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ABSTRACT

CARBON DIOXIDE REFORMING OF METHANE
ON NI-BASED BIMETALLIC CATALYTS

Ay, Hale
Ph.D., Department of Chemical Engineering

Supervisor: Prof. Dr. Deniz Uner

June 2014, 201 Pages

Carbon dioxide reforming of methane is a promising process for the utilization of
two important greenhouse gases and the production of synthesis gas with a lower
H2/CO ratio which is preferred in Fischer—Tropsch synthesis. Ni catalysts have taken
great interest in dry reforming of methane due to their high catalytic activity, easy
availability and low cost. However, the main restriction of Ni-based catalysts is the
formation of carbon which causes catalyst deactivation. The objective of this thesis
was to reduce carbon formation and improve the life time of Ni based catalysts.

Al203 supported and CeO: supported Ni, Co and Ni-Co catalysts were prepared via
incipient wetness impregnation method. Al203 was used as support material due to
its high thermal stability. CeO2 was used as another support material due to its redox
Ce*/Ce®* sites and ability to exchange oxygen. Co was introduced to the Ni-based
catalyst in order to understand the effect of bimetallic catalysts in dry reforming of
methane. The catalysts prepared by incipient wetness impregnation method were
calcined at two different temperatures (700°C and 900°C) to elucidate the effect of
calcination temperature. As an alternative to conventional preparation methods,

Ni/Al20s3 catalysts were also prepared by polyol method.



Ni/Al203 and Ni-Co/Al20s catalysts exhibitied comparable activities in terms of
CHas and COz2 conversion; Hz and CO yield. While doing the calcination at 700°C or
900°C did not really affect the catalytic performances of Ni/Al20s and Ni-Co/Al20s,
it had significant influence on the performance of Co/Al20s. Carrying out the
calcination at higher temperatures was found to be more preferable in terms of
carbon deposition. Higher amount of coke was deposited on Ni-Co/Al203 compared
to Ni/Al20s when the calcination was done at 700°C. DRIFTS and microcalorimetry
studies showed that CO:2 activation took place on Al20s for both Ni/Al203 and Ni-
Co/Al203 catalysts. *C NMR characterization of deposited coke demonstrated that

it not only originated from CHa, but CO2 had also significant role in coke formation.

Polyol process was employed to obtain Ni/Al2Os catalysts in the presence of PVP as
stabilizer and ethylene glycol as both solvent and reducing agent. The effect of
PVP/Ni ratio was studied. Ni/Al2O0s-without-PVP and Ni/Al203-PVP/Ni=2.5
catalysts exhibited quite high performance at 600°C and 700°C without making a
reduction step before the reaction.

The activities of CeO2 supported catalysts decreased with increasing calcination
temperature. While Ni/CeO2 and Ni-Co/CeO: provided comparable high activities,
Co/CeO2 was shown to be an inactive catalyst for dry reforming of methane reaction

at the specified operating conditions.

O2 and CO pulse experiments were done to get information about the redox
properties of different kinds of ceria samples, including commercial ceria,
coprecipitated ceria and ceria fibers. The ceria fibers having the lowest surface area
was shown to have the highest oxygen uptake value. This phenomenon
demonstrated that the oxygen storage capacity of the ceria samples depended

strongly on the morphology.

Keywords: dry reforming of methane, carbon dioxide, coke, *C NMR, Ni, Co,
Al203, Ce02
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Ni-BAZLI BIMETALIK KATALIZORLERDE
METANIN KARBONDIOKSIT REFORMASYONU

Ay, Hale
Doktora, Kimya Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Deniz Uner

Haziran 2014, 201 sayfa

Metanin karbon dioksit reformasyonu, iki dnemli sera gazinin kullanimi ve Fischer—
Tropsch sentezinde tercih edilen diisiik H2/CO oranli sentez gazi tiretimi igin Umit
verici bir prosestir. Yuksek katalitik aktivitesi, elde edilmesindeki kolaylig1 ve diisiik
maliyeti nedeniyle Ni katalizorleri metanin kuru reformasyonunda biiylik ilgi
cekmistir.  Ancak, Ni bazli Katalizorlerin baslica kisitlamas1  katalizor
deaktivasyonuna sebep olan karbon olusumudur. Bu tezin amaci, Ni bazli
katalizorlerin karbon olusumunu azaltmak ve yasam siiresini artirmaktir.

Al203 destekli ve CeO:2 destekli Ni, Co ve Ni-Co katalizorleri islaklik baglangici
emdirme metoduyla hazirlanmistir. Yiiksek 1s1l kararliligi nedeniyle Al2O3, destek
maddesi olarak kullanilmistir. Ce**/Ce3" redoks siteleri ve oksijen alip verebilme
yeteneginden dolayr CeO2, diger bir destek maddesi olarak kullanilmigtir. Cift
metalli katalizorlerin metanin kuru reformasyonundaki etkisini anlayabilmek icin
Ni-bazli katalizore Co eklenmistir. Kalsinasyon sicakligiin etkisini agiklamak igin
1slaklik baslangici emdirme metoduyla hazirlanan katalizorler iki farkli sicaklikta
(700°C ve 900°C) kalsine edilmistir. Geleneksel hazirlama metotlarinina alternatif

olarak Ni/Al20s3 katalizorleri, poliol metodu ile de hazirlanmustir.
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Ni/Al20s ve Ni-Co/Al203 katalizorleri CH4 ve CO2 doniisiimii; H2 ve CO verimi
bakimindan karsilastirilabilir aktivite sergilemistir. Kalsinasyonun 700°C ya da
900°C’de yapilmas: Ni/Al203 ve Ni-Co/Al20z3’lin katalitik performansini ciddi
sekilde etkilemezken, Co/Al203’{in performansi lizerinde 6nemli etkisi olmustur.
Karbon birikimi agisindan kalsinasyonunun yiiksek sicaklikta yapilmasi daha tercih
edilir bulunmustur. Kalsinasyon 700°C’de ger¢eklestirildiginde, Ni/Al203’¢ kiylasla
Ni-Co/Al203 Uzerinde daha fazla miktarda kok birikmistir. DRIFTS ve
mikrokalorimetri ¢aligmalari, hem Ni/Al203 hem de Ni-Co/Al2O3 katalizori icin
CO:z aktivasyonunun Al20s3 iizerinde gerceklestigini gostermistir. Biriken kokun C
NMR karakterizasyonu, kokun sadece CHa4’ten kaynaklanmadigini, CO2’nin de kok

olusumunda 6nemli roll oldugunu gostermistir.

Ni/Al20s3 katalizorleri, baglayici olarak PVP, ¢oziicli ve indirgen madde olarak etilen
glikol varliginda poliol prosesi Kullanilarak elde edilmistir. PVP/Ni orani etkisi
calistlmistir.  Ni/Al203-PVP-icermeyen and Ni/Al203-PVP/Ni=2.5 Kkatalizorleri
600°C ve 700°C’de tepkime oncesinde indirgeme yapmaksizin oldukg¢a yiiksek

performans sergilemistir.

CeO2 destekli katalizorlerin aktiviteleri artan kalsinasyon sicakligiyla beraber
diismiistiir. Ni/CeO2 ve Ni-Co/CeO2 karsilastirilabilir yiiksek aktivite gosterirken,
Co/CeO2'nin belirlenen ¢alisma kosullarinda metanin kuru reform reaksiyonu igin

aktif bir katalizor olmadig1 gosterilmistir.

Ticari seryum, beraber ¢okeltilen seryum ve seryum liflerini kapsayan farkli seryum
orneklerinin redoks 6zellikleri hakkinda bilgi sahibi olmak i¢in O2 ve CO vurum
deneyleri yapilmigtir. En diisiik yiizey alanina sahip seryum liflerinin en yiksek
oksijen alma degerine sahip oldugu gosterilmistir. Bu olay seryum &rneklerinin
oksijen depolama ozelliklerinin ciddi sekilde morfolojiye bagli oldugunu ortaya

koymustur.

Anahtar kelimeler: metanin kuru reformasyonu, karbon dioksit, kok, 3C NMR, Ni,
Co, Al203, Ce0O2
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CHAPTER 1

INTRODUCTION

1.1 ENERGY AND SYNTHESIS GAS

Energy demand is quickly increasing worldwide, especially due to growing
economies, mainly in Asia. Production of energy is still based primarily on
combustion processes using fossil fuels, a fact which is improbable to change in the
near future (Figure 1) [1 and references therein]. In the twentieth century oil played
the most essential role [2]. However, the finite and readily accessible oil reserves are
being rapidly depleted. One alternative is natural gas, which is composed mainly of

methane [2 and references therein].
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Figure 1. Estimated contribution of various energy resources
in total primary energy, expressed as % [1]

The chemical usage of natural gas for the production of basic chemicals is one of the
desirable purposes in the present chemical industry. Nevertheless, it is very difficult
to transform natural gas directly into useful chemicals due to the chemical inertness
of methane. The conversion of methane into useful chemicals has taken great



attention recently and several technologies and methods have been reported. Even
though the direct conversion of CHs to very useful chemicals is the most fascinating
way, no feasible catalyst or process has been developed. Nowadays, indirect
transformation of CH4 via synthesis gas is still the most competitive method [3 and
references therein]. Synthesis gas is a mixture of carbon monoxide and hydrogen
[4]. It serves as the feedstock for several important industrial processes such as
ammonia synthesis, methanol synthesis, Fischer Tropsch synthesis and H2
production, etc [2,4-6] (Figure 2).
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Figure 2. Main usage areas of synthesis gas [adapted from 6]

The effective commercial production of synthesis gas is taking important attention
due to the growing worldwide interest in synthetic fuels and chemicals [7]. There are

basically three different types of processes that can be employed to convert natural



gas into synthesis gas: steam reforming of methane, partial oxidation of methane and
carbon dioxide reforming of methane (or dry reforming of methane) [8]. Carbon
dioxide reforming of methane becomes industrially advantageous compared to
partial oxidation and steam reforming in synthesis gas production due to the fact that
the H2/CO product ratio in dry reforming is close to one, which is appropriate for
further use in the production of oxygenated compounds as well as Fischer Tropsch
synthesis for liquid hydrocarbons production [9 and references therein]. In addition,
dry reforming of methane provides the opportunity of using natural gas resources
with high carbon dioxide content, avoiding the costly and complicated gas
separation process [10]. Dry reforming of methane is also an attractive way of
utilizing biogas, a clean and environment friendly fuel that is produced typically
from anaerobic degradation of biomass and mainly composed of CO2 and CH4 [11

and references therein].

1.2 GREENHOUSE GASES AND GLOBAL WARMING

The World Meteorological Organization Global Atmosphere Watch Programme
reveals that the globally averaged mole fractions of CO2 and CHa reached new highs
in 2012, with CO2 at 393.1+0.1 ppm (Figure 3-a) and CHas at 1819+1 ppb (Figure 3-
b) constituting 141% and 260% of pre-industrial (before 1750) levels, respectively.
The National Oceanic and Atmospheric Administration Annual Greenhouse Gas
Index reveals that radiative forcing by long-lived greenhouse gases increased by
32% from 1990 to 2012. CO2, being the most important anthropogenic greenhouse
gas in the atmosphere, contributes ~64% to radiative forcing by long-lived
greenhouse gases. It is responsible for ~82% of the rise in radiative forcing over the
previous five years and ~84% over the previous decade. Atmospheric CO2 mainly
comes from emissions due to the combustion of fossil fuels, deforestation and other
land-use change. Methane contributes ~18% to radiative forcing by long-lived
greenhouse gases. While about 40% of CHa4 emits to the atmosphere by natural

sources such as termites and wetlands, approximately 60% of it originates from



anthropogenic sources such as fossil fuel exploitation, biomass burning and landfills
[12].
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Figure 3. Globally averaged a) CO2 and
b) CH4 mole fractions from 1984 to 2012 [12]

Global climate changes associated with the emission of greenhouse gases are of
great concern around the world. Consuming two major greenhouse gases (CO2 and
CHa) simultaneously to convert them into valuable feedstock, dry reforming of

methane has taken great interest for environmental protection.

1.3 OBJECTIVES

Carbon dioxide reforming of methane has been studied extensively in the last years
due to the following reasons:

i) converts two main greenhouse gases, CO2 and CHa, with high global warming
potential to precious synthesis gas [9]

i) generates synthesis gas with a low H2/CO ratio which is favorable in the

production of liquid hydrocarbons in Fischer Tropsch synthesis network [13]



iii) enables the usage of natural gas resources with a high carbon dioxide content,
without the requirement of costly and complicated gas separation process [10]

Iv) utilizes biogas as a promising raw material [1]

The major problem hindering the development of dry reforming of methane is the
lack of an effective catalyst that can able to operate without deactivation by coke
deposition. Although it is known that supported noble metals can provide good
catalytic performance in terms of activity, selectivity and resistance to carbon
deposition [14], Ni based catalysts have been preferred as good replacement due to
their comparable catalytic performance, low cost and wide availability [15].
Nevertheless, Ni-based catalysts are well known for their high tendency for carbon
deposition [15].

The most essential parameters influencing the activity, selectivity, and stability are
the nature and particle size of the supported metal; the nature, texture, and structure
of the support; and reaction conditions. Therefore, great efforts have been focused
on throwing light on the significance and the control of these parameters by proper
selection of metallic component and support, catalyst preparation method, and
addition of promoters—modifiers, in order to retain high activity while preventing
carbon formation [1].

For the aim of reducing carbon formation and improving the life time of Ni based

catalysts, this PhD dissertation covers the following studies:

In the first part of the study, the activity of Al.O3 supported Ni, Co and Ni-Co
catalyst by incipient wetness impregnation was investigated to elucidate the effect of
introducing a second metal to the Ni-based catalysts. To understand the influence of
calcination temperature, two different calcination temperatures were tested for each
catalyst. In order to find out the source of carbon deposition, reaction tests were

carried out with 13CO: and the spent catalysts were characterized by 3C NMR.



In the second part of the study, a new synthesis method, the polyol method, was
tested for carbon dioxide reforming of methane reaction. In this study, it was aimed
to obtain metallic Ni during synthesis which would stop the necessity of reduction
prior to reaction. The effect of PVVP/Ni ratio on the structure of the catalyst and the

performance of catalysts during reaction was investigated.

