Cu itself was rather active at low temperature. The
multicomponent catalyst (Au/Ce2Cu8/Al) was more stable in both long-term tests and
start-up/shut-down cycles since ceria helped to prevent the carbonate formation that were
related to the catalysts deactivation.

Liu et al. (2013) have investigated the deactivation mechanisms of the Au/CeO:
catalyst in steady-state and shut-down/start-up conditions in realistic feed at 250 °C. In
steady-state operation, the reason of catalyst deactivation is the reduction of the catalyst by
H> and CO, resulting in weak Au-CeO: interaction, which is crucial for WGS activity. On
the other hand, in shut-down/start-up operations, the deactivation was attributed to the
deposition of the carbonate species, originating from CO2 and H.O. It was indicated that by
calcining the catalyst, carbonate species can be removed, and 90% of the original activity

was reached over the reactivated sample.

Perez et al. (2014) have focused on the low temperature water gas shift reaction over
ceria promoted nickel catalysts supported on carbon since cerium oxide is commonly used
as catalyst support and promoter due to its high oxygen storage capacity and reducibility.
They carried out their study by changing ceria loadings such as 10, 20, 30 and 40% wt.
Catalysts with 10 and 20wt.% CeO. were found as the most active at low temperatures.
Small ceria particles with high dispersion led to an enhance in reduction of ceria, which
interacts with the nickel particles to different extents. Ni20CeO,/C catalyst showed the
highest activity at low temperature, owing to the synergistic effect between the Ni and
CeOs.

Kam et al. (2010) have also focused on the pyrophoricity of Pt based and Cu/ZnO
based catalysts through shut-down/start-up operations at the low temperature for WGS

reaction. For any of the Pt-based catalysts, no pyrophoricity was observed and Pt/TiO>
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showed the highest activity followed by Pt/CeO. and then Pt/ZrOz. In general, Cu/ZnO-
based catalysts were found more active compared to Pt-based catalysts at temperatures
between 150 and 300 °C but the deactivation was occurred in all Cu-based catalysts during

the shut-down/start-up operations.

In another study conducted by Germani et al. (2005), it was proposed that
platinum/ceria/alumina catalysts were very active for the WGS reaction in the temperature
range from 300 to 400 °C. They have investigated the effect of the amount of platinum and
ceria on the catalytic activity and found that the ceria amount did not affect the catalyst
activity to a great extent. Moreover, they also studied to develop the
platinum/ceria/alumina catalysts on microstructured platelets. They revealed that the
catalyst on microstructured platelets were more active compared to the powder samples
since the diffusion limitations were observed inside the powder pellets. A better platinum

utilization was obtained in catalyst deposited on microstructured platelets.

The catalyst deactivation is a complex process and many factors can affect the
deactivation. Liu et al. (2005) findings showed that the carbonates were formed on the
catalyst surface as a result of shutdown in the reformate, resulting in deactivation and they
covered both the surface of ceria and Pt metal surface. It could be said that there was a
correlation between the degree of deactivation and the content of carbonates. It is
concluded that the carbonate formation resulted in the continuous deactivation of Pt-based

catalyst supported on high surface area CeO:..

Caglayan et al. (2009) have made an investigation on the effect of second metal
addition. The water gas shift activity of bimetallic Pt-Ni/Al>Oz catalysts was studied at the
medium temperatures between 200 and 450 °C. The results showed that Pt-Ni/Al2O3
catalysts were highly active and selective for WGS reactions under ideal conditions. In
addition, equilibrium conversion could be reached at lower temperatures with the increase

in Ni loading.

Zhu et al. (2011) have investigated the effects of Na promotion for high water gas
shift activity on co-impregnated Pt—-Na/TiO; catalyst having Na loadings in the range O-

10% wt. They found out that there were strong metal-promoter interactions between Pt and
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Na metals, which facilitated the reduction of Na promoter. It was stated that the activity
was greatly affected by the addition of Na promoter and the optimum result was obtained
with 3-4% wt. Na loading.

The effect of zirconia polymorphism over platinum-based catalysts in WGS reaction
systems was methodically studied by Franchini et al. (2012). The changes in metal
dispersion could affect the deactivation of ZrO supported WGS catalysts during reaction.
They revealed that zirconia polymorphism determined the catalyst activity, and the
monoclinic structure Pt/m-ZrO sample indicated to be significantly more active compared
to Pt/t-ZrO..

Kalamaras et al. (2011) have investigated the effect of Pt particle size, changing
between 1.3 and 8 nm, on kinetic and mechanistic aspects of the WGS reaction. It was
concluded that the WGS reaction on Pt/CeO2 at 300 °C governed mostly via the ‘redox’
mechanism, and to a lesser extent via 'the associative formate with -OH group
regeneration' mechanism. Moreover, it was proposed that the change in the particle size
slightly affected the TOF (s) of WGS, whereas the increase in the particle size increased
the specific rate of reaction dramatically.

Caglayan et al. (2011) have made an investigation on the effect of Re addition to
Aul/ceria catalysts. The results revealed that Au—Re/ceria catalysts showed higher catalytic
performance for WGS reaction, especially at high H-O/CO ratios, owing to beneficial
interaction between gold and rhenium particles. In Villar et al. (2015) studies, the effect of
Re addition into Pt/CeO>-TiO- catalyst on the WGS activity and stability was investigated.
They found out that the WGS activity and stability of the Pt/CeO,-TiO. catalyst was
markedly effected by the rhenium addition. At first the monometallic Pt/CeO>-TiO>
catalyst showed high initial WGS conversion but it deactivated as time progresses.
However, the effect of addition of rhenium to Pt/CeO>-TiO; catalysts improved the
catalyst stability under WGS conditions. In the case of bimetallic Re-Pt/CeO>-TiOa,

sintering was observed but to a less extent compared to monometallic case.

The effect of Re addition as a second metal beside a precious metal has been studied

by Azzam et al. (2007b). They proposed that second metal addition (Re) led to an increase
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in stability of Pt/TiO2, which prevented Pt sintering observed in previous study (Azzam et
al., 2007a). In addition, they investigated the effect of the support on the catalytic
performance and best catalytic activity was obtained over Pt-Re/TiO2 compared with
TiCeO,, CeZrO;, CeOy, TiZrO, and ZrO,. It was assserted that certain Re amount
presented in in oxidized form (ReOx), resulting in an improvement in the catalyst activity.

Tepamatr et al. (2006) have also investigated Re addition to Cu supported on CeO>
and gadolinium doped ceria (GDC). It was revealed that Re addition to Cu/GDC
considerably enhanced the catalytic performance of copper catalysts. The reason of this
improvement was that Re increased the reducibility of the surface ceria. Moreover, Re
contributed to reduction of Ce** to Ce®*. The findings indicated that the bimetallic catalyst
1%Re4%Cu/GDC showed higher activity compared to the monometallic catalysts owing to
its electron density transfer between Re, Cu, Ce and Gd, which would occur and led to a

reduction of the catalyst surface becoming easier.

Azzam et al. (2013) have conducted WGS reaction over Pt-Re/TiO, catalyst
changing preparation strategies, Pt/Re molar ratios, and metals contents in order to analyze
interaction between Pt and Re. They found that the optimum preparation method for WGS
activity and stability was the sequential impregnation of Re prior to Pt without
intermediate drying and calcination and the highest activity and stability was obtained at
Pt:Re molar ratio of unity with 0.5 wt.% Pt content. In addition, ReOx species was
partially reduced under the WGS conditions, which provided an additional reaction
pathway, in which ReOx was reduced by CO and reoxidized by H>O and this additional

redox route was the major reason for the high activity.