In the third part of the study, to find out the effect of support, CeO2 having excellent
redox properties, was tested for dry reforming of methane. The TPR characteristics
of CeO2 supported Ni, Co and Ni-Co catalyst synthesized by incipient wetness

impregnation and calcined at two different temperatures were investigated.

In the last part of the study, O2 and CO pulse experiments were done in order to
obtain information about the oxygen release/storage ability of different kinds of
ceria samples, including commercial ceria, coprecipitated ceria and ceria fibers

prepared by exotemplating method.



CHAPTER 2

REFORMING OF METHANE TO SYNTHESIS GAS

There are basically three different types of processes that can be used to convert
methane to synthesis gas [1,2,16] :

e steam reforming of methane

e partial oxidation of methane

e carbon dioxide reforming of methane

2.1 Steam Reforming of Methane

Steam reforming of methane is a well known commercial method employed to

produce synthesis gas.

CHas + H20 <> CO + 3H2 AH®298k = 206 kJ/mol 1)

The reaction is highly endothermic [3,16]. It must be carried out at high
temperatures and large amounts of energy is used to drive the reaction [3] making
the process very expensive.

Another disadvantage of this reaction is the high H2/CO ratio which is higher than
the ratio required for synthesizing byproducts, such as methanol or derivatives from
the Fischer-Tropsch reaction. In industry, water gas shift reaction (Reaction 2) is

used to adjust the H2/CO ratio [17 and references therein].

CO + H20 <> CO2 + H2 AH°2908k = -41 kJ/mol (2)

The combination of water gas shift reaction for adjusting the H2/CO ratio requires
additional cost and makes the overall process more expensive. Furthermore, excess

steam must be introduced to prevent the deactivation of the catalysts because of



carbonaceous deposits. As a result operation expenses and consumption of energy
rises [17 and references therein]. The concern related with the economic viability
issue led to the investigation of alternative processes to steam reforming which are
partial oxidation and dry reforming.

2.2 Partial Oxidation of Methane

The partial oxidation of methane to produce synthesis gas is well established to take
place in a non-catalytic homogeneous reaction at very high temperatures (>1127°C).
The utilization of a catalyst could reduce the operating temperature. The first
investigation of the catalytic partial oxidation of methane was done with nickel
catalysts, and since then numerous transition metals such as cobalt and iron have

been reported in literature [2].

The main advantage of partial oxidation of methane is its slightly exothermic nature
making it much more energy efficient than steam reforming. It also produces H2/CO
ratio of two which is proper for methanol synthesis or Fischer Tropsch synthesis

without further adjustment [18]
CHs+% 02 & CO + 2H2 AH®298k = -35.7 kJ/mol 3)

One of the main drawbacks of partial oxidation of CHa4 is the requirement of pure
oxygen which means additional cost for separating oxygen from air [19]. It is also
difficult to control the process due to the fact that it involves feeding CH4-O2
mixture together and reaction under flammable or even explosive conditions. Local
hot spots commonly form which can harm the active component in an irreversible
way [20].

In addition to the direct route shown in Equation 3, partial oxidation of methane can
also proceed via an indirect route which is a two-step mechanism. The first step is

the total oxidation of some CHas to CO2 and H20. The second step is the steam and



carbon dioxide reforming of the remaining unconverted methane to acquire
synthesis gas during which water gas shift reaction also occurs. The temperature of
the catalyst bed is considerably higher in the front section than in the latter section
due to the initial highly exothermic total oxidation reaction followed by endothermic
reforming reactions. Formations of hot spots usually take place at the front of the
catalyst bed. The huge amount of evolved heat can melt the supported metal and

split it from the support, which results in catalyst deactivation [21,22].

2.3 Carbon dioxide Reforming of Methane

Dry reforming of CHys is an essential process that converts two of the most plentiful
greenhouse gases in the atmosphere, CO2 and CHg, into synthesis gas [23]. Since
fossil fuels are expected to remain as the dominant energy source through 2035,
efforts are directed to make strides in carbon management by developing the
infrastructure needed to capture and permanently store CO2 emissions [24]. Dry
reforming of methane is one of the most promising applications for the mitigation of
COa.

Dry reforming of CHas is a suitable way for the exploitation of biogas, consisting
mainly of CO2 and CHa [1]. Biogas is obtained from wastewater and sewage
treatment plants, landfills, livestock and poultry manure, organic industrial waste,
biomass residues, etc [25-27]. The composition and features of biogas strongly
depend on the type of feedstock, the technical design of digester-fermenter and
operating conditions [1 and references therein]. Methane and carbon dioxide are
always the major components of the biogas. It can also contain hydrogen sulfide,
ammonia, water vapor, some higher hydrocarbons and aromatics as impurities [1

and references therein].

Due to its high heat of endothermic reaction (exceeding that of steam reforming of

methane) and reversibility, dry reforming of methane has “potential thermochemical



heat-pipe applications for the recovery, storage, and transmission of energy from
solar and other renewable sources in chemical energy storage and transmission
systems.” [1 and references therein]. Compared to partial oxidation of methane, it is
simpler to obtain higher selectivity to synthesis gas with lower safety risks [1].

Since no steam is used, dry reforming of methane can be applied in areas where
water is not available [28]. Easier installation is needed, decreasing both operational
and equipment expenses when compared to steam reforming [1]. Another advantage
of dry reforming compared to steam reforming is that it yields synthesis gas with a
lower H2/CO ratio, which is a preferable feedstock for the production of long-chain
hydrocarbons via Fischer—Tropsch synthesis and adequate for producing oxygenated
derivatives [17].

The major problem in dry reforming of methane is catalyst deactivation which can
be due to carbon formation [1,28,29], sintering at high temperature [30,31] and
oxidation of metallic sites [32,33]. Coke formation has been accepted as the primary

reason of deactivation [34].

2.3.1 Thermodynamic Analysis of Carbon dioxide Reforming of Methane

COz2 reforming of CHa (Equation 4) is a strongly endothermic reaction [35]. In
general, it is affected by the simultaneous reverse water—gas shift reaction (RWGS)
(Equation 5) resulting in H2/CO ratio lower than unity [28]. In addition to RWGS,
some other side reactions may take place, having important effect on the target

reaction [36]:

CHs+ CO2 > 2CO +2H2  AH°208k = 247 kJ/mol 4
CO2 + H2 < CO + H20 AH’208 k = 41 kJ/mol (5)
CH4 - C+ 2H2 AH®208 k = 75 kJ/mol (6)
2CO < C + CO2 AH®208 k = —171 kJ/mol (7
CO+H2+ C+H0 AH®208 k = —131 kJ/mol (8)
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Equilibrium constants of the reactions taking place during CO2 reforming of CHa

were calculated and shown in Figure 4 as a function of temperature.

10000
CH,+C0O,—2CO+2H,
CH,~C+2H,
2C0-C+CO,
g 10 -
CO,+H,—CO+H,0
CO+H,—>C+H,0
0.01 T T T T
500 600 700 800 900 1000

Temperature (°C)

Figure 4. Equilibrium constants of reactions involved in dry
reforming of methane as a function of temperature

Being highly endothermic, the equilibrium constant of dry reforming of methane
exhibits an excessive increase with an increase in temperature. Therefore, high
temperatures are preferred to obtain high conversions. Being moderately
endothermic, the equilibrium constants of RWGS reaction and methane
decomposition (Equation 6) reaction increase with increasing temperature. On the
other hand, Boudouard reaction (Equation 7) and reverse carbon gasification
reaction (Equation 8) are exothermic, the equilibrium constants of which decrease

with rising temperatures.
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Standard Gibbs-free energy changes (AG®) of the reactions taking place during dry
reforming of methane were calculated at different temperatures and shown in Figure
5.

50
CO+H,>C+H,0
. CO,+H,CO+H,0
= 500 0
o
£
},
<
) 2C0-C+CO, CH,—~C+2H,
<
-50 4
CH,+CO,<>2CO+2H,
-100

Temperature (°C)

Figure 5. Variation of standard Gibbs free energies of reactions
involved in dry reforming of methane as a function of temperature

Standard free energy change was used to determine the lower limiting temperatures
for endothermic reactions and upper limiting temperatures for exothermic reactions.
Minimum operating temperatures were calculated as 643°C, 557°C and 830°C for
dry reforming of methane, methane decomposition and RWGS reaction,
respectively. While Boudouard reaction can not occur above 702°C, reverse carbon

gasification reaction is impeded above 675°C.
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The equilibrium conversions of CO2 and CHa4 in dry reforming of methane reaction
for an inlet stream composition of CH4/CO2/Ar=1/1/3 and 1 atm total pressure were
calculated and shown in Figure 6. The equilibrium conversions of CO2 and of CHa
by taking into consideration the simultaneous occurance of reverse water gas shift
reaction for an inlet stream composition of CH4/CO2/Ar=1/1/3 and 1 atm total
pressure were calculated and shown in Figure 7. When RWGS reaction takes place,

CO:2 conversion becomes greater than that of CHa.

1.0

0.8 -

0.6 -

0.4 -

0.2 -

Equilibrium conversion

O-O T T T T
500 600 700 800 900 1000

Temperature (°C)

Figure 6. Equilibrium conversions of CH4 and COz2 for dry reforming
of methane as a function of temperature at P=1 atm and CH4/CO2/Ar=1/1/3
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Figure 7. Equilibrium conversions of CH4 and COz for simultaneous
dry reforming of methane and RWGS reaction as a function of
temperature at P=1 atm and CH4/CO2/Ar=1/1/3

2.3.2 Mechanism of Carbon dioxide Reforming of Methane

The major problem in dry reforming of methane which is carbon formation has been
regarded mainly originating from methane decomposition and carbon monoxide
disproportionation [1,28]. While the former is favorable at high temperatures and
low pressures, the latter is preferred at low temperatures and higher pressures [37].
An appropriate catalyst for dry reforming of methane reaction should exhibit not
only high activity but also high stability. A basic factor for the selection of a catalyst
IS its capacity to kinetically impede coke deposition. For this aim, it is important to
consider the mechanism of the target and side reactions on different catalytic

systems [1].
The initial stage in dry reforming of methane reaction sequence is methane

adsorption [1]. While the predominating mechanism for methane adsorption and

desorption is precursor mediated at low temperatures, it is direct at high
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temperatures. According to the results of the study on the interaction between
methane and Ni(111) surface, it was proposed that for dissociation, methane has to
be distorted from its tetrahedral configuration to make a trigonal pyramidal shape
and then tunneling of a hydrogen atom takes place through the activation barrier
[19,28 and references therein]. On the other hand, in an another study it was asserted
that the activation barrier did not include molecular distortion for dissociation of
methane on nickel and that it subjected solely to the tunneling of a hydrogen atom
through the activation barrier for hydrogen abstraction [19,28 and references

therein].

In general, methane adsorbs in a dissociated form on metals to generate H and CHx
species where the numerical value of x ranges between zero and four which depends
on the metal substrate and temperature. When X is zero, this shows that coke
formation takes place on surface of metal. Both hydrogen atoms and CHXx species
are connected to the active metal sites. The great part of the adsorbed hydrogen
atoms recombine and produce hydrogen molecules which afterwards desorbs into

the gas phase [19 and references therein].

Methane activation was reported to be structure sensitive [1,28 and references
therein]. Beebe et al. showed that methane dissociation on nickel surface took place
with activity increasing in the order of Ni(111)<Ni(100)<Ni(110) [38]. Abild-
Pedersen et al. showed that steps of Ni (111) surface exhibited better activity than
the terraces in methane dissociation [39]. Based on the results of DFT calculations
over a Ni(111) surface and a stepped Ni (211) surface, Bengaard et al. concluded
that the step sites were more reactive than the close-packed surface in the activation
of methane [40].

In general, carbon dioxide adsorption and dissociation on transition metal surfaces is

considered to be controlled by electron transfer and necessitates the creation of an
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anionic CO2" precursor. Carbon dioxide adsorption was also reported to be structure

sensitive as in the case of methane activation (Table 1) [28 and references therein].

Table 1. Structure sensitivity of CO2 adsorption [28]

Metal Dissociative chemisorption Mondissociative adsorption
Fe (111), (100) (110)

Mi (110), (100) (111), (100)

Cu — (110), (100)

Rh (533), (711) (111), (100)

Pd — (111}, (100)

Ag — (110)

Re (0001) —

Pt — (111)

Solymosi [41] studied CO: adsorption on various metal surfaces. While CO:2
adsorbed weakly and moleculary on Pt at 100-300 K under UHV, the dissociation
was very limited on Cu. CO2 was reported to adsorb on Ni, Re, Fe, Mg and Al
dissociatively [41]. Bartos et al. showed that carbon dioxide adsorption on Ni
surface could take place through three various coordination geometries (Figure 8)
[42].

(a) pure oxygen (h) mixed carbon-oxvgen (c) pure carbon
coordmation coordination coordination

Figure 8. Possible coordination geometries of adsorbed CO2™ [adapted from 42]
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COz2 can adsorb on metal oxides [43-46] which usually serve as catalyst support in
dry reforming of methane [1]. Several spectroscopic studies showed that adsorption
of CO2 on metal oxide surfaces resulted in the formation of carbonates (bidentate,
monodentate or bridged), bicarbonates, carboxylates, formates as well as bent CO2
species [47 and references therein]. CO2 binding energies on oxides are typically

larger than those on metal surfaces [44].

Depending on the metal oxide employed as support, dissimilarities have been
observed on COz2 activation behavior for various catalytic systems: Ferreira-Aparicio
et al. [48] proposed that CO: reforming of CHas took place via Langmuir—
Hishelwood mechanism for SiO2 supported Ru catalyst, where both of the reactants
were activated on the metal (Table 2). On the other hand, a bifunctional mechanism
was proposed for Al203 supported Ru (Table 3). For this catalyst, CH4 was activated
on metal, while CO2 was hydrogenated on Al203 to produce formate species which

were eventually decomposed to yield CO.

Table 2. Reaction steps for CO2 reforming of CH4 over Ru/SiOz [48]

CH; = CH, (ry-ads) + (4-X) H Ru-aas)

CO; (g) © CO: Ru-ads)

CO; ru-ads) <= CO (ru-ads) T O (Ru-ads)

CH, (ru-ads) T O (Ru-ads) & CO (ru-ags) + X H (Ru-ags)
CU{Ru-ads} < CO (g)

2 H (ru-ads) <& Hag)

H ®u-ags) T O ru-ats) < OH (Ru-ads)

H Ru-ads) + OH (ru-aas) = Ha0 g

OH (ry-a85) <> OH si0,)
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Table 3. Reaction steps for CO2 reforming of CH4 over Ru/Al203 [48]

Methane activation
process on the
mthenimn smface

Carbonate and
bicarbonate
formation

Swface diffusion
of hyvdrogen

Formation and
decomposition
of formate
mtermediates

Alwnna hydration
and dehvdration
equilibria

( CHq = CH, (gyaas) + (4-x) H (Ru-ads)

2 H gyt & Hy )

OH (a1,0,) < OH (ru-ass)

{ OH (Ru-ads) < O (Ru-ads) T H (Ru-ads)

H (ru-ads) + OH (Ru.adsy & HaO g

CH, (ru-ads) T O (Ru-ads) < CO (Ry-adsy T X H (Ru-ads)
\ CORuags) = CO g

s
CO, (g) & CO, (AL,0,-ads)

2 2
{ CO, :m_._r::n}-mﬂ"'D {MEDE]‘:::'CGB (ALO,-ads)

] CO;, (ALO,-ads) + OH (AL,0,) & HCOy (AL, -ads)

2 Hpuaasy <=2 H (AL, -ads)
( CG;E'WIDH.,M +2H (AL, O, -ads) < HCO, (AL,O,-ad
HCD}-{AIEUJ-::E} +2H (ALO,-ads) <> HCO, (ALO,-a
HCO; (a1,0,-005) = CO (a1,0,4a9 T OH (a1 0,5
\ CO(MEDE"“L'J' = CO (g
)

; 1.
+
2 OH (ALO,) & H,O (AL, -ads) O (ALLO,)

F,

H:D(mzo}qm} <> H,0

L
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Nakamura et al. [49] observed that the activity of Rh/SiO2zin dry reforming of
methane reaction increased significicantly with the addition of metal oxides such as
TiO2, MgO and Al203 to the support. This was ascribed to the improved CO:2
activation on the support, proposing a bifunctional mechanism where the support
contributed to COz activation.

Bitter et al. [50] proposed a bifunctional mechanism for dry reforming of methane
on Pt/ZrO2. They suggested that CH4 was activated on the metal while CO2 was
activated on the support and the activated species might give a reaction with each

other on the boundary of Pt-ZrOa.

2.3.3 Deactivation due to Carbon Deposition

The major problem in dry reforming of methane is catalyst deactivation which can
be due to carbon formation [1,28,29], sintering at high temperature [30,31] and
oxidation of metallic sites [32,33]. Coke formation has been accepted as the primary
reason of deactivation in dry reforming of methane [34]. It leads to loss in catalytic
activity and insufficient heat transfer between the catalyst and the gas phase. When
it becomes very severe, it blocks the open surface area resulting in an excessive
pressure drop within the reactor. Furthermore it can also lead to localized hot spots
which can cause runaway conditions for the reactor [51]. Carbon deposition during

dry reforming of methane can happen by one or more of the following reactions:

CHs < C + 2H2 AH®298 k = 75 kJ/mol (6)
2CO < C+CO2 AH®298 k = —171 kJ/mol (7)
CO+H2+ C+H0 AH®298 k = —131 kJ/mol (8)

In literature, carbon formation during dry reforming of methane has been regarded
mainly originating from methane decomposition (Equation 6) and carbon monoxide

disproportionation (Equation 7) [1,28].
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Being the most ubiquitous form of catalyst deactivation, carbon deposition can
happen through various mechanisms, depending on factors such as the nature of the
hydrocarbon and the catalyst and reaction operating conditions [52]. Mechanisms of
carbon deposition from CO and coke formation from hydrocarbons are shown in
Figure 9 and Figure 10.

CO (a)————» Cy(a) + O (a)

> CinNi ™C,

—— NisC ()

Cq @ T Cp () Cc (5)

e
4H (a) CH4 (@)

Figure 9. Formation, transformation and gasification of carbon on nickel
(a:adsorbed, g:gaseous, s:solid) [53]

Various forms of coke and carbon varying in reactivity and morphology are formed
in these reactions (Table 4). For instance, CO dissociation on metals results in
formation of C,, an adsorbed atomic carbon which can react to Cg, a polymeric
carbon. The more reactive, amorphous types of carbon formed at low temperature
transform into less reactive, graphitic form of carbon over a period of time at high

temperature [53].
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(Hydrocarbon)

CpHp (a) —— C, (a) + H (a) + CHy (a) + CoHy (a) +. .. + CH,

—#= C in Ni (carbon in Solid Soln.)—#C,, (vermicular carbon)
" C‘r’ (s) (metal carbide)

—*Cp (s)—C¢ (s) (amorphous and graphitic carbons)

Co (a)

dHG@ CHy (a)— CH4 (g)

2H (a)——H; (a)—H> (g)

+@-0OH@) oy, (a)——» CHy ()
CHy %
- condensed high mol. wt. HC (a)—C_, Cp, Cc +Ha ()
(coke) arh
CoHy +. . . + CqH, ——— (carbon)

Figure 10. Formation and transformation of coke on metal surfaces
(a:adsorbed, g:gaseous, s:solid) [53]

Table 4. Types and reactivities of carbon species
formed by CO decomposition on nickel [53]

Structural type Designation Temperature of Peak temperature (°C)
formation (*C)  for reaction with Hz

Adsorbed, atomic (surface carbide) Cy 200=2 00 2000

Polymeric, amorphous films or filaments Cg 250500 400

Vermicular filaments, fibers, andfor whiskers C, 30010000 400=600

Mickel carbide (bulk) Cy 150=250 275

Graphitic (crystalline) platelets or films C: 500550 550-850

The carbon formed during CO2 reforming of CHa is often in the form of filamentous
whiskers [28 and references therein]. The carbon filaments do not deactivate the
catalyst immediately, except after a massive carbon accumulation [54]. On nickel

surfaces, whisker carbon can form by dissociation of hydrocarbons or carbon
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monoxide [55]. According to the classical model, adsorbed carbon atoms dissolve in
the bulk of the metal, then carbon diffuses through the bulk of the metal and
nucleates into a fiber at the rear interface. The nickel crystal alters shape into a
pear-like particle, abandoning tiny fragments of nickel behind in the whisker
[56]. This mechanism was challenged recently by a study based on ab initio DFT
calculations to investigate different diffusion processes that can take place in
whisker carbon formation [57]. It was reasoned that carbon diffusion through the
bulk nickel is very improbable. On the other hand, carbon transport could take place
via surface or subsurface diffusion. They showed that nickel step edge sites behave
as the favorable centers for the growth of graphene layers [57]. These conclusions
are in accordance with the results obtained by Helveg et al. [58] who used in situ
HRTEM to investigate the formation of carbon nanofiber growth from CHa

decomposition over MgAl204 supported nickel nanocrystals (Figure 11)

/// Graphite nanofiber

(b)

Figure 11. a) HRTEM of carbon nanofiber growth,
b) Hlustration of growth mechanism [57]
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CHa4 decomposition and CO disproportionation are reversible and the potential for
carbon formation can be assessed by thermodynamics. Rostrup-Nielsen showed that
‘the principle of equilibrated gas’ can be applied which states that carbon will be
formed if the gas exhibits affinity for carbon after the foundation of methane
reforming and shift equilibrium [55]. This suggests that the composition used to
compute the equilibrium corresponds to the composition after accounting for the

reforming and shift equilibrium [59].

In a carbon limit diagram (Figure 12), atomic ratios of O/C are plotted in the
abscissa and the atomic ratios of H/C are plotted in the ordinate. While the straight
line increasing from H/C=4, O/C=0 (CH4 component) represents all feed mixtures of
steam-CHeg, the lower line represents all feed mixtures of CO2-CHa. The dotted lines
exhibits conditions (O/C and H/C) resulting in the indicated H2/CO ratio in the

reformer exit gas [52].

The thermodynamic data for carbon are affected by the morphology of it formed on
the catalyst [52]. Figure 12 shows the carbon limit curve for graphite (Curve 1) and
whisker carbon (Curve 2). H2/CO ratios correspond to equilibrated gas at the
reformer outlet temperature of 900°C and pressure of 5 bar. For O/C and H/C ratios
on the left side of the curves, there is thermodynamic potential for carbon formation
[52].

As Rostrup-Nielsen indicated “the principle of equilibrated gas is no law of nature”.
It is feasible to rupture the thermodynamic limit [55]. One solution is to perform the
reaction over noble metal catalysts, which exhibit little tendency for carbon
formation [60]. Another alternative for large scale applications is to use sulphur
passivated catalysts as practiced in SPARG process [60]. This process solves carbon
formation problem by "ensemble control” which purports that the active sites for
carbon formation are blocked while adequate sites are preserved for the reforming

reaction. This effect is acquired by the addition of sulphur to the process feed [52].
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Figure 12. Carbon limit diagram (principle of equilibrated gas)
Curve 1: graphite data, Curve 2: whisker carbon [adapted from 52]
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CHAPTER 3

EXPERIMENTAL

3.1 Catalyst preparation

3.1.1 Preparation of Ni/Al203, Co/Al203 and Ni-Co/Al.Oz by incipient wetness

impregnation method

v-Al203 supported monometallic 8 wt % nickel and 8 wt % cobalt; bimetallic 8-4 wt
% nickel-cobalt and 4-4 wt % nickel-cobalt catalysts were synthesized by incipient
wetness impregnation technique. Commercial y-Al20s supplied by Alfa Aesar was
used as catalyts support, Ni(NO3)26H20 (Merck) and Co(C2H302)2.4H20 (Merck)
were used as metal sources. The impregnation solution was prepared by dissolving
required amount of Ni(NO3)26H20 and Co(C2H302)2.4H20 in deoinized water (1-2
ml H20/g support). Ni and Co were loaded onto the y-Al.Os supports by
impregnating the supports with metal precursor solution to bring about incipient
wetness. Ni-Co bimetallic catalysts were prepared by co-impregnation method. The
catalysts were dried overnight at room temperature and then for 30 minutes at 80°C.
Finally, the catalysts were calcined at 700°C as well as 900°C for 5 hours to remove
ligands from the nickel and cobalt precursors. The catalysts calcined at 700°C were
denoted as Ni/Al203-1-700, Co/Al203-1-700 and Ni-Co/Al203-1-700. The catalysts
calcined at 900°C were denoted as Ni/Al203-1-900, Co/Al203-1-900 and Ni-
Co/Al203-1-900.

4-4 wt % Ni-Co/Al203 bimetallic catalyst was only used in DRIFTS experiments.
The metal loading for the Al20s supported bimetallic catalyst is 8-4 wt % Ni-Co in
all other parts.
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3.1.2 Preparation of Ni/Al.Oz by polyol method

Ni(NOz3)26H20 (Merck) was dissolved in 100 mL ethylene glycol (Merck) to obtain
a solution having 0.05M metal concentration. PVP (polyvinylpyrrolidone,
Mw=40,000 g/mol, Merck) was added to this solution as the metal-protecting agent
and mixed with a magnetic stirrer until obtaining a clear solution. Then required
amount of Al203 (Alfa Aesar) was added under stirring to obtain 10 wt % (nominal)
Ni/Al20s and mixed at room temperature for 20 hours. The pH of the solution was
adjusted to 10-11 with dropwise addition of 1 M NaOH which was prepared by
dissolution of sodium hydroxide in ethylene glycol. The abovementioned solution
was heated to the boiling point of ethylene glycol (185-190°C) with a reflux
condenser and it was kept at this temperature under magnetic stirring until the
reduction of Ni?* to metallic Ni was achieved. The progress of reduction was
observed by the change of the color of solution. While the color was green at the
beginning of heating, it turned to grey gradually with the start of reduction. It turned
to black when the reduction finished. Then, the solution was quickly cooled down to
room temperature in an ice-water bath. The catalyst was isolated via centrifuge, then
washed with ethanol and centrifuged again. Subsequently, the catalyst loaded with
metal was dried in a furnace at 80°C for 24 hour. No calcination procedure was
applied. Three different catalysts were synthesized according to this procedure,
changing the PVP/Ni ratio (weight /weight): 0.0, 2.5 and 5.0. The samples obtained
in this work were denoted as Ni/Al20s3-without-PVP, Ni/Al203-PVP/Ni=2.5 and
Ni/Al203-PVP/Ni=5.0 corresponding to the PVP/Ni(NOz3)2.6H20 ratio described
before. To make a comparison, a sample was prepared without changing neither the

pH nor adding PVP according exactly to the same procedure.

26



3.1.3 Preparation of Ni/CeO,, Co/CeO, and Ni-Co/CeO> by incipient wetness
impregnation method

CeO:2 supported monometallic 8 wt % nickel, 8 wt % cobalt and bimetallic 8-4 wt %
nickel-cobalt catalysts were prepared by incipient wetness impregnation technique.
Pure CeO2 support was obtained by calcination of Ce(C2H302).1.5H20 at 700°C as
well as 900°C for 3 hours. Ni(NO3)26H20 (Merck) and Co(C2H302)2.4H20 (Merck)
were used as metal sources. The impregnation solution was prepared by dissolving
required amount of Ni(NOz)26H20 and Co(C2H302)2.4H20 in deoinized water. Ni
and Co were loaded onto the CeO2 supports by impregnating the supports with metal
precursor solution to bring about incipient wetness. Ni-Co bimetallic catalysts were
prepared by co-impregnation method. The catalysts were dried overnight at room
temperature and then at 120°C for four hours. Finally, the resulting products were
calcined at 700°C as well as 900°C for 5 hours to remove ligands from the nickel
and cobalt precursors. The catalysts calcined at 700°C were denoted as Ni/CeO2-I-
700, Co/Ce02-1-700 and Ni-Co/CeO2-1-700. The catalysts calcined at 900°C were
denoted as Ni/CeO2-1-900, Co/CeO2-1-900 and Ni-Co/CeO2-1-900.