Vanadium oxide has widely been studied in oxidation reactions since it provides high
oxygen mobility when it is partially reduced, owing to its capacity of structural defect
generation, making vanadium a favorable metal for catalysts used for WGS reaction.
(Haber et al., 1997). Duarte de Farias et al. (2008), have investigated the effect of
vanadium addition into Pt/CeO, and found that regardless of the amount, it resulted in an
enhancement in WGS activity. The incease in WGS reaction rate was seemed to be related
with the V—O—Ce bonds.
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The effect of vanadia (V20s) addition to Pt/ZrO catalyst for WGS reaction was
investigated by Nguyen-Thanh et al. (2008). The results revealed that vanadia resulted in
an improvement in WGS activity and the optimum catalyst, containing 3 wt.% of vanadia,
doubled the reaction rate of the unpromoted Pt/ZrO, when the monovanadate was the
predominant species. The promoting effect of monovanadate was proposed to be a

consequence of enhanced reducibility provided through formation of V-O—Zr bonds.

2.3. WGS Kinetics

Kinetic expressions for WGS reaction on different composition and new catalysts are
important to determine the rate of the reaction and hence design the reactors. Both the
microkinetic and the empirical approaches can explain the kinetic expressions for WGS

reaction.

The detailed chemistry of surface can be analyzed using the microkinetic method.
This method provides the reaction order, activation enthalpy and surface coverage. Since
the microkinetic method is computationally intensive there is no single mechanism
consistent with all experimental observations. In literature two mechanistic paths are
largely considered for the WGS reaction: a “redox” and an “associative” mechanism. In
redox mechanism, the catalyst surface is oxidized by H,O, producing H. and reduced by
CO, converting to CO>. The associative mechanism is an adsorption — desorption model in
which the adsorbed species interact to form an adsorbed intermediate which then

decomposes to generate Ho and CO2 (Azzam et al., 2008; Smith et al., 2010).

The empirical models are expressed in power-law type rate expressions and obtained
using experimental results. The power law type model is an easy and computationally
lighter way to estimate the rate of reaction. Although power-law type of rate expression
does not give a detailed idea about mechanisms of reactions, they are beneficial for
prediction of system performance, comparison of different catalysts and designing reactors
(Hlaetal., 2011).
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There are many studies on kinetics of WGS reaction over various catalysts for
different feed compositions. Most studies were conducted under different conditions so, it

is difficult to compare the reaction rates with ones reported in the literature.

Keiski et al. (1992) have investigated kinetic parameters of a conventional HTS iron-
based catalyst (Fe2Os/Cr.03) under realistic feed conditions at temperatures between 300
and 400 °C. Reaction orders with respect to CO an H>O were found as 0.74 and 0.47,
respectively. A small negative value -0.2 of the CO> concentration exponent was obtained
which indicated the inhibitory effect of CO2 on the reaction rate. The effect of the H:
concentration was not found. In another study, Keiski et al. (1996) have conducted WGS
reaction over Fe304/Cr.03 catalyst under ideal feed conditions. The kinetics parameters
were found as 1.1 and 0.53 with respect to CO and H20. These parameters are a little high
compared with previous study, which could be derived from the absence of inhibitory
effect parameters.

Plaza et al. (2016) have carried out their studies employing two commercially
available catalysts based on Co-Mo and Fe-Cr at 300 °C. The reaction orders for Fe-Cr
based catalyst were estimated as 1.37, 0.23, -0.16 and -0.11 with respect to CO, H>O, CO>
and Hy, respectively. Therefore, the reaction rates were increased significantly with
increasing CO concentrations. The apparent reaction orders reported in the literature were
usually obtained in a sulfur free feed, whereas this study was performed at an H.S
concentration of 100 vol.ppm. The reaction order of the Fe/Cr-based catalyst with respect
to H>S was estimated to be -0.28 whereas sulfur addition affected Co-Mo-based catalyst
positively. Boon et al. (2009) also studied the effect of sulphur on WGS kinetics and found
that HoS negatively affected the reaction rate. It was proposed that an increase in the
sulphur amount resulted in a decrease in CO- reaction order magnitude from -0.60 to -0.10

because adsorption of H>S would lower the adsorbed amount of CO..

Koryabkina et al. (2003) have studied the kinetic expression for water—gas shift
reaction on Cu-based catalysts under realistic feed conditions for fuel cell applications (7%
CO, 8.5% CO2, 22% H20, 37% H>) at temperature interval of 190-240 °C. The reaction
rates were found in per unit of mass of catalyst for different Cu-based catalysts. The

industrial CuO-ZnO-Al,O3 catalyst showed the highest activity on the basis of unit of
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mass of catalyst. However, they found that the reaction orders were similar for all
catalysts. The kinetic studies performed in this work showed that at 190 °C the WGS
reaction on the CuO-ZnO-Al,Os catalyst is of 0.8, 0.8, -0.9 and -0.9 order with respect to
CO, H20, CO», and Hy, respectively. In addition, Ovesen et al. (1996) have investigated
the reaction orders on CuO-ZnO/Al;O3 catalyst. They have conducted their kinetic
experiments over Cu/ZnO/Al,Oz at similar reaction temperature and partial pressures with
Koryabkina et al. Their power rate laws were consistent with each other. In both studies,

the reaction products (CO2 and Hy) resulted in strong catalyst inhibition.

Koryabkina et al. (2003) have also analyzed the surface mechanism and found that
the kinetic model have been a good representation of the surface redox mechanism which

showed that reduction of surface oxygen by adsorbed CO is the rate determining step

In another study conducted by Choi and Stenger (2003), the kinetics of the WGS
reaction were evaluated over a commercial Sud-Chemie Cu/ZnO/Al;Oz catalyst in the
temperature range of 120-250 °C under ideal feed conditions with S/C ratio ranging from 0
to 5. The first order dependency for both CO and water was found. Also, the single path
redox mechanism and the double site Langmuir—Hinshelwood type rate expression from

the adsorptive mechanism fitted the experimental data at good level.

Bunluesin et al. (1998) estimated a CO reaction order of 0.3 for ceria layer on a-
alumina wafer reaction at 300 °C under ideal feed. Deposition of platinum metal (Pt, Rh
and Pd) nanoparticles on these CeO. substrates resulted in zero CO reaction order under
similar conditions. It was proposed that noble metals strongly adsorbed CO at high partial
pressures and lower temperatures, so that an increase in CO partial pressure would not
increase the reaction rate owing to high surface coverage. For different catalysts, a first-
order dependency of water on the WGS reaction rate has been reported since molecular
adsorption of water on metals was weak. It can be concluded that the metal component did

not play a significant role for water order.

Kinetic and mechanistic aspects of WGS reaction on Au/CeQO catalysts under
realistic reaction conditions at 180 °C were studied by Leppelt et al. (2006). The reaction

orders determined from the slopes of the reaction rate versus In of partial pressures were
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0.5 for CO and water and —0.5 for CO2 and H». Koryabkina et al. (2003) determined the
reaction orders over a Cu/CeO> catalyst at 240 °C under realistic conditions (CO: 5-25
kPa, H20: 10-46 kPa, CO2: 5-30 kPa, H2: 25-60 kPa), they derived values of 0.9 for CO,
0.4 for water, and —0.6 for CO2 and Hz, which were close to Leppelt’s results. On Au-
based catalysts, the steady-state COad coverage was rather low compared to Pt-based
catalysts under reaction conditions at 180 °C, and an increase of the CO partial pressure

affected COaq coverage positively.

Hilaire et al. (2001) have estimated reaction orders on Pd/ceria as approximately
zero-order in CO, half-order in H20, inverse-first-order in Hz and inverse-half-order in
COo. It was concluded that Pd surface almost certainly was saturated with CO at 200-240
°C temperature range, so that the coverage of adsorbed CO was not strongly affected by an
increase in the CO pressure. The half-order dependence on H.O revealed that the rates
were partially limited by reoxidation of ceria. However, the reason of dependency for H:
was uncertain. The dependency could be originated from competitive adsorption with
carbon monoxide on the Pd, competition with water for oxidation of reduced ceria or

simply a surface equilibrium effect.