3.1.4 Preparation of CeO; by exotemplating method !

Ceria fibers were synthesized according to an exotemplating method using
electrospun PMMA polymer fibers, followed by spray coating of an inorganic ceria
sol [61]. A template solution of 15 wt % PMMA in a mixture of acetone and
dimethyl formamide (60/40 wt %) was electrospun via a glass syringe (5 mL) with
tip dimensions of 0.8x40 mm at an electrode distance of 20 cm and 26 kV to the
copper counter electrode (15x15 cm?) (Figure 13).

1.37 g Cerium (IV) ammonium nitrate salt was dissolved in 40 mL distilled water.
0.65 mL of aqueous solution of ammonia (25 wt %) was added so as to increase the
pH of the solution. This solution was kept under vigorous stirring for 30 minutes.

! Preparation of CeO, by exotemplating method was done at Technical University of Darmstadt.
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About 1 gram of Pluronic P123 block copolymer was added as surfactant and the
solution was mixed at 50°C for 5 hours. This solution was spray coated onto the
prepared polymer fibers. The sol-gel transformation of the sample was accomplished
in a furnace at 80°C overnight.

Oxygen plasma etching was done by using a Diener Electronics PS Tech, Femto
machine for 18 h. Plasma was created by an inductively coupled RF generator with
the frequency of 13.56 MHz and the output power of 200 W. The flow rate of
oxygen sent to chamber was 4 mL/min. Finally, the sample was calcined at 350°C
for 3 h.

0

polymer
solution

fiber ja— 1
formation | —— _

ligh voltage

counter
electrode

Figure 13. Electrospinning set-up
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3.2 Catalyst Characterization

3.2.1 X-Ray Diffraction (XRD) Analysis

X-ray powder diffraction data were acquired with a Philips model PW1840 X-ray
diffractometer using Ni-filtered Cu Ka radiation source (A=0.1542 nm) operated at
30kV and 24 mA. XRD patterns were measured between 26=10°-100° at a scan rate
of 0.01°/sec.

3.2.2 Surface Area, Pore Size Distribution and Adsorption-Desorption

Isotherms

Micromeritics TriStar Il surface area and porosity analyzer was utilized to measure
the N2 adsorption-desorption isotherms of the samples at 77K. The samples were
degassed for 3 hours at 423K prior to measurements by means of Micromeritics
VacPrep 061 Sample Degas System for removing the moisture and other adsorbed
gases from the catalyst surface. The surface area was obtained from multipoint BET
(Brunauer-Emmett—Teller) method. The pore volume and average pore diameter
were estimated from adsorption branch of isotherms by the method of BJH (Barrett,

Joyner and Halenda).

3.2.3 Temperature Programmed Reduction (TPR) Analysis

The reducibility of the samples was investigated by Hz temperature programmed
reduction study. TPR experiments were performed by a home built system using a
fixed bed quartz reactor, the length of which was 35 cm and the inner diameter of
which was 4 mm. The quartz reactor was placed into a temperature controlled tube
oven. Gas flows were metered by mass flow controllers. 100 mg catalyst was heated
from room temperature to 850°C using 40 sccm Hz:Ar (3:97) gas flow at a ramp rate

of 5°C/min. The temperature was kept constant at 850°C for half an hour. The outlet
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H2 concentrations were recorded online by means of a Teledyne 2000 XTC model
TCD detector.

3.24 DRIFTS

In order to determine the adsorbed species and to investigate how the species are
adsorbed on the surface of the catalysts, DRIFTS experiments were performed.
DRIFTS measurements were carried out using a Perkin Elmer FTIR (Spectrum 100
series) which was equipped with a drift cell (Pike) and MCT detector. All spectra
were recorded with 4 cm™ resolution in the range of 4000-400 cm™ for a total scan
count of 128.

Experimental set up of DRIFTS measurements is shown in Figure 14. Feed gas (Hz,
CO2 and CHa) lines were connected to a gas manifold, the outflow of which was
attached to the reaction cell. The feed gas was first accumulated in the manifold and
then sent to the reaction cell.

Prior to the CO2 and CHas adsorption experiments, the following pretreatment
procedure was performed. First, the sample was outgassed at room temperature at a
pressure of 10 Torr. Then, the temperature of the samples was increased from room
temperature to 400°C incrementally. Reduction was done by sending 100 Torr H2
four times at 400°C and between each H: treatment, the system was evacuated.
Finally, the system was outgassed and cooled down to room temperature. After the
pretreatment, background spectra was recorded and then the pressure of the
adsorbate gas was set to 97.5, 300, 500 Torr respectively. DRIFTS spectra were
recorded after the admission of each dosage of gas. Then the system was heated to
100, 200, 300 and 400°C incrementally in order to observe the change in adsorption
pattern with an increase in temperature by recording the DRIFTS spectra.
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Figure 14. Experimental set up of DRIFTS measurements

3.2.5 Microcalorimetry

Microcalorimetric adsorption was used to study the energy of surface bonding for
COz2 adsorption on pure uncalcined Al203, calcined Al203, Ni/Al203 Co/Al203 and
Ni-Co/Al203. Microcalorimetry studies were carried out at 50°C by using a Tian-
Calvet type heat flow calorimeter (Seteram C-80) which was connected to a gas
manifold. Experimental set up of microcalorimetry measurements is shown in Figure
15. The manifold employs a Baratron capacitance manometer in the range of 10#-10
Torr and a Pfeifer turbo molecular pump. Pyrex tee was utilized to connect the

sample cell and the refence cell to each other and to the manifold. 500 mg sample
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was used for all experiments. The feed gas was first accumulated in the manifold

and then sent to the reaction cell.
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Figure 15. Experimental set up of microcalorimetry measurements

Prior to the CO2 adsorption experiments, the following pretreatment procedure was
performed. First, the catalyst was heated to 523K at a ramp rate of 2K/min and kept
at this temperature under vacuum for 10 hours. After being cooled down to room
temperature it was again heated up to 523K and reduced in situ at this temperature by
repeatedly increasing the pressure to 10 torr of Hz, followed by evacuation. Finally,
the system was outgassed and cooled down to 323 K. The differential heats of CO2
measurements were performed at 323 K by sending subsequent doses of gas onto the

samples. The heat response resulted from adorption was recorded as a function of

32



time. The equilibrium pressure was recorded when thermal equilibrium was reached.
The amount of adsorbed gas onto the sample was calculated volumetrically by using
the initial dosage of gas and the equilibrium pressure. The integration of the heat
curve yielded the heat evolved as a result of adsorption. The above procedure was

repeated until the surface of the sample was saturated with the adsorbate gas.

3.2.6 Thermal Gravimetric Analysis (TGA)

TGA was carried out to determine the amount of coke deposition on the samples
after being used in the CO2 reforming of CHa. In adddition to this, TGA was also
used to determine the amount of organics in the fresh samples prepared by polyol
process. The analyses were performed using a Shimadzu DTG 60-H instrument,
where each sample was introduced into an alumina microbalance pan that was
heated to 1173 K at a rate of 10 K/min in an oxygen/nitrogen mixture (21:79 vol/vol

with a total flow of 75 ml/min).

3.2.7 Transmission Electron Microscopy (TEM)

3.2.7.1 High Resolution Transmission Electron Microscopy (HRTEM)

The morphology of Al203 supported fresh samples which were prepared by incipient
wetness impregnation method were characterized by Jeol 2100F HRTEM machine
equipped with Orius SC1000 Model 832 11 Megapixel CCD camera. Before taking
the micrographs, the catalysts were dispersed ultrasonically in alcohol and a drop of
dispersion was deposited and dried on holey carbon film grid.

3.2.7.2 High Contrast Transmission Electron Microscopy (HCTEM)

The morphology of carbon deposited on the samples after dry reforming of methane

reaction and the morphology of the fresh samples prepared by polyol method were
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characterized by FEI Tecnai G? Spirit Bio (TWIN) HCTEM operated at 120 kV.
Before taking the micrographs, the samples were dispersed ultrasonically in alcohol
and a drop of dispersion was deposited and dried on a 400 mesh carbon-coated

copper grid.

3.2.8 Scanning Electron Microscopy (SEM) ?

SEM was done by FEI XL30 FEG operating at a voltage of 25 kV to characterize

the morphology of ceria sample prepared by an exotemplating method.

3.2.9 Nuclear Magnetic Resonance (NMR) 3

Room temperature 3C direct detection magic angle spinning (MAS) NMR
spectroscopy experiments were acquired at 7.05T with a 4 mm Chemagnetics probe
using a Tecmag Discovery Spectrometer and spinning speed of 10 kHz. The carbon
channel of the probe was tuned to 75.39 MHz.

3.3 Dry Reforming Reaction Tests
Carbon dioxide reforming of methane reactions were performed in a home built

reaction system. The reaction setup consists of a gas supply system, reaction part

and analyzer as shown in Figure 16.

2 SEM studies were done at Technical University of Darmstadt.
3 NMR measurents were done at UC Berkeley.
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Figure 16. Experimental set up for the catalytic reaction tests

The gas supply system contains the feed gas cylinders (Hz, Ar, CH4 and COz2) and
mass flow controllers (MKS 1179 B). The flow of inlet gas streams were controlled
by these mass flow controllers. The reaction part is composed of quartz reactor and a
temperature controlled tube oven. The length and inner diameter of reactor are 35
cm and 4 mm, respectively. The temperature of the reaction was controlled by
means of a thermocouple which was placed in the middle of tube oven. The product
gases were sent to a gas chromatograph (HP 5890 Series I1) by means of a 6 way
valve (Vici valco) equipped with a 100ul. sample loop. The gas chromatograph
contains a thermal conductivity detector and a Carboxen 1010 Plot column. Before
the analysis, the gas chromatograph was calibrated for Hz, CO, CH4 and CO:2 gases
in order to analyze the outlet stream of the reaction quantitatively. The calibration
curves were drawn as the volumetric flow rate of the gas (sccm) versus the
corresponding area under the peak. The operating conditions of gas chromatograph

are given in Table 5.
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Table 5. Operating conditions of gas chromatograph

Column Carboxen 1010 Plot, 30 m x 0.53 mm I.D.

Detector Thermal conductivity detector (TCD)

Injection temperature | 200°C

Detector temperature | 210°C

Oven temperature 27°C (5.5 min)
30°C /min to 80°C (6 min)
30°C /min to 120°C (3 min)

Column pressure 100 kPa
Injection volume 100 pL valve injection
Reference gas Argon

In the reaction tests, both powder and particles in the size range of 0.5-1.0 mm were
used. For obtaining the particles in the size range of 0.5-1.0 mm, the powder
catalysts were first pressed, then crushed and finally sieved to a size of 0.5-1.0 mm.
The samples were placed in the center of the 4 mm-i.d. microreactor by quartz wool
at both ends. The reactions were carried out at 600°C or 700°C with 50 sccm
CH4:CO2:Ar (1:1:3) gas flow for 5 hours. Before the catalytic activity tests, the
samples prepared by incipient wetness impregnation method were reduced in 50
sccm Hz:Ar (2:3) by heating from room temperature to 700°C with 10°C/min
heating rate and kept at this temperature for one hour. 30 sccm pure Argon was sent
to the reactor for half an hour before the reactant gases were sent. On the other hand,
the catalysts prepared by polyol process were not reduced before the reaction tests.
They were heated in 30 sccm Argon flow from room temperature to the reaction
temperature (600°C or 700°C) with 10°C/min. 50 sccm CH4:CO2:Ar (1:1:3) were
sent to the reactor immediately after reaching to the reaction temperature.
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3.4 Redox Experiments on Ceria Samples

Ceria samples prepared by exotemplating (CeO2-ESC), coprecipitation (CeO2-CPC)
and commercial ceria (CeO2-COC) were first pressed, then crushed and finally
sieved with a size of 250-355 mesh. 50 mg of sample was placed in the U-tube
quartz reactor system. The product gases were analyzed by means of an on-line

quadrupole mass spectrometer.

One redox experiment consisted of six steps. The first two steps were flow
experiments and the remainings were transient pulse experiments while 500uL gas
was introduced at a frequency of 1 minute. For the pulse experiments, computer-
controlled switching valves were utilized. In each case, Helium was used as the
major component of the gas mixture. The total flow rate was set to 100 sccm. The

flow of the reactant gases CO and O2 was adjusted to be 1 % of the total flow rate.

Step 1. The sample was oxidized under 100 sccm Oz/He by heating from room
temperature to 600°C with 10°C/min. The temperature was kept at 600°C for 25
minutes. The sample was cooled down in He atmosphere.

Step 2. The sample was reduced under 100 sccm CO/He by heating from room
temperature to 600°C with 10°C/min. The temperature was kept at 600°C for 25
minute. Then it was switched to He and kept under He atmosphere for 25 minutes.

Step 3. 100 sccm O2/He was sent to the sample loop. 100 oxygen pulses were
applied. After having finished oxygen pulses, the sample was kept under He for 25

minutes.

Step 4. 100 sccm CO/He was sent to the sample loop. 120 CO pulses were applied.

After having finished CO pulses, the sample was kept under He for 25 minutes.

4 Redox experiments on ceria samples were done at Ruhr University Bochum.
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Step 5. 100 sccm O2/He was sent to the sample loop. 100 oxygen pulses were
applied. After having finished oxygen pulses, the sample was kept under He for 25

minutes.

Step 6. 100 sccm CO/He was sent to the sample loop. 120 CO pulses were applied.
After having finished CO pulses, the sample was kept under He for 25 minutes.
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CHAPTER 4

DRY REFORMING OF METHANE ON Al>03 SUPPORTED Ni, Co and
Ni-Co CATALYSTS SYNTHESIZED BY INCIPIENT WETNESS
IMPREGNATION METHOD

4.1 Introduction

Ni catalysts have taken great interest in dry reforming of CH4 due to their high
catalytic activity, wide availability and low cost [1,10,62]. However, the main
restriction of Ni-based catalysts is the formation of carbon which brings about
catalyst deactivation [1,10,62]. Several approaches have been proposed for
decreasing the carbon formation tendency of Ni-based catalysts: employing
appropriate catalyst preparation methods, using metal oxides as supports or
promoters, addition of a second metal to form bimetallic system, sulfur passivation,

introducing steam, changing reaction conditions [1,11,63,64].