A Kinetic study of the WGS reaction on a 0.5 wt.% Pt/TiO, catalyst has been
conducted by Kalamaras et al. (2009). They revealed that the reaction rate increased with
an increase in the CO or H>O partial pressures in the feed stream whereas it decreased
dramatically with the increase in H. concentration. The concentration of CO: in the feed
stream did not affect the reaction rate. The Kinetic reaction orders with respect to CO, H20,
CO., and H; were found to be 0.5, 1.0, 0.0 and -0.7, respectively. Many studies proposed
that carbon monoxide concentration used in the feed stream determines the CO reaction
order. In this work, the reaction order with respect to CO was estimated as 0.5 due to low
CO concentrations (1-4 vol.%). Moreover, a first-order dependency of water could be
explained that rate was limited by the re-oxidation of support by water. It can be concluded
that for low H»O partial pressures the reaction orders have become zero and first order with
respect to CO and H-O, respectively and an increase in the concentration of H>O resulted
in a progressive increase of the surface concentration of —-OH groups. They have explained
the negative dependency (-0.7) on Ha through the competitive adsorption of Hz with CO.
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Azzam et al. (2008) have studied the kinetics of the WGS reaction over Re-Pt/TiO>
catalyst and found that CO adsorption can be ruled out as the rate determining step under
feed conditions with high CO concentration at 300 °C. Zero order Kkinetics observed for
CO; indicated that desorption of CO> from TiO> occured fast since Pt did not adsorb CO»
at this temperature. The carbonates were unstable on TiO. at the reaction temperature.
Therefore, desorption of CO> cannot be considered as rate limiting step. For water, the first
order dependency showed that rate was limited by re-oxidation of TiO,. Unlike Kalamaras
et al. (2009) opinions about negative dependency of Hy, they did not think that the rate
inhibition was due to competitive adsorption between ‘“H’’ and CO on Pt surface because
CO adsorption was known to be much more facile than ““H’’ on Pt. They concluded that
hydrogen inhibited the WGS reaction rate over Pt/TiO. catalysts by suppressing the
formation of OH groups on TiO: since the reaction step between adsorbed CO on Pt and

OH groups of TiO is the rate-determining step.

Gokaliler et al. (2013) have conducted the kinetic studies of 1Au-0.5Re/CeO>
catalyst at 280325 °C for realistic reformate streams. WGS reaction orders were estimated
as 0.75, 2.0, -0.34 and -0.60 for carbon monoxide, steam, carbon dioxide and hydrogen
respectively. The reaction order with respect to H.O was higher compared to ones reported
in the literature. The reason of this difference was considered as the addition of Re to the
Au/CeO- catalyst, since it was known that high steam content resulted in highest WGS
activity over Au—Re/CeO catalyst under realistic feed conditions and the high water
activation ability of Re led to high catalytic activity.

Many studies revealed that a zero-order dependency of reaction rate on CO was
found over noble metal supported catalyst (Ovesen et al., 1992; Bunluesin et al., 1998;
Hilaire et al., 2001; Radhakrishnan et al., 2006; Phatak et al., 2007; Azzam et al., 2008).
Jacobs et al. (2003) have found the zero reaction order with respect to CO over Pt/CeO; at
high CO concentrations, whereas at low CO partial pressures the reaction order with
respect to CO was found to be of first order, owing to the difference in surface coverages.
Moreover, at higher reaction temperatures the reaction rate dependency on CO was
expected to be positive (Mhadeshwar and Vlachos, 2005). This was coincided with the
results of Jacobs et al. (2003) for the Pt/CeO, catalyst. They have proposed that at high

temperatures the surface coverage of CO was low, and thus caused that the observed
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reaction order with respect to CO was 1.0. At low temperatures both Pt-CO and formates

were close to their equilibrium adsorption-desorption values.

The kinetic parameters for the WGS reaction on Pt catalysts supported ceria and
alumina under realistic feed conditions (7% CO, 8.5% CO», 22% H>0 and 37% H>) in the
temperature range of 200-315 °C were estimated by Phatak et al. (2007). On the basis of
the turnover rate, ceria was found to be a strong promoter for Pt based WGS catalysts. The
WGS reaction on the present Pt/TiO catalyst was of -0.03, 0.44, -0.09, and 0.38 order with
respect to CO, H2O, CO», and Ha, respectively whereas for the Pt/Al,Oz catalyst the
reaction orders was found as 0.1, 0.77, -0.08 and -0.46. The difference in H2O reaction
order on alumina and ceria supported catalysts was originated from that different reaction
mechanisms might operate on these catalysts. They revealed that the reaction rate
dependency on CO2 over Pt/CeQO; and Pt/Al,Oz catalysts was slightly negative and close to
zero, respectively, owing to the very weak interaction of CO, with Pt. The apparent
reaction order of Hz close to -0.5 indicated H: inhibition of the forward WGS since an
increase in the concentration of H> caused an increase in the surface coverage of atomic

hydrogen.

The effect of rhenium promoter over Pt-based catalysts supported on ceria-zirconia
on the WGS reaction rate was also investigated by Radhakrishnan et al., (2006). The
apparent activation energy value and reaction orders on 1% Pt/CeO2 were found similar to
those reported by Phatak et al. (2007). They found that the Re addition to Pt-based catalyst
led to a higher reaction order for H2O and smaller negative orders with respect to CO> and
Ho.
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3. EXPERIMENTAL WORK

3.1. Materials

3.1.1. Chemicals

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

Table 3.1. Chemicals used in catalyst preparation.

Molecular
Chemicals Formula Specification | Source Weight
(g/mol)
Ammonium meta- Riedel-de
NH4VO3 99% 116.98
vanadate Haén
Aluminum oxide a-phase a-Al203 99.9% Alfa Aesar | 101.96
) Sigma-
Ammonium perrhenate NHsReO4 99.999% _ 268.24
Aldrich
Cerium (I11) nitrate Sigma-
Ce(NOs)3-6H20 99.99% _ 434.23
hexahydrate Aldrich
Oxalic acid dihydrate C2H204:2H20 98% Alfa Aesar 126.07
Sodium carbonate Na2COs 99.9+% Merck 105.99
Tetraammineplatinum )
_ Pt(NH3)2(NO3)2 99.995% Aldrich 387.22
(1) nitrate
Water H20 Deionized - 18.02

3.1.2. Gases and Liquids

All of the gases used in this study were supplied by the Linde Group, Gebze, Turkey.
The specifications and applications of the liquid and gases used in this study are listed in

Table 3.2. and Table 3.3, respectively.



Table 3.2. Specification and application of the liquid used.

Liquid

Formula

Specification

Application

Water

H.O

Deionized

Aqueous solutions, Reactant

Table 3.3. Specifications and applications of the gases used.

Gas Formula Specification Application
Inert,
Argon Ar 99.995% )
GC carrier gas
. Reactant,
Carbon dioxide CO: 99.995% o
GC calibration
) Reactant,
Carbon monoxide CO 99.999% o
GC calibration
] ] GC 6-way
Dry air N202 mixture 99.998% )
pneumatic valve
Reactant,
Hydrogen H2 99.995% Reducing agent,
GC calibration
Reactant,
Methane CHa 99.995%

GC calibration

The experimental systems used in this work can be divided mainly into three parts.

3.2. Experimental Systems

21

Catalyst Preparation System: The system is used for catalyst preparation including

support preparation and incipient-to-wetness impregnation steps.

Catalytic Reaction System: The system consists of a feed section including mass

flow controllers, HPLC pump for water feed and a mixing zone; a reaction section

composed of a continuous flow fixed-bed microreactor in a temperature controlled

furnace.
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e Product Analysis System: The analysis of the reactant and product streams is made
using a gas chromatograph which is connected on-line to the microreactor flow

system.

3.2.1. Catalyst Preparation Systems

The system used for catalyst preparation by incipient-to-wetness impregnation
technique is presented in Figure 3.1. The system consists of a Retsch UR1 ultrasonic
mixer, a Biichner flask containing catalyst support, a KNF Neuberger vacuum pump, a
Masterflex computerized-drive peristaltic pump used for contacting the precursor solution
to be impregnated with the support material, a beaker containing the precursor solution.