The addition of a second metal is one of the methods applied for dry reforming
process with the objective of developing carbon resistance of Ni-based catalysts.
There are studies reported on the beneficial effect of noble metal addition such as Rh
[65,66], Pt [67,68], Pd [68] and Ru [69] to the Ni-based catalyst. From an economic
point of view, the addition of a non-noble metal is more preferable. In this respect

cobalt is of great interest.

Xu et al. [11] prepared Ni monometallic, Co monometallic and Ni-Co bimetallic
catalysts with varying compositions which were supported on commercial y-Al203
doped with La20s for biogas reforming. For bimetallic samples, the ratio of nickel
and cobalt was changed by keeping the total metal loading at 10 % by weight. The
monometallic 10 Co/LaAl sample exhibited the lowest catalytic activity. On the

other hand, the monometallic 10 Ni/LaAl sample showed high activity. The
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incorporation of cobalt to the nickel catalyst influenced the catalytic activity. The
catalyst having Ni/Co ratio of 7/3 exhibited the highest CH4 and CO2 conversion.
Nevertheless, the catalytic activity decreased considerably if the amount of cobalt
was increased further. Bimetallic catalysts having a Ni/Co ratio of 5/5 and 3/7
exhibited lower activity than monometallic Ni catalyst. The authors proposed that
the adjustment of nickel to cobalt ratio could enhance pore textural properties and
metal dispersion and hence improve the catalytic activity and resistance against

carbon formation.

Zhang et al. [36] prepared Ni—-Me—-Al-Mg-O catalysts by using coprecipitation
method where Me was cobalt, iron, copper or manganese. Ni-Co sample exhibited
excellent activity and stability compared to the other bimetallic catalysts in dry
reforming of methane. The CHa conversion was in the order of Ni-Co>Ni-Mn>Ni-
Fe>Ni—Cu. Cobalt incorporated nickel sample was also shown to be the best one
due to its lowest coke deposition rate. By decreasing the nickel and cobalt loading to
approximately half of their initial amounts, coke formation was eliminated for up to
250 hours which was attributed to better metal dispersion and smaller particle size.
The authors suggested that “The high activity and excellent stability of Ni—-Co
catalyst was closely related to its high metal dispersion, strong metal-support

interaction, and formation of stable solid solutions.”

Takanabe et al. [70] compared the catalytic activities of TiO2 supported Ni, Co and
Ni-Co catalysts for CO2 reforming of CHa. The monometallic Co/TiO2 sample
didn’t exhibit any activity when the temperature was lower than 750°C which was
ascribed to the oxidation of metallic Co. Although this catalyst started to exhibit
activity above 850°C, it was still less than the activity of Ni/TiO2 and Ni-Co/TiO:s.
When the temperature was between 600°C and 750°C, CHs4 conversion was
approximately same for Ni/TiO2 and Ni-Co(50-50)/TiO2. On the other hand, the
activity of Ni/TiOz in terms of CHa4 conversion was higher than that of Ni-Co(50-
50)/TiO2 when the temperature was higher than 750°C. While Ni/TiO2 sample
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deposited considerable amount of coking particularly at lower temperatures,
Co/TiO2 sample exhibited tendency to be oxidized during dry reforming. On the
other hand, the combination of Ni-Co catalyst showed both high catalytic activity
and resistance to coke formation during the reaction. The authors suggested that the
composition of bimetallic Ni-Co catalyst could be adjusted to alter its catalytic

performance for dry reforming of methane.

Nagaoka et al. [32] studied the effect of replacing cobalt by nickel in a TiO:
supported Co catalyst for CO2 reforming of CH4. When cobalt was replaced by a
small quantity of nickel, the catalytic stability of Co/TiO2 improved. On the hand,
the catalytic stability decreased if cobalt was replaced by an excess amount of
nickel. Deactivation was attributed to metal oxidation when cobalt amount was too
high, whereas it was attributed to carbon deposition when nickel amount was too
high. As a result, replacement of cobalt by nickel aided to the retardation of metallic
cobalt oxidation; but, excess nickel caused carbon deposition. Co:Ni ratio of 90:10
was shown to be optimum presenting high stability with an unimportant amount of

carbon formation.

San-Jose -Alonso et al. [10] prepared Al203 supported Ni, Co and Ni—Co catalysts
(having 9 % nominal metal content by weight) for CO2 reforming of CHa. The
catalysts containing the highest amount of cobalt (Co(9) and NiCo(1-8)) exhibited
the highest activity and stability. However, they produced much higher amount of
coke. Their higher activity was attributed to the higher activity of cobalt for CHa
decomposition. Their noteworthy stable behavior was ascribed to the existence of
big particles taking place in long-term conversion and producing non-deactivating
carbonaceous deposit. In this study, carbon deposition increased with increasing Co

content, while it decreased with increasing Ni content.

The literature indicates that there are discrepancies between the outcomes of

different researches dealing with Ni-Co supported bimetallic catalysts. In this part, a
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comprehensive investigation on the effect of cobalt addition to the alumina
supported nickel catalyts for CO2 reforming of CHs was carried out by studying
Ni/Al203, Co/Al203 and Ni-Co/Al203 catalysts comparatively. In order to see the
effect of calcination temperature on the activity of the catalyst during carbon dioxide
reforming of methane, they were calcined at two different temperatures, 700°C and
900°C.

The catalyst deactivation during dry reforming of methane is caused by carbon
formation [1,28,29], sintering at high temperature [30,31] and oxidation of metallic
sites [32,33]. Although in literature it is agreed that the primary cause of catalyst
deactivation is carbon formation, there are disagreements existing on the origin of

coke which can come from CH4 and CO:a.

Wang and Lu [71] investigated how coking rate depended on partial pressures of
CO2 and CHa4 over y-Al203 supported nickel catalyst during dry reforming of
methane at 600°C. While coke formation had a positive relationship with CHas
partial pressure, it had a negative relationship with CO2 partial pressure, indicating
that COz in the feed inhibited coke formation. Therefore, the authors concluded that
decomposition of CH4 was the dominating way of coke formation in dry reforming

of methane reaction over Ni/y-Al20s.

Yang and Papp [72] used CO2-temperature programmed surface reaction (TPSR) to
determine the source of carbon deposition during dry reforming of methane. They
exposed fresh Pt/MgO catalyst to a mixture of CH4/N2 and CO/N2 separately at
800°C for 10 minutes. CO2-TPSR resulted in two CO peaks (one is at 820°C,
another is higher than 900°C) for the catalyst exposed to CH4/N2 mixture, indicating
two types of carbon deposition from methane decomposition. On the other hand, no
CO peak was detected for the catalyst exposed to CO/N2 mixture, indicating that CO
disproportionation did not occur under the applied reaction condition. CO2-TPSR
profile of the spent catalyst in severe dry reforming conditions also resulted in two

CO peaks where the main peak coincided very well with the high temperature peak
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observed in the TPSR profile of the catalyst exposed to CH4/N2 mixture. The authors
concluded that carbon deposition in dry reforming reaction was resulted mainly from

methane decomposition.

Verykios [73] showed that dry reforming of methane over Rh/Al2Oz3 catalyst resulted
in the formation of three types of carbon species by using TPH and TPO techniques.
The relative and the total amounts of various kinds of carbonaceous species were
shown to depend on period of exposure and temperature. To investigate the source
of carbon species, Verykios conducted reaction experiments with *CHa and '2CO:
(*3CH4/*?CO2/He = 0.2/0.2/0.6) for 10 minutes over Rh/Al2Oz at 650°C. TPO results
of the spent catalyst revealed that the carbon deposited over Rh/Al20s mainly
originated from CO2 molecule with a little contribution of CH4 molecule.

Lemonideu et al. [74] investigated the source of carbon species deposited during dry
reforming of methane at 750°C by conducting isotopic experiments on 5 weigt % Ni
loaded calcium aluminate. They performed TPO experiments after conducting the
reaction at 750°C for 5 minutes by using ?CO2/13CH4/He=0.2/0.2/0.6 feed mixture.
TPO results indicated the formation of two types of carbonaceous species which
exhibited different reactivities towards oxidation. The coke was found to originate
from both reactants where the proportion of it resulting from carbon dioxide as

opposed to methane was found to be 2.1.

Kroll et al. [75] performed TPO experiments over 24.6 mg Ni/SiO2 after a 10
minute reaction at 700°C by wusing !2CO2 and ¥CHs feed mixture
(12C0O2/**CH4/He=9.5/9.5/81) with a flow rate of 3 L/hour. Two kinds of
carbonaceous deposits were observed: a sharp oxidation peak at around 500°C and a
broad oxidation peak having a maximum at around 650°C. The low temperature
oxidation peak was mainly formed of **Carbon (76%). On the other hand, the broad
high temperature oxidation peak exhibited a higher concentration in *2Carbon (60%).
The carbon species which could be oxidised easily were attributed to the reaction

43



intermediates. The less easily oxidised carbon deposits were attributed to slowly
depositing species which would convert progressively into carbon whiskers and
carbon veils with time-on stream. The authors concluded that these less reactive

carbon species could arise from both CO2and CH4 activation on the catalyst.

Tsipouriari and Verykios [5] conducted isothermal oxidation followed by isothermal
hydrogenation of the carbon deposits accumated on 17 wt % Ni/La20s and 17 wt %
Ni/Al2O3 after 0.5 hour dry reforming reaction with 30 ml/min CO2/**CHas/He
(20/20/60 vol %) at 750°C. The results of isothermal oxidation and isothermal
hydrogenation together showed that most of the carbon deposited over Ni/La203 was
originated from the reaction pathway of methane rather than from carbon dioxide.
Approximately 80% of the coke was originated from methane cracking over
Ni/La203 catalyst. On the other hand, the majority of the carbon deposited over
Ni/Al203 was shown to come from carbon dioxide dissociation. While
approximately 85% of the deposited carbon derived from carbon dioxide

dissociation, only 15% of it came from methane cracking.

Recently, McFarlane et al. [76] performed reaction testing measurements over 10
mg Ni/Al203 (26 wt %) catalyst at 625°C for 90 minutes in the micro-reactor where
5.6 sccm/min ¥CO: and 5.6 sccm/min 12CHa diluted in 40 sccm/min He were used
as reactants. The post reaction TPO profiles revealed that in the addition to the
12CO, peak centered at 617°C, there was also a significant *CO; feature at the same
temperature. This result made the authors to conclude that both CHs and CO:2
contributed to carbon deposition over the catalyst surface during dry reforming

process, methane being the greater contributor.

The clarification of this issue is necessary in terms of understanding the mechanism
of carbon formation with the aim of reactor design and catalyst design which can
prevent accumulation of coke. For this aim, reaction tests were carried out with

13CO: over Ni/Al203 and the used catalyst was characterized by solid *C solid state
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NMR spectrometer. This is the first study to the authors knowledge of characterizing
the spent catalyst by '3C solid state NMR to determine the coke origin in dry

reforming of methane reaction.

4.2 Results and Discussion

4.2.1 Characterization of commercial Al,O3

4.2.1.1 X-Ray Diffraction (XRD) Analysis

y-Al203 powder from Alfa Aesar was used as support. Alumina has the property of
existing in different kinds of metastable structures, so-called transition aluminas
(such as k, v, 9, 0) and also its stable a-Al203 phase [77]. When boehmite (AIOOH)
is heated up, all OH are eliminated and it transforms into different transition
aluminas with the sequence of y—6—0—a-Al203[77,78].

This polymorphism could be sorted according to the oxygen sublattice structure and
the distribution into this sublattice of aluminum ions in tetrahedral and octahedral
interstitial sites. In o-Al203, the oxygen sublattice is hexagonal-close-packed
structured with 2/3 of octahedral sites filled with cations. On the other hand, k, v, d,
B phases have face-centered-cubic structure of oxygen atoms and cations existing in

different proportions in both octahedral and tetrahedral sites [77].

Le Coz et al. suggested the below mechanisms of dehydration and crystallisation
according to the TGA, DTA and XRD results [78].

25 < Temperature < 100°C ==> AI(OH)3 + H20(l) — Al(OH)s + H20(g) (9)

100 < Temperature < 400°C ==> Al(OH)3 — AIOOH + H20 (10)
550 < Temperature < 800°C == 2AIO0H — y-Al203 + H20 (11)
800 < Temperature < 900°C ==> y-Al203 — 5-Al203 (12)
900 < Temperature < 1100°C ==> 5-Al203 — 0-Al203 (13)
1300 < Temperature < 1400°C==> 0-Al203 — a-Al203 (14)
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In the XRD pattern of the as received alumina powder (Figure 17) it is demonstrated
that boehmite, y-Al203 and 3—Al203 phases coexist simultaneously by considering
the reference XRD patterns (Boehmite: 21-1307 JCPDS file, y-Al20s: 50-741
JCPDS file, 6 —Al20s3: 46-1215 JCPDS file).
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Figure 17. XRD pattern of commercial Al2Os powder

4.2.1.2 Surface Area, Pore Size Distribution and Adsorption-Desorption

Isotherms

Properties of commercial Al203 powder obtained from nitrogen physisorption data is

summarized in Table 6.