Figure 3.1. Schematic diagram of the impregnation system:
1. Ultrasonic mixer, 2. Biichner flask, 3. Vacuum pump, 4. Peristaltic pump, 5. Beaker, 6.
Silicone tubing (Basar, 2016).

The system used for catalyst preparation by homogeneous deposition precipitation
method is presented in Figure 3.2. It includes a Julabo ED-13 water bath, a beaker
containing support material, a Heidolph RZR 2021 impeller and a Mettler Toledo FE20

pH-meter.
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Figure 3.2. Schematic diagram of the deposition precipitation system:
1. Water bath, 2. Beaker, 3. Impeller, 4. pH-meter (Basar, 2016).

3.2.2. Catalytic Reaction System

The catalytic reaction system used in this study for WGS reaction was designed and
constructed in the Catalysis and Reaction Engineering Laboratory of Chemical
Engineering Department, Bogazi¢i University. The system presented in Figure 3.3 consists
of three sections: feed, reaction and product analysis.

The feed section consisted of the Brooks Instrument 0254 series mass flow
controllers (MFCs) to control flow of the inlet gases and an Agilent Technologies 1200
series HPLC pump for water feed, 1/4°’, 1/8°’ and 1/16’ stainless steel tubes, valves and
fittings for feeding liquid water and gases which are carbon monoxide, carbon dioxide,
hydrogen, methane and argon. The reactant gases were supplied by pressurized cylinders at
the pressure of 2.5 bar and the flow rate of gases were controlled by MFCs. On-off valves
placed at exit of MFCs were used to protect them from possible back-pressure. Each gas

was fed from an independent line in order to determine the flow of individual species.
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Figure 3.3. Schematic diagram of the microreactor flow system:
1. Mass flow controller, 2. On-off valve, 3. Three-way valve (Demirhan, 2015).
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The liquid water was fed to the reaction system using HPLC pump. The 1/16"
stainless steel (SS) tubing were kept about at 140 °C using a 104 W Cole-Parmer heating
tape to enable complete vaporization of water before mixing zone. The temperature level
of the mixer/evaporator line was controlled by a Eurotherm 3216 PID temperature
controller connected to a K-type fiberglass coated thermocouple. Ceramic wool isolations
were applied through the mixing line in order to prevent heat loss. In the mixing zone, all

reactants including water vapor and gases were mixed prior to reaction.

The reaction section was composed of 50 cm x 20 cm x 20 cm furnace, a 71 cm long
1/4>> OD SS fixed bed microreactor, a Shimaden FP23 programmable temperature
controller and a K-type sheathed thermocouple. A down-flow microreactor was placed
inside the furnace. The catalyst bed was fixed at the center of the reactor using silane
treated glass wool. K-type sheathed thermocouple, connected to the temperature controller,
was placed inside furnace as shown in Figure 3.4. Ceramic wool insulations were placed in
top and bottom ends of the reactor furnace to prevent heat loss. At the end of the reactor, a
cold trap consisting of two condensers placed in an ice-water bed provided to remove
water vapor from products since water vapor damages to gas chromatograph (GC)

columns.
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Figure 3.4. Schematic diagram of the reactor and oven system: 1. Thermocouple,
2. Catalyst + a-Al203, 3. a-Al203, 4. Glass wool, 5. Oven, 6. 1/4" reactor.
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3.2.3. Product Analysis System

An Agilent Technologies 6850 gas chromatograph equipped with Hayesep D
column, and a thermal conductivity detector (TCD) were used for analysis of feed and dry
product compositions. Analysis conditions are given below in Table 3.4.

The GC was calibrated prior to the experiments to obtain the calibration curve so,
known volumes of gases were injected to GC and peak areas were measured corresponding
volumes of gases under the conditions given in Table 3.4. Volume percent versus peak area
curves were plotted for each gas and calibration factors were determined by linear

regression.

Table 3.4. Gas analysis conditions for WGS analysis system.

GC Specifications Agilent Technologies
6850
Detector type TCD
Column temperature, °C 40
Inlet temperature, °C 100
Detector temperature, °C 150
Carrier gas Argon
Carrier gas flow rate, ml/min 15
Column packing material Hayesep D
Column tubing material Stainless steel
Column length & ID 3m x 3 mm
Sample loop 1ml

3.3. Catalysis Preparation and Pretreatment

In this thesis, 1Pt-0.5Re-1V/CeQO, catalyst was prepared which gave the highest
performance in WGS tests conducted by Kesim, 2017. The catalyst was diluted with 250-
354 um (45-60 mesh) particle size a-Al>Os.
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Ceria support was prepared using cerium (lIl) nitrate hexahydrate precursor, by
homogeneous precipitation method with sodium carbonate being the precipitation agent.
The sodium carbonate and cerium precursor was dissolved in water, separately. The
Na>COs solution was slowly added to the cerium precursor containing solution, which was
kept at 60 °C and stirred continuously in a water bath given in Figure 3.2, until the pH of
the solution was adjusted to 8. The obtained suspension was then left for an hour in a water
bath at 60 °C under controlled temperature. A stirred mixture was then filtered under
vacuum by using Watman filter paper and washed with deionized water (DI) several times,
and then dried overnight at 110 °C and calcined in muffle furnace at 400 °C for 4 hours
(Caglayan, 2011).

The trimetallic Pt-Re-V/CeO- catalyst (1wt.%Pt-0.5wt.%Re-1wt.%V) was prepared
by a sequential route in which V precursor, Re precursor and Pt precursor solutions were
added by the impregnation method in the system described in Figure 3.1.

First of all, V addition to CeO> support was conducted via incipient to wetness
impregnation technique by using aqueous solution of ammonium meta-vanadate and oxalic
acid dehydrate with 1:1.5 molar ratio. CeO> support was put in a Biichner flask and mixed
in an ultrasonic mixer for 25 minutes under vacuum. The precursor solution of ammonium
meta-vanadate and oxalic acid was impregnated on the support using a peristaltic pump at
a rate of 0.5 ml/min. The resulting slurry was mixed ultrasonically for 1.5 h under vacuum
and then dried overnight at 110 °C. The next morning, the slurry was for 2 h calcined at

400 °C in a muffle furnace.

Re-V/CeO, catalyst was prepared by the incipient-to-wetness impregnation
technique by using aqueous solution of ammonium perrhenate. The aqueous solution was
prepared by dissolving calculated amount of the precursor salt in definite amount of de-
ionized water. Obtained V-impregnated CeO> support was placed in a Biichner flask and
kept under vacuum and ultrasonic mixing for 25 minutes. The precursor solution was then
impregnated on the support by using a peristaltic pump at a rate of 0.5 ml/min. The
resulting thick slurry formed was left under vacuum and mixed ultrasonically for 1.5 h,

then dried overnight at 110 °C and later on calcined at 400 °C for 2 h in a muffle furnace.
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Finally, Pt addition to V and Re impregnated CeO> support was conducted via
incipient to wetness impregnation technique by using aqueous solution of
tetraammineplatinum (11) nitrate. The V and Re impregrated CeO2 support was put in a
Biichner flask and mixed in an ultrasonic mixer for 25 minutes under vacuum. The
precursor solution was impregnated on the support using a peristaltic pump at a rate of 0.5
ml/min. The resulting slurry was mixed ultrasonically for 1.5 h under vacuum and then
dried overnight at 110 °C. The next morning, the slurry was for 4 h calcined at 400 °C in a

muffle furnace.

Prior to the reaction tests, the catalyst sample was placed into the constant
temperature zone of the microreactor as shown in Figure 3.4. Pt-Re-V/CeO; catalyst
sample was heated from room temperature to the reduction temperature of 375 °C at a rate
of 8.75 °C/min under flow of 15% H./balance Ar mixture and then reduced for 2 hours at
375 °C.

3.4. WGS Reaction Tests

3.4.1. Blank Tests

Blank tests were conducted to ensure that the material of construction, glass-wool

and a-alumina have no catalytic activity.

3.4.2. WGS Performance Tests

The WGS performance tests over 1Pt-0.5Re-1V/CeO, catalyst were carried out by
Kesim at 300, 350 and 400 °C for two realistic feed compositions given in Table 3.5. The
experiments were performed using 75 mg freshly reduced catalyst with 120,000 ml gcatth-
L GHSYV for 6 hours TOS (Kesim, 2017).



Table 3.5. Realistic feed compositions used in performance study.

Feed SIC CO% | H20% | Hx% | CO2% | Ar%
Realistic #1 6.7 4.9 32.7 30 10.4 22
Realistic #2 | 16.2 2.1 34.1 23.7 12.3 27.8
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3.4.3. WGS Kinetic Tests

Kinetic tests in WGS reaction were performed to determine the power law type of
rate expression of 1Pt-0.5Re-1V/CeO; catalyst as a function of temperature and partial
pressures of CO, H20, Hz, CO2 and CHa. In the design of the experimental sets for kinetic
study, a base experiment was selected in which CO, H20, Hz, CO, and CHa4 percentages
were 2, 45, 15, 10 and 7%, respectively. The Kinetic tests have been carried out at least for
3 different partial pressures of each species (i.e. carbon monoxide, steam, hydrogen,
carbon dioxide, methane) for two different W/F values as shown given in Table 3.6. The
base experiment was repeated and conducted also at 325 and 300 °C for activation energy
calculations. With the intention of keeping conversions at low values, small amounts of
catalyst (10 mg) were diluted with inert a-Al20O3 were put into the reactor such that the
total bed weighed 100 mg. All WGS Kkinetic experiments were conducted in the reactor of
the system shown in Figure 3.3. After reduction ended, the catalyst bed was brought to
reaction temperature 350 °C under inert flow. Ar 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. The reaction started with the first contact between reactant gases
and catalyst bed. Product analyses were done at 15 and 30 minutes, 1, 2 and 4 hours. Feed

analyses were done at the end of product analyses.



Total flow rate

Percentage in feed stream

Table 3.6. List of kinetic experiments performed over 1Pt-0.5Re-1V/CeO- catalyst.
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Run #
(ml min7) Cco H20 H2 | CO: CHas Ar H.0/CO
a 250 1 45 15 10 7 22 45
! b 200 1 45 15 10 7 22 45
a 250 2 45 15 10 7 21 22.5
? b 200 2 45 15 10 7 21 22.5
a 250 3 45 15 10 7 20 15
’ b 200 3 45 15 10 7 20 15
a 250 2 60 15 10 7 6 30
4 b 200 2 60 15 10 7 6 30
a 250 2 50 15 10 7 16 25
° b 200 2 50 15 10 7 16 25
a 250 2 30 15 10 7 36 15
° b 200 2 30 15 10 7 36 15
a 250 2 45 15 11 7 20 22.5
! b 200 2 45 15 11 7 20 22.5
a 250 2 45 15 9 7 22 225
8 b 200 2 45 15 9 7 22 22.5
a 250 2 45 15 8 7 23 225
? b 200 2 45 15 8 7 23 225
a 250 2 45 18 10 7 18 22.5
10 b 200 2 45 18 10 7 18 22.5
a 250 2 45 16 10 7 20 225
H b 200 2 45 16 10 7 20 225
a 250 2 45 12 10 7 24 22.5
e b 200 2 45 12 10 7 24 22.5
a 250 2 45 15 10 9 19 22.5
s b 200 2 45 15 10 9 19 22.5
a 250 2 45 15 10 8 20 22.5
1 b 200 2 45 15 10 8 20 22.5
a 250 2 45 15 10 6 22 22.5
o b 200 2 45 15 10 6 22 22.5
a 250 2 45 15 10 5 23 22.5
e b 200 2 45 15 10 5 23 22.5
a 250 2 45 15 10 0 28 22.5
o b 200 2 45 15 10 0 28 225
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A power law fit can adequately describe the activity of the WGS reaction over broad
ranges of temperature and composition for the noble-metal catalyst (Dijk et al., 2010). The

general form of the power law rate equation for kinetic test conditions given above is:
~1c0 = kP&PE (P PY,) PEy.(1—B") (3.1)
Tco CO'H,0 Hy " cO, 1 CH, '
where the term B’ represents the factor of reversible reaction.

1 Py, Pcoz> (3.2)

1-p)= (1 -
Keq PCOPHZO

The higher B’ value causes an increase in the reverse reaction rate. In order to use the

method of initial rates, the B value should be kept as low as possible.
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4. RESULTS AND DISCUSSION

In the foreseeable future, the use of technologies enabling non-intermittent energy
production through highly efficient ways/routes from renewable resources will be well
proliferated. The continuous renewable energy production, that can satisfy a significant
fraction of the base load on a grid, will also help the extensive use of flow limited
renewable energy production routes, like solar and wind. One of non-intermittent energy
production ways is the use of small scale on site electricity production via combined fuel
processor-PEM fuel cell (FP-PEMFC) systems operating with bio-methane as the

hydrocarbon feed.

In general, FPs convert a hydrocarbon, having well-established distribution network
and/or easy-to store, like methane, propane, or their mixture, like LPG, into hydrogen rich
reformate feed for the FCs. In FPs, 3 catalytic reactions occur in series: reforming of
hydrocarbons; water-gas shift (WGS); and preferential carbon monoxide oxidation
(PROX). Specifically for FP-PEMFC applications, the hydrogen rich FP product stream
must be PEM-grade, ie. CO content is lower than 100 ppm; and oxidative steam reforming
(OSR), which can reach high hydrocarbon conversion level at temperatures lower than

those used in steam reforming (SR), is usually the preferred reforming reaction.

The aim of the current study is to obtain a reliable power-law type kinetic expression
valid for real feed conditions for WGS reaction over 1Pt-0.5Re-1V/CeO; catalyst to be
used in designing the WGS unit of a small scale FP. In determination of the feed
conditions used in the Kinetic tests, an average OSR product distribution, which was
experimentally obtained in our previous study (Basar, 2016), was used as the reference
basis. Unlike previous kinetic studies, the current study additionally assessed the effect of
methane presence in the feed on WGS kinetics. The results of this study are considered as
an important element of the overall design, optimization and control of a demo-scale FP,
which will have capacity to produce hydrogen for a 1 kW PEMFC, is being currently

developed by our group.
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The results are presented in three sections. First section outlines the results of WGS
performance tests previously performed by our group (Kesim, 2017). In the second section,
the results of the preliminary Kkinetic tests conducted to determine the temperature, S/C
feed ratio and W/F ranges ensuring mass transfer free regime are presented. The final
section includes the results of the kinetic studies conducted, and the power-law type kinetic
expression proposed for WGS over the Pt-Re-V catalyst.

4.1. Performance Tests of WGS over Pt-Re-V/CeO:2 Catalysts

The performance of the Pt-Re-V/CeO: series catalysts under realistic feed conditions
were studied previously by our group (Kesim, 2017); the test results revealed that 1Pt-
0.5Re-1V/CeO has the highest performance. The performance characteristics of the

catalyst is summarized in this section.

In performance tests, temperature and steam-to-carbon ratio (S/C) were used as
experimental parameters. The tests were conducted at three different temperature levels,
300, 350 and 400 °C for realistic feed 1# having S/C 6.7 and realistic feed 2# having S/C
16.2, as given in Table 3.5. All performance tests were performed under atmospheric
pressure over 75 mg freshly reduced catalyst with fixed GHSV as 120,000 ml gcat® h.
Conversion values at the end of 2 h TOS (time-on-stream) were used as the activity

measure. The CO conversion was calculated according to Equation 4.1.

fcoin — f
CO conversion (%) = <M> x 100 4.1)
CO,in

where f is the molar flow rate of CO. Activity loss, which is a measure of stability of
the catalyst, was calculated as the percentage loss in activity at the end of 6 h TOS on the
basis of activity at the end of 0.5 h TOS, according to Equation 4.2.