Table 6. Textural properties of commercial Al2Os powder

Sample BET Surface Pore volume Average pore
area (m?/g) (cm®/g) diameter (nm)
commercial Al203 73.19 0.37 19.69

N2 adsorption-desorption isotherm and pore size distribution of pure alumina is
shown in Figure 18 and Figure 19 respectively. According to the IUPAC

classification commercial pure Al203 exhibits type Il adsorption isotherm which is
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characteristic of macroporous materials and the H3-shape hysteresis loop of the
sample shows the presence of mesopores [79]. The presence of H3 hysteresis loop
indicates a broad pore size distribution (Figure 19) [80]. Pore size distribution of the
sample indicates that it is mainly composed of macropores (pore diameter>50 nm in

diameter) in addition to the mesopores (2nm<pore diameter<50 nm).
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Figure 18. Nitrogen adsorption-desorption isotherms of commercial Al203 powder
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Figure 19. BJH pore size distribution of commercial Al203 powder
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4.2.2 Characterization of fresh catalysts

4.2.2.1 X-Ray Diffraction (XRD) Analysis

To see the influence of calcination temperature on dry reforming of methane
reaction, Al203 supported Ni, Co and Ni-Co catalyst were prepared by calcining at
both 700°C and 900°C. XRD patterns of pure Al20s3, Ni/Al.03, Co/Al20s and Ni-
Co/Al203 calcined at 700°C and 900°C are given in Figure 20 and Figure 21
respectively.
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Figure 20. XRD pattern of pure Al203, Ni/Al20s3,
Co/Al203 and Ni-Co/Al20s calcined at 700°C
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Bulk phase property of the catalysts were identified by means of XRD. The species
generated during calcination were strongly dependent on calcination temperature. As
remembered, the diffraction peaks of boehmite, y-Al203 and 3-Al203 were observed
in commercial pure alumina powder (Figure 17). When this alumina was calcined at
700°C and 900°C for 5 hours, boehmite diffraction peaks disappeared and peaks due
to 6-Al203 and y-Al203 became more dominant (Figure 20 and Figure 21).
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Figure 21. XRD pattern of pure Al203, Ni/Al20s,
Co/Al203 and Ni-Co/Al203 calcined at 900°C
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Due to the decomposition of the nitrates and subsequent oxidation, the following

oxides can be formed during calcination step [81]:

Ni(NOsz)2 — NiO + N20s (15)
NiO + Al203 — NiAl204 (16)
CoO + Al203 — CoAl204 a7)
NiO + 2Co00 + 0.502— NiC0204 (18)

NiAl204, CoAl204 and NiCo0204 spinel compounds might have been formed during
the high temperature calcination step [11,81]. From the diffractograms it is difficult
to make a discrimination between the distinct species due to the overlap of the
reflections of these phases. It is also hard to distinguish monometallic and bimetallic
catalysts from each other because of their similar morphology and characteristic
peaks. Ni?*, Co?", Mg?" and AI** were thought to pertain to the identical lattice in
Ni/Co/Al/Mg composite catalyst [82]. Characteristic peaks of NiO were not
observed in the XRD patterns which indicated that the active metal species were

embodied into the spinel structure [83 and references therein].

When Figure 20 and Figure 21 is compared with each other, it is seen that the
intensity of the peaks which are considered to correspond to the spinel phases
become stronger with increasing temperature, suggesting an increased degree of

crystallization and particle size.

4.2.2.2 Surface Area, Pore Size Distribution and Adsorption-Desorption
Isotherms

BET surface area, pore volume and pore diameter of commercial pure Al2O3 were
73.19 m?/g, 0.37 cm®/g and 19.69 nm respectively (Table 6). When this Al.03 was
calcined at 700°C and 900°C, its surface area, pore volume and pore diameter
decreased significantly as shown in Table 7 and 8. This could be attributed to the

sintering of the particles with increasing calcination temperature.
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Table 7. Textural properties of pure Al203, Ni/Al203,
Co/Al203 and Ni-Co/Al20s3 calcined at 700°C

Catalyst BET surface Pore volume Average pore
area (m?/q) (cm®/g) diameter (nm)

Pure Al203 calc. 57.26 0.23 15.29

at 700°C

Ni/Al203 48.86 0.35 26.92

Co/Al203 49.50 0.31 23.66

Ni-Co/Al203 46.42 0.28 22.99

Table 8. Textural properties of pure Al203, Ni/Al2O3,
Co/Al203 and Ni-Co/Al20s3 calcined at 900°C

Catalyst BET surface Pore volume Average pore
area (m?/g) (cm3/g) diameter (nm)

Pure Al20scalc. 51.15 0.21 16.67

at 900°C

Ni/Al203 45.45 0.34 27.74

Co/Al203 42.91 0.31 27.71

Ni-Co/Al203 40.84 0.30 27.87

At a given metal loading (Ni, Co or Ni-Co), the surface area decreased with an
increase in calcination temperature. The particles agglomerate more with increasing
temperature which result in progressive reduction in surface area. While the total
pore volume of all catalysts were lower than that of the as received support (0.37
cm?®/g), their average pore diameter were higher than that of the as received support
(19.69 nm).
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N2 adsorption-desorption isotherms of the pure Al20s, Ni/Al203, Co/Al203 and Ni-
Co/Al203 calcined at 700°C and 900°C are shown in Figure 22 and Figure 23
respectively. All samples exhibit type Il adsorption isotherm which is characteristic
of macroporous materials. H3-shape hysteresis loop of the samples indicate the
existence of mesopores [79]. Broad pore size distribution of the catalysts mainly
dominated by macropores are shown in Figure 24 and 25. Mesoporosity is also seen
clearly for all the catalysts except Co/Al20s calcined at 900°C.
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Figure 22. Nitrogen adsorption-desorption isotherms of pure Al2O3,
Ni/Al203, Co/Al203 and Ni-Co/Al203 calcined at 700°C
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Figure 24. BJH pore size distribution of pure Al20s,
Ni/Al203, Co/Al203 and Ni-Co/Al203 calcined at 700°C
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Figure 25. BJH pore size distribution of pure Al20s,
Ni/Al203, Co/Al203 and Ni-Co/Al203 calcined at 900°C

4.2.2.3 High Resolution Transmission Electron Microscopy (HRTEM)

HRTEM was performed to examine the morphologies of the fresh catalysts.
HRTEM images of fresh Ni/Al203-1-900 and Ni-Co/Al203-1-900 are given in Figure
26 and Figure 27, respectively. The dark spots scattering in the ligher zone reveal
the nickel particles and alumina support, respectively [84]. In addition to the
spherical and rod-like particles, the TEM analysis shows that most of the particles
have an irregular shape. The nickel or cobalt particles are seen to be located over the
alumina support. Neither TEM nor XRD data could reveal any morphological
difference between Ni/Al203 and Ni-Co/Al203 catalysts.
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Figure 26. HRTEM images of fresh Ni/Al203-1-900
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Figure 27. HRTEM images of fresh Ni-Co/Al203-1-900
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4.2.2.4 Temperature Programmed Reduction (TPR) Analysis

Reducibility of the catalysts was investigated by TPR which can be discussed in
terms of two main subjects. The first one is the effect of calcination temperature and

the second one is the effect of Co addition to the Ni based catalysts.
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Figure 28. TPR profiles of Ni/Al20s, Co/Al203 and Ni-Co/Al203 calcined at 700°C

When Figure 28 and Figure 29 are compared with each other, it is seen that while
the catalysts calcined at 700°C have two reduction peaks, the ones calcined at 900°C
have only one peak. The small peaks appearing in the low temperature region,
465°C for Ni/Al20s-1-700 and 480°C for Ni-Co/Al20s-1-700 were attributed to the
reduction of NiO [85] and CosOs4 (or CoO) [86-87] respectively. The high
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temperature reduction peaks for both the catalysts calcined at 700°C and 900°C were
attributed to the reduction of spinel oxides which could be NiAl204, CoAl204 and
NiCo0204 [11,85-86,88-89]. While the high temperature reduction peak of Ni/Al20s
was 828°C when it was calcined at 700°C, it increased to 840°C with the calcination
at 900°C. Similarly, the high temperature reduction peak of Ni-Co/Al203 increased
from 842°C to 850°C when the calcination temperature was increased from 700°C
to 900°C. It was concluded that increasing the calcination temperature from 700°C

to 900°C, caused an increase in the reduction temperature of Ni/Al20s and Ni-

Co/Al20s3 catalysts.
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Figure 29. TPR profiles of Ni/Al203, Co/Al203 and Ni-Co/Al203 calcined at 900°C
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The effect of Co addition to the Ni based catalyst on the reduction temperature can
be discussed by taking into consideration the shifts in the peak positions. The
position of the peak shifted towards higher temperature from Ni/Al20s to Ni-
Co/Al20s3 for both calcination temperatures, from 827°C to 842°C when calcination
was carried out at 700°C and from 840°C to 850°C when calcination was done at
900°C. This suggested the increased metal-support interaction with the addition of
cobalt. Similar trend was also observed for Co-Ni aerogel catalysts having 10 weight
% MgO and 10 weight % active metal with the Cobalt/Nickel ratio of 0:10, 3:7, 5:5,
7:3 and 10:0 where the reduction temperature increased with increasing the cobalt
amount in the catalyst [83]. Contrary to our results, Zhang et al. showed that the
reduction peak maximum of bimetallic nickel-cobalt catalyst occured at a lower
temperature (850°C) than those of monometallic nickel (868°C) and monometallic
cobalt catalyst (896°C) [36]. They attributed this decrease to the creation of nickel
and cobalt oxide species which were more easily approachable on the surface of the
bimetallic combination than those in the bulk structures. Furthermore, they
interpreted the presence of a single reduction peak at lower temperatures was due to

the formation of nickel-cobalt alloy during reduction.

One of the most striking results in TPR profiles was about monometallic Co
catalysts. They did not show any reduction peak. On the other hand, they exhibited
negative peak, beginning to occur at 815°C for Co/Al20s-1-700 and 798°C for
Co/Al203-1-900 catalyst. Firstly, it was thought that this could be attributed to the
oxygen release ability of cobalt oxide. For this reason, thermogravimetric analysis of
Co/Al203-1-700 and Co/Al203-1-900 was done under inert gas (nitrogen) from room
temperature to 1100°C. As shown in Figure 30 below, there was not seen a
significant weight loss at around 800°C for both of the catalysts. The negative peak
might be ascribed to the evolution of hydrogen, resulting from the desorption of

hydrogen stored by the solid.
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Figure 30. TGA profiles of Co/Al203-1-700
And Co/Al203-1-900 under N2 environment

Ewbank et al. [87] reported that the Co/Al2Os3 catalyst prepared by dry impregnation
and calcined at 500°C for 3 hours exhibited a reduction peak centered at 850°C
which was ascribed to the reduction of CoAl204 species. Kim Nga and Kim Chi [90]
prepared CoAl204 spinels by sol-gel method with citric acid. When they calcined the
catalyst at 700°C, the TPR profile exhibited one main peak centered at 870°C which
was ascribed to the reduction of Co?" ions in the lattice, except for a small peak at
540°C due to reduction of an impurity. Wang and Ruckenstein [88] investigated
the reducibility of y-Al20s-supported Co catalysts as a function of calcination
temperature using TPR. While Co0sOswas generated as a major phase at a
calcination temperature of 500°C, C02AlO4 and CoAl204 were formed at 1000°C
calcination temperature. The peak temperatures observed during TPR were as
followings. For Co(O)/y-Al203(700°C), two peaks, at 460°C and 830°C were
identified. For Co(O)/y-Al203(800°C), three peaks at 485°C, 810°C and 1045°C
were noted. For Co(O)/y-Al203(900°C), three peaks, at 480°C, 860°C and >1000°C
were observed.
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4.2.2.5DRIFTS

In order to better comprehend the activation of reactants on the Al20O3 catalysts, CO2

and CHa adsorption were studied in-situ using DRIFTS.

Prior to sending the reactant gases, the catalysts were reduced by sending 100 torr
H2 four times at 400°C. After the pretreatment, the pressure of CO2 was set to 97.5,
300, 500 torr respectively. DRIFTS spectra were recorded after the admission of

each dose of gas (Figure 31).
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Figure 31. DRIFT spectra of CO2 adsorption on
Ni/Al203-900 with increasing CO2 dosage
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When Ni/Al203-900 was exposed to CO2 at room temperature, the spectra showed a
strong band at 2344 which was attributed to physically adsorbed CO2 on alumina,
the intensity of which increased with increasing CO2 pressure. This agrees
substantially with the ones already reported in literature. Gregg and Ramsay studied
the infrared spectra of CO2 adsorption on an alumina prepared by calcination of
gibbsite (aluminum trinydrate) [91]. They attributed the band at 2365 cm™ to the
physically adsorbed CO2. Manchado et al. studied adsorption of CO2 on y-alumina
by carrying out volumetric and microcalorimetric measurements [92]. They assigned
the bands at 2358 and 2344 cm™ to weakly adsorbed CO.. Ferreira-Aparicio et al.
attributed the band at 2349 cm™ to gas phase CO2 upon the adsorption of CO2 on
Ru/Al203 at 723 K [48].

The bands seen at 1229, 1444, 1654 were attributed to chemically adsorbed CO:..
These bands are characteristic of the formation of adsorbed bicarbonate, HCOs™ and
are attributed to the bending (d4(COH)), symmetric stretching (v3(OCO)®) and
asymmetric stretching (v2(OCQ)?) vibrational modes on y-alumina [93]. Baltrusaitis
et al. studied FTIR spectroscopy of COz reaction with surface hydroxyl groups on y-
Al203 [93]. They assigned the bands at 1231, 1438 and 1648 cm™ to bicarbonate.
The infrared results of CO2 adsorption on y-Al203 exhibited bands at 1652, 1446-
1450, and 1230 cm™ which were attributed to surface bicarbonates by Manchado et
al. [92]. Alumina, being an amphoteric oxide, not only possesses acidic sites but also
basic sites. CO2 adsorption on basic sites usually forms carbonate species, and CO2
adsorption on comparatively acidic sites forms bicarbonate species [94 and
references therein]. In the region 3750-3600 cm™, bands due to the O-H stretching
mode of alumina hydroxyls are seen [95].

The changes in the adsorption profile of CO2 adsorption on Ni/Al203-900 with
increasing temperature at 500 torr was monitored via DRIFTS. As shown in Figure
32, the intensity of physisorbed CO2 decreased dramatically when the temperature
was increased to 200°C and then decreased slightly in intensity with an increasing

temperature up to 400°C.
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Figure 32. DRIFT spectra of CO2 adsorption on
Ni/Al203-900 with increasing temperature at 500 torr

Same CO: adsorption experiments were carried out with 4-4 wt% Ni-Co/Al203-900°
catalyst in order to see the effect of cobalt loading. Same adsorption behaviors were
observed as shown in Figure 33, suggesting that the type of metal loaded on the
catalyst did not show any significant effect on the CO2 adsorption behavior. It was
concluded that CO2 adsorbed mainly on the support of Ni/Al203-900 and Ni-
Co/Al203-900 catalyts prepared by incipient wetness impregnation.