CO conversion], s, — [CO conversion]gy,

[CO conversion]g sy,

Activity loss (%) = <[ ) X100 (4.2)
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The activity losses calculated for various reaction temperatures under the flow of
both realistic feeds over 1Pt-0.5Re-1V/CeO. are presented in Figures 4.1 and 4.2. The
activity losses in 6 h TOS tests were calculated as 7.4%, 3.4% and 22.7% for the realistic
feed #1 at temperatures 350 °C, 400 °C and 300 °C, respectively. Higher activity losses
were observed at 300 °C for both feed conditions (Kesim, 2017).
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Figure 4.1. Time-on-stream activity for realistic feed #1 for different temperatures.
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Figure 4.2. Time-on-stream activity for realistic feed #2 for different temperatures.
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The effect of temperature on catalytic activity was studied for 300-400 °C
temperature range; the CO conversion values (for 2 h TOS) are presented in Figure 4.3 for
S/C ratio of 6.7, and in Figure 4.4 for S/C ratio of 16.2. The equilibrium CO conversions

were calculated by using HSC-Chemistry Software.
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Figure 4.3. Temperature dependency of catalytic activity of 1Pt-0.5Re-1V/CeO; for
realistic feed #1.
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Figure 4.4. Temperature dependency of catalytic activity of 1Pt-0.5Re-1V/CeO, for
realistic feed #2.
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The results show that WGS activity increased with increasing reaction temperature
for both feed conditions until 350 °C. However, further increase in temperature led to
significant activity decrease. 1Pt-0.5Re-1V/CeO> showed its highest activity for realistic
feed #1 at 350 °C reaching 68.42% conversion as opposed to 83.18% equilibrium
conversion limit. Under realistic feed #2 conditions, for which thermodynamic equilibrium
conversion was calculated as 75.42%, 58.92% conversion was obtained. It should be noted
that increasing H2O/CO feed ratio from 6.7 to 16.2 resulted in higher CO conversion at 300
°C, whereas lower conversions at both 350 °C and 400 °C (Kesim, 2017).

As it is desired to maximize hydrogen production, selectivity is always considered as
an important performance measure of a WGS catalyst. Unwanted methane formation,
which consumes valuable hydrogen, should be avoided in WGS reactions. 1Pt-0.5Re-
1V/CeO; showed no methanation activity for all experimental conditions, indicating that
the Pt-Re-V systems suppresses secondary methanation activity (Kesim, 2017). The results
revealed that 1Pt-0.5Re-1V/CeO:> is an appropriate catalyst to be used in a fuel processor

for WGS reaction owing to its high activity, stability and selectivity.

4.2. Kinetic Preliminary Tests of WGS over Pt-Re-V/CeO: Catalyst

The aim of preliminary kinetic tests is to find the optimum experimental
parameters’ ranges ensuring the kinetic tests are conducted within kinetically controlled
and mass transfer limitation free region; thus, CO conversion should be kept minimal as

much as possible under reasonable (ie. as close as possible to real) reaction conditions.

For the Kkinetic experiments, the optimum reaction temperature was selected as 350
°C, which ensures the highest catalyst activity (see Section 4.1). The amount of catalyst
used was reduced from 75 mg to 10 mg in order to decrease CO conversion and achieve
kinetically controlled region. In each test, the catalyst was diluted with a-Al>O3 such as to
keep total bed weight fixed at 100 mg. Blank tests were performed to ensure that the
reactor, glass wool and a-Al.O3 had no catalytic activity. In addition, unlike performance
tests, the total flow rate was increased from 150 ml min™* to 200 ml mint. For obtaining
initial rates with high confidence, the trendline in conversion versus residence time (W/Fco

ratio) should show a linear relationship. In the preliminary experiments, for two different
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residence time values, GHSV was taken as 1.2*10° and 1.5*10° ml gcat™ h! corresponding
to 200 ml mint and 250 ml min? flow rates, respectively, for fixed, 10 mg, catalyst

amount.

Considering the fact that WGS reactor in a FP uses OSR product as its feed; real
WGS feed composition ranges should be defined based on experimentally measured
propane OSR product compositions obtained over the OSR catalyst used by our group, Pt-
Ni/Al203, for various reaction conditions (Basar, 2016; see Table 4.1). In kinetic tests, the
real WGS feed composition is defined as the average composition of the OSR products
obtained in the OSR tests conducted at 400 and 450 °C for S/C feed ratios of 3 and 6.

Table 4.1. Propane OSR product compositions obtained in the OSR tests conducted
at 400 and 450 °C for S/C feed ratios of 3 and 6 (Basar, 2016).

Wet Based Product Concentration (%6)

Tosr(°C) | SIC | Hz2 | CO | CHs | CO2 | C3Hs O2 | H20 | He
400 3.00 | 134 | 032 | 95 | 11.0 | 0.032 | 0.004 | 41.9 | 239
400 6.00 | 135 | 035 | 54 | 7.7 | 0.045 | 0.004 | 58.2 | 14.7
450 3.00 | 185 | 1.09 | 8.6 | 12.0 | 0.031 | 0.005 | 36.5 | 23.2
450 6.00 | 16.1 | 0.66 | 5.0 | 81 | 0.016 | 0.004 | 55.3 | 14.7

Although the average OSR product composition is the feed used in Run 1 of the
Kinetic tests (given in Table 3.6); the reference basis feed composition was selected as used
in Run 2; since for the feed used in Run 1, the (B’) value in Equation 4.4, which is the
measure showing the closeness to equilibrium, was bigger than 0.1 indicating the reaction
was carried out close to equilibrium region rather than initial rate region. For Run 1
conditions, there is slightly higher inhibitory effect, which is undesired for kinetic tests,

coming from Hz and CO2 on forward reaction compared to that for Run 2.

In preliminary tests, Run 2a-2b experiments (Table 3.6) were conducted and
duplicated at 350 °C using 10 mg catalyst weight for both flow rates, ie. 200 ml min* and
250 ml min. The results are presented in Figure 4.5; the plots had high R? values, which

showed that the experiments were in kinetically controlled region.
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Figure 4.5. CO conversion levels of Run 2a-2b repeated in duplicate.
4.3. Kinetic Tests of WGS over Pt-Re-V/CeO:2 Catalyst

The kinetic tests were performed at 350 °C by changing the partial pressures of
reactants according to feed conditions given in Table 3.6. Argon was used as inert to
balance total flow rate. CO concentrations were changed between 1% and 3% resulting
H>O/CO feed ratios ranging from 15 to 45. The power law type rate expression was aimed
to be obtained in terms of CO, H20, Hz, CO2 and CH4 concentrations. Initial rate for each
feed condition was obtained by varying Wea/Fco ratio through changing flow rate while
keeping all other reaction parameters constant. The initial reaction rate (-rco) was

calculated according to Equation 4.3.

rp =~ XC0__ (4.3)

—fco — .
d(Wcat/FCO)

where —rco is the reaction rate in pmol g s, Xco is carbon monoxide conversion,

Weat is catalyst weight in g and Fco is carbon monoxide flow rate in umol s,

The reaction rates given in Table 4.2 were calculated from slopes of the conversion
versus residence time plots given in Appendix A. The reaction orders of the power-law
type rate expression presented in Equation 4.4 were calculated by using the initial rate data

given in Table 4.2.
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(—24

~Tco = [koe TFV1PE, Py, o P, PLo, Pén, (1 — B") (4.4)

In Equation 4.4, «, B, 6, y and ¢ are the reaction orders of each component, ko is the
pre-exponential factor, Ea is the activation energy (kJ mol?), R is the universal gas
constant (kJ mol* K1), T is the temperature (K) and P is the partial pressures (kPa) of each
component. The equilibrium nature of the reaction is reflected by the parameter 3, which

is expressed as:

1 Py P
! - HZ COZ (4,5)
Keq PCOPHZO
Equilibrium constant was calculated as 20.45 at 350 °C using Equation 4.6.
4577.8
Keq = exp( - 4.33) (4.6)

In order to calculate reaction orders, natural logarithm of Equation 4.4 was taken

and linear regression was applied.
In(—7¢o) = Ink + aln(Pgp) + B 1n(Py,0) + 8 In(Py,) + v In(Peo,) + eln(Pey,)  (4.7)

17 pairs of kinetic experiments were conducted for different partial pressures of
reactants and residence time. Initial reaction rates were obtained from the slopes of “CO
conversion versus residence time” plots. The reported WGS reaction orders in the literature
were estimated for methane free feeds. In the current study, besides the WGS reactants and
products, the contribution coming from methane presence on rate was also analyzed,
methane concentration in the feed was kept constant in 12 pairs of kinetic experiments,
whereas it was changed for the rest of the tests. The initial reaction rate values calculated
along with associated goodness-of-fit values, R? as a measure of linear relation between

rate and W/F, are given in Table 4.2.
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Table 4.2. Feed stream conditions and corresponding initial rates of WGS over 1Pt-0.5Re-
1V/CeO; at 350 °C.

Partial Pressures (kPa)

CO | H0 H: CO2 | CH4 Reaction Rate (1-B) R?
(umol/ g s)
la-1b | 1.01 | 45.60 | 15.20 | 10.13 | 7.09 73.50 0.837 [0.9948
2a-2b | 2.03 | 45.60 | 15.20 | 10.13 | 7.09 134.90 0.919 |0.9922
3a-3b | 3.04 | 45.60 | 15.20 | 10.13 | 7.09 209.33 0.946 |0.9920
4a-4b | 2.03 | 60.80 | 15.20 | 10.13 | 7.09 163.30 0.939 |0.9937
5a-5b | 2.03 | 50.66 | 15.20 | 10.13 | 7.09 153.34 0.927 |0.9968
6a-6b | 2.03 | 30.40 | 15.20 | 10.13 | 7.09 122.60 0.878 |0.9899
7a-7b | 2.03 | 45.60 | 15.20 | 11.15 | 7.09 128.13 0.910 | 0.9715
8a-8b | 2.03 | 45.60 | 15.20 | 9.12 | 7.09 137.86 0.927 |0.9897
9a-9b | 2.03 | 45.60 | 15.20 | 8.11 | 7.09 154.84 0.935 | 0.9849
10a-10b | 2.03 | 45.60 | 18.24 | 10.13 | 7.09 129.72 0.902 |0.9991
11a-11b| 2.03 | 45.60 | 16.21 | 10.13 | 7.09 130.02 0.913 | 0.9625
12a-12b | 2.03 | 45.60 | 12.16 | 10.13 | 7.09 149.52 0.935 |0.9888
13a-13b | 2.03 | 45.60 | 15.20 | 10.13 | 9.12 135.92 0.919 |0.9848
14a-14b | 2.03 | 45.60 | 15.20 | 10.13 | 8.11 146.93 0.919 [0.9972
15a-15b | 2.03 | 45.60 | 15.20 | 10.13 | 6.08 137.27 0.919 |0.9952
16a-16b | 2.03 | 45.60 | 15.20 | 10.13 | 5.07 135.24 0.919 [0.9818
17a-17b| 2.03 | 45.60 | 15.20 | 10.13 | 0.00 133.19 0.919 | 0.9644

The B’ value lower than 0.1 for a feed accepted as the measure that reverse-WGS has

practically no effect on rate. All the B’ values for the kinetic test runs were lower than 0.1,

indicating desired kinetic test conditions far from equilibrium, with the exception of Run 1

and 6, for which B’ values were slightly greater than 0.1. The initial rate values obtained

from the 17 pairs of experiments were used to calculate reaction orders through non-linear

multivariable optimization analysis performed in MATLAB™ environment; the calculated

rate orders are presented in Table 4.3.
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The proposed power law type rate expression shows a positive dependence on CO
and H2O. However, an increase in Hz and CO2 concentrations caused a decrease in the
conversion levels (Table 4.3). The contribution of methane partial pressure to the reaction
rate was found insignificant as there was no change in the predicted reaction orders of CO,
steam, Hz and COz in the absence and presence of methane term in the rate expression. It
should be also noted that in presence of methane term, the reaction order with respect to
methane is 0.002; this very small order indicates practically no effect of methane presence

in the feed stream on WGS rate.

Table 4.3. Reaction orders for WGS reaction over 1Pt-0.5Re-1V/CeO..

Number of experiment sets a B 6 Y £
17 0.82 0.31 -0.29 -0.35 0.002
12 0.82 0.31 -0.29 -0.35 -

It should be noted that 5 pairs of experiments were conducted aiming to observe the
methane effect on reaction rate and the results are given in Figure 4.6. The results clearly
show methane presence has insignificant effect and confirmed very low order in the rate

expression with respect to methane.
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Figure 4.6. The effect of methane partial pressure on WGS reaction rates.
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Most of the studies in the literature were carried out under different reaction
conditions; therefore, a comparison of reaction orders calculated in the current study and
the ones proposed in the literature is rather difficult. Additionally, as the current study was
performed for real feed conditions; a healthy comparison is only possible when the
inhibitory effect of H> and CO> on forward reaction is considered. Many kinetic studies
reported over noble metal supported catalysts revealed almost zero-order depencency of
reaction rate on CO (Ovesen et al., 1992; Bunluesin et al., 1998; Hilaire et al., 2001,
Radhakrishnan et al., 2006; Phatak et al., 2007; Azzam et al., 2008). According to kinetic
studies reported in the literature it can be inferred that at high CO concentrations, the
reaction order with respect to CO is close to zero, whereas it becomes positive for lower
CO concentrations since the surface coverage of adsorbed CO affects the reaction rate
(Phatak et al., 2007). Increase in the saturation of active metal sites with CO results in
lower reaction orders. Additionally, surface coverage of CO decreases, and the observed
reaction becomes first order with respect to CO in response to an increase in temperature
(Jacabs et al., 2003). As the WGS kinetics was determined at high temperature for low CO
concentrations in the current study, the proposed reaction order with respect to CO, 0.82, is
in agreement with those reported in the literature (Choi and Stenger, 2003; Koryabkina et
al., 2003; Kalamaras et al., 2009).

Phatak et al. (2007) investigated the reaction order with respect to H2O over
Pt/Al,Oz and Pt/CeO», and found as 1.0 and 0.44, respectively. The difference in order
could be explained through different reaction mechanisms occur on these catalysts. In
addition, Bunluesin et al., (1998) proposed that the metal component did not play a
significant role for the reaction order with respect to water. In the current study, the
reaction order with respect to H>O was found 0.31, which is in agreement with the results
of Hilaire et al. (2001), Koryabkina et al (2003) and Leppelt et al. (2006). The
approximately half-order dependency for H.O indicates that the reaction rates were

partially limited by reoxidation of ceria.

The negative dependence on CO2 and Hz could be explained by the inhibition of the
forward WGS reaction according to Le Chatelier's principle. The negative reaction order, (-
0.29), with respect to H, and (-0.35) with respect to CO: indicates the effect of reverse
WGS on net rate especially when the concentration of the WGS products are high. The
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reason of negative dependency for Hz is uncertain. Hilaire et al. (2001) and Kalamaras et
al. (2009) have proposed that the negative dependency with respect to Hz could be
originated from the competitive adsorption of H with CO. However, Azzam et al. (2008)
have disagreed with that explanation as they proposed CO adsorption was known to be
much more facile than ‘“H”’ on Pt. They suggested that hydrogen inhibited the WGS over
Pt-based catalysts via suppressing the formation of OH groups on support. In the current
study, the reaction order with respect to H. was found as (-0.29), which was small
compared to the ones proposed in the literature. This can be considered reasonable under
the light of the findings by Radhakrishnan et al. (2006) who mentioned that Re addition to
Pt-based catalyst led to smaller negative orders for CO2 and Ha.