5 4-4 wt % Ni-Co/Al,O3 bimetallic catalyst was only used in the DRIFTS experiments. The metal
loading for the Al,O; supported bimetallic catalyst is 8-4 wt % Ni-Co in all other parts.
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Figure 33. DRIFT spectra of CO2 adsorption on
Ni-Co/Al203-900 with increasing temperature at 500 torr

DRIFT spectra of CO2 adsorption on Ni/Al203-900 and Ni-Co/Al203-900 at 500 torr
with increasing temperature are given in larger scale in Figure 34 to better
understand the influence of temperature. As shown in the Figure, the intensity of all
bicarbonates (seen between 1228-1655 cm™) decreased with increasing temperature.
When temperature reached to 400°C, the bands at 1229 cm™ and 1654 cm™ had
almost disappeared. On the other hand, the band at 1444 cm™ was still much in
evidence. This suggests that the bands at 1229 and 1654 cm™ corresponds to a
weaker form of bonding than the band at 1444 cm™ which is in agreement with the

literature reported before [91].
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Figure 34. Comparison between the DRIFT spectra of CO2 adsorption on
Ni/Al203-900 and Ni-Co/Al203-900 at 500 torr

One interesting result seen in Figure 34 is about the peaks at 2858, 2928 and 2960 cm™.

Their positive intensity is barely seen at room temperature in the larger scale sketch. On

the other hand, their negative peaks become visible at 100°C and more prominent with

increasing temperature.



Rege and Yang studied the adsorption of H20 on y-Al203 [96]. They observed a
broad band in the region of 2800-3500 cm* and assigned as hydrogen-bonded OH
stretching vibrations. The nature of isolated OH groups on low index planes of
transition aluminas has been investigated by infrared spectroscopy in the past [97].
Casarin et al. [97] classified them as the followings by utilizing these studies: “(i)
OH groups coordinated to a single tetrahedral AIP* site; (ii) OH groups coordinated
to a single octahedral APP* site; (iii) OH groups bridging a tetrahedral and an
octahedral site; (iv) OH groups bridging two octahedral sites; (v) capped OH groups,
that is, contemporary bridging three octahedral sites.” By taking into consideration
these studies, the peaks seen at 2858, 2928 and 2960 cm™ were also attributed to OH
stretching vibrations of Al20s. Since there are different kinds of surface OH groups,

their vibrations can also be seen at different wavenumbers.
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Figure 35. DRIFT spectra of CH4 adsorption on Ni/Al203-900
with increasing temperature at 500 torr
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DRIFTS study of CH4 adsorption on Ni/Al203-900 resulted in the spectra belonging
to only gas phase CHa contribution centered at 1305 and 3015 cm™ (Figure 35)
[48,98]. This was due to the fact that the catalyst could not be reduced at 400°C.
CHa can be activated as long as the active component is in metallic state. Takenaka
et al. made a comparison between the performances of nickel catalysts supported on
various supports, such as SiO2, TiO2, MgO/SiO2, MgO, SiO2/Al203, Al20s and
graphite in methane catalytic decomposition [99]. While SiO2, TiO2 and graphite
supported catalysts exhibited high activity and stability, Al20s, MgO and SiO2-MgO
supported ones were not active under the same conditions. They proved further by
means of XRD and Ni K-edge XANES/EXAFS that nickel was present in metallic
state in the active catalysts, while it formed oxide compounds with the components

of the support in the inactive catalysts.

4.2.2.6 Microcalorimetry

The energetics of carbon dioxide adsorption on commercial Al203, Al203-900,
Ni/Al203-900 and Ni-Co/Al203-900 was studied by means of microcalorimetry. As
shown in Figure 36, CO2 was strongly adsorbed on all of the samples. The
adsorption characteristics were not influenced by the metals indicating that CO2
adsorbed on alumina. Differential heat of CO2 adsorption displayed a sharp decrease
which could be ascribed to the saturation of high energy sites. Further differential
heat of carbon dioxide was observed until reaching the saturation coverage. Rosynek
assigned the surface of y-Al203 to be heterogeneous in its interaction with CO2
which was shown by a decline in its heat of adsorption with increasing coverage and
by conformity of CO: adsorption isotherms to the Freundlich equation at low
coverages [100]. The carbon dioxide adsorption capacity of commercial alumina
was higher than that of Al203-900, Ni/Al203-900 and Ni-Co/Al203-900 as seen in
Figure 36 and 37. High temperature heat treatment resulted in a decrease in carbon

dioxide adsorption capacity.
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4.2.3 Dry reforming reaction results

Dry reforming of methane was performed with the synthesized catalysts as described
in Section 3.1.1. CO2 conversion, CH4 conversion, Hz yield and CO yield were

examined by using the following equations.

. CH4il’l- CH40ut (19)
CHa conversion: Xcy,= ClLin
4
, COz2 in — CO2 out
CO2 conversion: Xcq, = COzin (20)
. _ H,out (21)
H2 yield: YHz_ 2 x Cl,in
COout 22
COyield: Y (22)

cO™ CO,in + CH,in

Comparison of CH4 and CO2 conversion over the catalysts calcined at 700°C are
given in Figure 38. While Ni/Al203-1-700-pellet and Ni-Co/Al20s-1-700-pellet
provided comparable activities during the first 90 minutes of the reaction, Ni-
Co/Al203-1-700-pellet started to lose its activity after then. On the other hand,
Ni/Al20s3-1-700-pellet preserved its stability during the five hour reaction period.
The activity of Co/Al20s3-1-700-pellet was lower than the other two catalysts.
Although a reduction peak for Co/Al203-1-700 could not be seen in TPR profile, it
showed quite a high activity and preserved its stability. As remembered, there was a
negative baseline shift in TPR profiles of all the samples investigated. There could
have been a small Hz consumption peak for Co/Al20s-1-700 which could be

suppressed due to the negative baseline shift.
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Figure 38. Comparison of CH4 and CO2 conversion versus time on stream over the

catalysts calcined at 700°C, Ni/Al20s-1-700-pellet
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Ni-Co/Al203-1-700-pellet #, (Reaction conditions: 700°C, 1 atm)
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Figure 39. Comparison of Hz and CO yield versus time on stream over the catalysts
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The time dependent Hz and CO yield of the catalysts calcined at 700°C are given in
Figure 39. Carbon monoxide yield was higher than hydrogen yield for all the
catalysts because of the RWGS reaction. While the Hz yield was comparable for
Ni/Al203-1-700-pellet and Ni-Co/Al203-1-700-pellet for the first 200 minutes of the
reaction, the latter started to lose performance after then. In terms of CO yield,
Ni/Al20s-1-700-pellet showed the best performance and stability, while Ni-
Co/Al203-1-700-pellet exhibited a diminishing performance with some deviations.
As in the case of conversions, Co/Al20s-1-700-pellet yielded lowest amount of H2
and CO.
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As for H2/CO ratio Ni/Al203-1-700-pellet exhibited the most stable performance. Ni-
Co/Al203-1-700-pellet also exhibited comparable behavior with the nickel loaded
catalyst except for the some higher points which resulted from the deviations seen in
the CO yield profile. H2/CO ratio was the lowest for Co/Al203-1-700-pellet as seen
in Figure 40. While H2/CO ratio was higher than 0.8 for Ni/Al203-1-700-pellet and
Ni-Co/Al203-1-700-pellet, it was lower than 0.8 for Co/Al20s3-1-700-pellet catalyst.

In order to understand the effect of calcination temperature, performances of the
catalysts calcined at 900°C were also investigated. The time dependent CHs and
CO2 conversion over the catalysts calcined at 900°C are given in Figure 41.
Ni/Al203-1-900-pellet exhibited the best performance in terms of CHs4 and CO:2
conversion amongst the catalysts calcined at 900°C. While Ni-Co/Al203-1-900-pellet
showed almost the same stability with Ni/Al203-1-900-pellet during the first 70
minute of reaction, it exhibited a decrease after then, but preserved its stability up to
the end of the reaction. Co/Al203-1-900-pellet was almost inactive in carbon dioxide
reforming of methane reaction and the production of Hz and CO was insignificant.
The reducibility of the y-Al203-supported Co catalysts decreased with increasing
calcination temperature due to the formation of the less reducible Co2AlO4 and
CoAl204 [88]. It was concluded that Co/Al203-1-900 was mostly in the form of
C02Al04 and CoAl204 which could not be reduced at the reduction temperature and
hence did not show activity in CO2 reforming of CHa reaction. CO yield was higher
than that of Hz as in the case of 700°C calcination temperature which was again due
to the simultaneous RWGS reaction (Figure 42). As a result H2/CO ratio was below
one for Ni/Al203-1-900 and Ni-Co/Al203-1-900 (Figure 43). Except for Co/Al20s-I,
Ni/Al20s-1 and Ni-Co/Al20s-1 catalysts provided comparable activities during the

entire period of study irrespective of the calcination temperature.

73



CH, conversion
© o o o g
N B (o] oo o

o
o

0 50 100 150 200 250 300
Time (min)

CO, conversion
© o o o g
N ~ (o] oo o

o
o

CH, conversion
© o o o g
N B » oo o

o
o

MAAAAAAAAA AAL
0 50 100 150 200 250 300

CO, conversion
© o o o p»
N B » oo o

o
o

©c o o Bk
> o o o

CH, conversion

©
(V)

0.0

Time (min)
LAAA

7 AAAAAAAAAL

0 50 100 150 200 250 300
Time (min)

©c o o Bk
> o o o

CO, conversion

©
(V)

0.0

0 50 100 150 200 250 300
Time (min)
AAAAAALAAA, _AA
0 50 100 150 200 250 300
Time (min)
| S VYV VYVIN

0 50 100 150 200 250 300
Time (min)

Figure 41. Comparison of CH4 and CO2 conversion versus time on stream over the

catalysts calcined at 900°C, Ni/Al203-1-900-pellet
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Figure 42. Comparison of Hz and CO yield versus time on stream over Ni/Al2O0s-I-
900- pellet # and Ni-Co/Al203-1-900-pellet &, (Reaction conditions: 700°C, 1 atm)
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Figure 43. Comparison of H2/CO ratio versus time on stream over Ni/Al20s-1-700-
pellet # and Ni-Co/Al20s-1-700-pellet 4 (Reaction conditions: 700°C, 1 atm)

In addition to the pellet form, the catalysts in powder form were also investigated in
dry reforming of methane reaction. Powder form of the catalysts calcined at 900°C
exhibited very high CH4 and COz2 conversion (Figure 44). Accordingly the H2 yield
and CO vyield were very high, being the CO amount slightly higher than H2 amount
due to the RWGS reaction (Figure 45 and Figure 46). Although the catalysts were in
powder form, no instability or clogging were observed for the catalysts calcined at
900°C.
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Figure 44. Comparison of CH4 and CO2 conversion versus time on
stream over the catalysts calcined at 900°C, Ni/Al203-1-900-powder #
Ni-Co/Al203-1-900-powder # , (Reaction conditions: 700°C, 1 atm)
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Figure 45. Comparison of Hz and CO yield versus time on stream over
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(Reaction conditions: 700°C, 1 atm)
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Figure 46. Comparison of H2/CO ratio versus time on stream over Ni/Al203-1-900-
powder @ , Ni-Co/Al203-1-900-powder ® , (Reaction conditions: 700°C, 1 atm)

In addition to the powder form of the catalysts calcined at 900°C, the powder
catalysts calcined at 700°C were also investigated in carbon dioxide reforming of
methane reaction. Ni/Al203-1-700-powder exhibited very high and stable
performance during the entire period of the study which was almost same with the

corresponding one in pellet form (Figure 38 and Figure 47).

Although Ni-Co/Al203-1-700-powder exhibited very high conversion in the first half
period of the study, clogging occured and a decrese in the flow rates of the reactants
were observed after 150 min. The CH4 and CO2 conversion could no be calculated
after the onset of clogging, because they were no longer the specified inlet flow
rates.

As remembered from Figure 44, both Ni/Al20s-1 and Ni-Co/Al203-1 exhibited stable
behavior in powder form when they were calcined at 900°C. Figure 47 proved that
while Ni/Al2Os-1 again preserved its stability during the entire period of reaction,
Ni-Co/Al203-1 losed its stability when it was calcined at 700°C.
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As it was remembered from Figures 38, the pellet form of the Ni-Co/Al20s-1 catalyst

exhibited a slight decrease in its activity when the calcination was done at 700°C.

These results suggested that when the calcination was done at 700°C, Ni-Co/Al203-1

catalyst might more prone to carbon formation than Ni/Al203-1 in the long term

reaction test.
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Figure 47. Comparison of CH4 and CO2 conversion versus time on
stream over the catalysts calcined at 700°C, Ni/Al203-1-700-powder # ,
Ni-Co/Al203-1-700-powder < , (Reaction conditions: 700°C, 1 atm)
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Figure 48. Comparison of Hz and CO yield versus time on stream over the catalysts
calcined at 700°C, Ni/Al203-1-700-powder # , Ni-Co/Al20s-1-700-powder ¢ ,
(Reaction conditions: 700°C, 1 atm)

Dry reforming of methane reaction is a highly endothermic reaction. Some reactions
were also carried out at 600°C to see the effect of temperature. The conversion
decreased with a decrease in temperature over Ni/Al20s-1-900-powder and Ni-
Co/Al203-1-900-powder as expected (Figure 49). It is also important to mention here
that the repeat experiments deviated by +10 % conversion at 600°C reaction
temperature This is interpreted as the large sensitivity to minor deviations in reaction
or pretreatment conditions. As in the case of conversion, Hz yield and CO yield were
also decreased with decreasing temperature (Figure 50). H2/CO ratio was below one
at 600°C again due to the RWGS reaction (Figure 51).
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Figure 49. Comparison of CH4 and CO2 conversion versus time on
stream over the catalysts calcined at 900°C, Ni/Al203-1-900-powder *,
Ni-Co/Al203-1-900-powder X , (Reaction conditions: 600°C, 1 atm)
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Figure 50. Comparison of Hz and CO yield versus time on stream over the catalysts

calcined at 900°C, Ni/Al203-1-900-powder

, Ni-Co/Al203-1-900-powder * |

(Reaction conditions: 600°C, 1 atm)
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Figure 51. Comparison of H2/CO ratio versus time on stream over Ni/Al203-1-900-
, Ni-Co/Al203-1-900-powder * , (Reaction conditions: 600°C, 1 atm)

powder

4.2.4 Characterization of spent catalysts

4.2.4.1 Thermal Gravimetric Analysis (TGA)

The amount of carbon deposited on the pellet-samples after being used in CO2

reforming of CHa4 for five hour reaction period was determined by TGA. More

carbon was deposited when the calcination was done at 700°C.