The reported apparent reaction orders in the literature were usually estimated for a
methane free feed, whereas the current study was carried at a methane concentration of
7%. In any case, the WGS Kkinetics was found practically independent from the

concentration of CHy in the feed stream.
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Figure 4.7. The effects of CO, H.0O, Hz, CO; partial pressures on WGS reaction rates.
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Natural logarithm plots of [CO consumption rate / (1-f”)] versus component partial
pressures are presented in Figure 4.7. All the plots showed linear relationship, ensuring that
the empirical power law type rate expression is appropriate for modeling the kinetics of
WGS reaction. The reaction orders corresponding to each species could be also estimated
by using the slope of straight lines of the natural log-log plots. Increase in CO2 and H>
concentrations caused a decrease in the conversion rate, which is confirmed by negative

slopes of the [CO consumption rate / (1-B’)] vs. partial pressures of those species.

As the performance tests conducted on 1Pt-0.5Re-1V/CeO, before revealed that its
WGS activity decreased at temperatures higher than 350 °C (Kesim, 2017), the
temperature range for determining apparent activation energy was selected as 300-350 °C;
and accordingly, the base experiment (Run 2a-2b) was repeated at 300 and 325 °C. The
apparent activation energy was calculated through utilizing the results in the linearized
form of Arrhenius equation (Equation 4.8), and the estimated kinetic parameters were
obtained by linear regression are represented in Table 4.4. The linearized form of

Arrhenius equation for 300-350 °C temperature interval was plotted in Figure 4.8.

Ep

k = koe(—ﬁ) (4.8)

Table 4.4. Kinetic parameters of WGS over 1Pt-0.5Re-1V/CeO..

Parameter Unit Estimate
Ko umol gecat? st kPa®4 | 29209
Ea kJ mol? 28.215

The activation energy was calculated as 28.21 kJ mol™? in a temperature range of
300-350 °C. The results were in agreement with the findings of Gokaliler et al. (2013) who
reported activation energy of WGS as 28 kJ/mol over Au-Re/CeO; catalyst. On the other
hand, as the inhibitory effects of H> and CO. have not been considered in most studies in
the literature, ie. the experiments were performed only for ideal feed, a comparison
between currently calculated Ea value with those reported in literature would not healthy;
it should be noted that ignoring the inhibition could result in an apparent activation energy

values lower than the actual one (Koryabkina et al., 2003).
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The power-law type rate expression of WGS reaction over 1Pt-0.5Re-1V/CeO:> is

presented in Equation 4.9.

28215

~Teo = [29209e s |PE P P 2 Peg; P (1 — B (4.9)

In order to analyze the accuracy of the predicted reaction rates, the calculated and
experimentally measured WGS (ie. CO consumption) rates were compared for the same
reaction conditions. The corresponding plot in Figure 4.9 shows that the power-law type
rate expression is reliable to predict overall CO conversion rates quantitatively within 6%

error margin.
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5. CONCLUSIONS

5.1. Conclusions

In this study, a reliable power-law type kinetic expression valid for real feed
conditions for WGS reaction over 1Pt-0.5Re-1V/CeO- catalyst was obtained to be used in
designing the WGS unit of small-scale fuel processor. The kinetic experiments were
carried out under fully real feed conditions, obtained from product concentrations of OSR,
at 350 °C by changing the partial pressures of reactants according to feed conditions given
in Table 3.6. Unlike previous kinetic studies, the current study additionally assessed the
effect of methane presence in the feed on WGS kinetics.

In the preliminary Kinetic tests, carbon monoxide conversion was kept minimal as
much as possible under reasonable reaction conditions to ensure mass transfer limitation
free intervals suitable for the kinetic tests. For the kinetic experiments, the optimum
reaction temperature was selected as 350 °C, which ensures the highest catalyst activity.
The amount of catalyst used was reduced from 75 mg to 10 mg in order to decrease CO
conversion and achieve kinetically controlled region. Catalyst weight were diluted with a-
Al>03 to eliminate axial dispersion so that the total bed weight was fixed at 100 mg. In
order to obtain different residence times, GHSV was taken as 1.2*10° and 1.5*10° ml gcat’

L ht corresponding to 200 ml min*t and 250 ml min flow rates, respectively.

17 pairs of kinetic experiments were conducted for different partial pressures of
reactants and residence time. Initial reaction rates were obtained from the slopes of CO
conversion versus residence time plots. Methane partial pressure was kept constant in 12
pairs of kinetic experiments, whereas it was changed for the rest of the tests in order to see
the contribution of methane partial pressure on the reaction rate, since the reported reaction
orders in the literature were usually estimated for methane free feeds. The power-law
kinetic model of WGS reaction over 1Pt-0.5Re-1V/CeO: catalyst was estimated by using
the method of initial rates within +£6% error. The reaction orders for the proposed kinetic
model were obtained as 0.82, 0.31, -0.29, -0.35 and 0.002 for carbon monoxide, steam,

hydrogen, carbon dioxide and methane, respectively by non-linear regression analysis
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performed in MATLAB™. The rate expressions were obtained with positive dependence
on CO and H20. Negative reaction orders with respect to CO2 and H.O was obtained,
which indicated the inhibitory effect of CO2 and H20 on the reaction rate. Since the
reaction order with respect to CHs was of 0.002, it can be concluded that there was no
effect of methane presence in the feed stream on WGS rate. The apparent activation energy
and the frequency factor were calculated as 28.215 kJ mol™ and 29.209 umol mgcat™ s

kPa%4°, respectively in a temperature range of 300-350 °C.

5.2. Recommendations

Considering the results of the present study, following studies are recommended for

future studies:

e FTIR-DRIFTS studies can be carried out to scrutinize the surface reactions in order
to determine the plausible reaction mechanism.

e In order to investigate the effect of promoters used in Pt-Re-V/CeO- catalyst on the
reaction kinetics, a power law type model can be obtained for Pt-Re/CeO, or Pt-
V/CeO:s.

e Langmuir Hinshelwood Hougen-Watson type model under realistic conditions can be
also investigated.

e Experiments can be performed with more than two residence times to obtain more

accurate results.
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APPENDIX A: CONVERSION VERSUS RESIDENCE TIME GRAPHS
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Figure A.1. Fractional CO conversion vs. residence time graph for Run 1a-1b.
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Figure A.2. Fractional CO conversion vs. residence time graph for Run 2a-2b.
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Figure A.3. Fractional CO conversion vs. residence time graph for repeated Run 2a-2b.
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Figure A.4. Fractional CO conversion vs. residence time graph for Run 3a-3b.
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Figure A.5. Fractional CO conversion vs. residence time graph for Run 4a-4b.
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Figure A.6. Fractional CO conversion vs. residence time graph for Run 5a-5b.
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Figure A.7. Fractional CO conversion vs. residence time graph for Run 6a-6b.
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Figure A.8. Fractional CO conversion vs. residence time graph for Run 7a-7b.
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Figure A.9. Fractional CO conversion vs. residence time graph for Run 8a-8b.
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Figure A.10. Fractional CO conversion vs. residence time graph for Run 9a-9b.
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Figure A.11. Fractional CO conversion vs. residence time graph for Run 10a-10b.
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Figure A.12. Fractional CO conversion vs. residence time graph for Run 11a-11b.
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Figure A.13. Fractional CO conversion vs. residence time graph for Run 12a-12b.
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Figure A.14. Fractional CO conversion vs. residence time graph for Run 13a-13b.
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Figure A.15. Fractional CO conversion vs. residence time graph for Run 14a-14b.
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Figure A.16. Fractional CO conversion vs. residence time graph for Run 15a-15b.



0.50

y =135.24x .
R?=0.9818
0.40 e .

0.30

XCO

0.20
0.10

0.00 @

0.000 0.001 0.001 0.002 0.002 0.003

Wcat / Fco (gcat s/ pmol)

0.003 0.004 0.004

Figure A.17. Fractional CO conversion vs. residence time graph for Run 16a-16b.
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Figure A.18. Fractional CO conversion vs. residence time graph for Run 17a-17b.
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