Both Ni and Ni-Co catalysts had almost same amount of carbon deposition when

they were calcined at 900°C. On the other hand, much higher amount of coke was

deposited on Ni-Co than Ni catalyst when they were calcined at 700°C.
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Figure 52. TGA curves in air atmosphere for Ni/Al203-1-700-pellet,
Co/Al203-1-700-pellet and Ni-Co/Al20s-1-700-pellet after being
used in reaction at 700°C for 5 hours
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Figure 53. TGA curves in air atmosphere for Ni/Al203-1-900-pellet,
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used in reaction at 700°C for 5 hours
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4.2.4.2 High Contrast Transmission Electron Microscopy (HCTEM)

The morphology of carbon formed on the surface of the catalysts after five hour
reaction at 600°C was investigated by CTEM. The electron micrographs of carbon
deposits over Ni/Al203-1-900 powder are shown in Figure 54. Octopus carbon
structure, where several fibers are growing from one nickel crystal are seen on large
nickel particles. Although very scarce, octopus type carbon formation was reported
in literature before. Bernardo et al. [101] reported that carbon formation on Ni-
Cu/SiO2 catalyst during methane decomposition was mostly in the form of whisker.
Copper content did not alter the form of carbon up to a threshold value,
corresponded to 80 %. On the other hand, the carbon deposited on 80% copper
sample showed an unusual structure having a variety of amorphous carbon filaments
connected to the identical metal particle which were called as octopus carbon.
Rostrup-Nielsen [102] also observed octopus carbon on Ni catalysts with high
sulphur coverage after being exposed to CHa4/H2 mixtures. Ermakova [103] reported
octopus carbon nanotube growth formed on Fe/Al203 catalyst upon exposure to high
purity methane. Pham-Huu et al. [104] observed octopus-like formation of carbon
nanofibers over Ni catalyst supported on graphite microfibers upon decomposition
of ethane/hydrogen mixture. Rass-Hansen et al. [105] observed that large particles
around 100 nm in K-doped Ni/MgAl204 catalyst resulted in octopus carbon structure
during ethanol steam reforming. In addition to the octopus type of carbon,
filamentous carbon in the form of carbon nanotubes are seen on the small nickel

particles (Figure 54).

Figure 55 shows the filamentous carbons of nanotubes and nanofibers with varying
diameters over Ni-Co/Al2Os catalyst. No octopus carbon was observed over this
catalyst. The surface properties and thus the catalytic performance of bimetallic
catalysts can be explained in terms of a change of the surface ensemble structures
[106]. The presence of cobalt may suppress octopus carbon growth by breaking

nickel ensembles.
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Figure 54. HCTEM of Ni/Al203-1-900-powder after
being used in reaction at 600°C for 5 hours
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Figure 55. HCTEM of Ni-Co/Al20s-1-900-powder after
being used in reaction at 600°C for 5 hours
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4.2.5 Source of Coke Determination Reactions and Characterization Results

As mentioned before, the catalyst deactivation during dry reforming of methane is
caused by carbon formation [1,28,29], sintering at high temperature [30,31] and
oxidation of metallic sites [32,33]. Although in literature it is agreed that the primary
cause of catalyst deactivation is carbon formation, there are disagreements existing

on the origin of coke which can come from CHs and CO:a.

The clarification of this issue is necessary in terms of understanding the mechanism
of carbon formation with the aim of reactor design and catalyst design which can
prevent the accumulation of coke. For this aim, reaction tests were carried out with
13CO; and '?CHs over Ni/Al20s-1-powder catalysts and the used catalyst was
characterized by *C solid state NMR spectrometer. To the best of our knowledge,
there has been no study on the characterization of the used catalyst by 3C solid state
NMR for the determination of coke origin in dry reforming of methane reaction.

Since 3CO2 was limited, reaction conditions were first prepared with 2CO. and
12CH,4 to deposit carbon in short time. Before the reaction, the samples were reduced
with flowing 50 sccm Hz/Argon (2/3) mixture at 700°C for 1h. The weight gain of
the catalysts after 10 minutes reaction at 600°C under 10 sccm CO2 and 10 sccm
CHas diluted in 30 sccm Ar was determined as 1.9% for Ni/Al203-1-900-powder and
2.6% for Ni/Al203-1-700-powder. Since these quantities are low, it is difficult to
detect them in NMR. For this reason it was decided to change the flow rate of the
reactants which could result in considerable amount of coke in a small period of
reaction. This time the reaction was carried out at 600°C for 10 minutes under 30
sccm CO2 and 30 sccm CHa without using diluting gas. The weight gain of the
Al203 supported catalysts after 10 minutes reactions at 600°C under 30 sccm COz2
and 30 sccm CHa without using diluting gas are given in Table 9. It was determined
to continue with the catalysts calcined at 700°C in coke determination reactions due

to their higher carbon depositing tendency.
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Table 9. The weight gain of Al2O3 supported powder catalysts after being used
in the reaction at 600°C for 10 minutes under 30 sccm CO2 and 30 sccm CH4

Catalyst Weight gain (%0)
Ni/Al203-1-900-powder 35
Ni-Co/Al203-1-900-powder 1.1
Ni/Al203-1-700-powder 11.7
Ni-Co/Al203-1-700-powder 8.4

Reaction tests were done over Ni/Al203-1-700-powder catalyst with varying

CH4/CO2 ratios so as to determine the source of carbon. The carbon amount

increased with increasing CHa4 ratio as seen in Figure 56, indicating that CH4 could

be the main source of carbon formation in dry reforming of methane reaction.
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Figure 56. The effect of CH4/COz2ratio in the input stream on
a) amount of carbon deposition b) type of carbon deposition
over Ni/Al203-700-powder after being used in the reaction at 600°C for 10 minutes
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The stoichiometry of dry reforming reaction is 1 to 1 for CO2 and CH4. A high
CHa4/COz2 ratio in the feed mixture is regarded as a harsh state for this reaction.
When this ratio is higher than 1.0, CH4 becomes excess. If the reaction mixture does
not have sufficient oxidant (CO2), the produced carbon will deposit on the catalyst
surface and lead to deactivation. As a result, the higher the methane/carbon dioxide
ratio, the harsher the reaction conditions for dry reforming [72]. Yang and Papp
studied dry reforming of CH4 at 800°C over Pt/MgO with a feed ratio of CH4/CO2
1.0 and 2.0. Both the ESCA and the CO2-TPSR results of the spent catalysts
indicated that more carbon was formed on the catalyst having the higher CH4/CO2
ratio [72].

Amongst the potential coke depositing reactions, methane decomposition and carbon
monoxide disproportionation have generally been regarded as carbon deposition
reactions in literature. Methane decomposition is endothermic whereas carbon
monoxide disproportionation is exothermic. In the review article of Papadopoulou
[1], CH4 decomposition is reported to be predominating at temperatures higher than
700°C and CO disproportionation at temperatures lower than 600°C. The extent of
their contribution to carbon formation depends on operating conditions and catalyst
composition [1].

York et al. [2] studied the rate of carbon deposition from pure methane and carbon
monoxide over a supported nickel catalyst at different temperatures, showing that
both CO disproportionation and CH4 decomposition are catalysed by nickel, but to
changing extents depending on the reaction temperature.

Although the TGA results give the impression that CHs decomposition is the
primary reason of carbon formation, the thermodynamics indicate that CO
disproportionation should also have an impact on carbon deposition at 600°C. The
methane conversion and H2/CO ratio were also calculated at the fifth minute of

reaction as shown in Figure 57.
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Figure 57. Effect of the CH4/CO:z ratio in the input stream on
a) CH4 conversion and b) H2/CO ratio

It was observed that while methane conversion decreased steeply at CH4/CO2<1, it
did not change considerably at CH4/CO2>1 where CO: is the limiting reactant. If
CHa was the sole source of carbon by its decomposition, the conversion of CHa
would have increased steadily, but it did not. This gave the clue that CH4 was not

only component responsible for carbon formation.

In their thermodynamic equilibrium study on the multi-reaction system for CO:2
reforming of CH4 regarding the reactions taking place in carbon formation based on
direct minimization of Gibbs free energy method, Nikoo and Amin [107] showed
that CH4 conversion increases with CO2/CHjs ratio suggesting that CO2 gas being a
soft oxidant has a beneficial influence on CHa4 conversion in the temperature range
of interest. This beneficial influence is more noticeable at temperatures lower than
700°C; hence, addition of more CO2 to CH4 results in a higher activity for CH4

molecules.
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Braga et al. [108] investigated the effect of CH4/CO2 molar ratio (0.25, 2.125 and
4.0) on dry reforming of methane by using Ni/SiO2. While CHas conversion
decreased with an increase in CH4/CO:z ratio at 700°C and 800°C, a maximum was
observed at a CH4/COz ratio of 2.125 at 600°C reaction temperature.

Although TGA results showed that the carbon deposition increased with an increase
in CHa, the reaction tests were carried out over Ni/Al203-700 with *CO2 with the
idea of COz2 could also have a role in coke formation by taking into consideration the
CHa conversion and the thermodynamics. The deposited coke was characterized by
solid state NMR in UC Berkeley, Department of Chemical and Biomolecular
Engineering. As shown in Figure 58, the deposited coke not only comes from CHa,
but CO2 has also a significant role in carbon formation.
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Figure 58. *°C NMR spectra of the coke deposited on Ni/Al203-1-700-powder

after being used in the reaction at 600°C for 10 minutes under
30 sccm 3CO2 and 30 sccm CHa
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Our conclusion is consistent with the deductions made by Tsipouriari and Verykios
[5], Lemonideu et al. [74], Kroll et. al. [75], and McFarlane et al. [76] in terms of
showing that both reactants take place in carbon formation during dry reforming of
methane. Further NMR studies are in progress to exhibit the quantitative role of CO2
in coke deposition over Ni/Al203-1-700-powder catalysts which were used in dry

reforming reaction with varying CH4/*3CO:z ratios.

The effect of CH4/CO2 ratio on the morphology of the spent catalysts was
investigated by HCTEM. Figure 59, 60 and 61 shows the HCTEM of Ni/Al203-700
catalyst after being used in the reaction at 600°C for 10 minutes with 3CO2/*2CHa
ratios of 10/50, 30/30 and 50/10 respectively. Besides scarce amount of long straight
filaments with elongated nickel particles inside, most of the deposited carbon is in
the form of short and thick filaments (thicker-walled tubes with narrow inner
channels) which are rolled up into shapeless tangles in Figure 59 where the CH4
ratio was highest. Carbon filaments entangled one another are again seen in Figure
60 but the intensity of which decreased compared to the ones seen in Figure 59. No
carbon filaments were observed over the sample treated with the lowest CHa ratio
(Figure 61). Some carbon in the form of encapsulating type was detected in that

case.
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Figure 59. HCTEM of Ni/Al203-1-700-powder catalyst after being used
in the reaction at 600°C for 10 minutes with 3CO2/*2CHj ratio of 10/50

As remembered, the electron micrographs of carbon deposits obtained after the
reaction at 600°C for 5 hours exhibited octopus carbon structure. On the other hand,

no octopus carbon was observed on any of the samples after 10 minutes reaction.
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Figure 60. HCTEM of Ni/Al203-1-700-powder catalyst after being used
in the reaction at 600°C for 10 minutes with 13CO2/*2CHj ratio of 30/30
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Figure 61. HCTEM of Ni/Al203-1-700-powder catalyst after being used
in the reaction at 600°C for 10 minutes with 3 CO2/*2CHj ratio of 50/10

4.3 Conclusions

Al203 supported Ni, Co and Ni-Co catalysts were synthesized via incipient wetness
impregnation method for dry reforming of methane reaction. To see the influence of
calcination temperature, the catalysts were prepared by calcining at two different
temperatures, 700°C and 900°C. Addition of Co to the Ni-based catalyst resulted in
the increased metal-support interaction.

In situ-DRIFTS study of CO2 adsorption on the catalysts resulted in bicarbonate
formation and were assigned to the bending, symmetric stretching and asymmetric
stretching vibrational modes on y-alumina. The energetics of carbon dioxide
adsorption was studied by means of microcalorimetry. The adsorption characteristics

were not influenced by the metals indicating that CO2 adsorbed on alumina.

Catalytic tests were conducted at 600°C and 700°C. The activity of Co/Al20s-1 was
lower than those of Ni/Al20s-1 and Ni-Co/Al20s3-1 catalyst. While doing the
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calcination at 700°C or 900°C did not really affect the catalytic performance of
Ni/Al20s-1 and Ni-Co/Al20s-1 catalysts, it had significant influence on the
performance of Co/Al:Os3-1 catalyst. Ni/Al203-1 and Ni-Co/Al20s-1 catalysts
provided comparable activities. Both Ni and Ni-Co catalysts had almost same
amount of carbon deposition when they were calcined at 900°C. On the other hand,
much higher amount of coke was deposited on Ni-Co than Ni catalyst when they

were calcined at 700°C.

The electron micrographs of carbon deposits over Ni/Al20s-1-900 exhibited octopus
carbon structure, where several fibers are growing from one nickel crystal. No
octopus carbon was observed over Ni-Co/Al203-1-900 catalyst. The presence of

cobalt may suppress octopus carbon growth by breaking nickel ensembles.

13C NMR characterization of the deposited coke revealed that coke not only came

from CHa4, but CO2 had also significant role in carbon formation.
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CHAPTER 5

DRY REFORMING OF METHANE ON Al;0O3 SUPPORTED Ni
CATALYSTS PREPARED BY POLYOL METHOD

5.1 Introduction

Polyol method has gained great attention recently in preparation of Ni nanoparticles
[109-113]. It is an efficient, easy and cheap method for the reduction of a huge
amount of metallic powder with a uniform shape and size [111 and references
therein]. This process uses poly-alcohol as both solvent and reducing agent for the
production of nanoparticles from the metallic precursor [113 and references therein].
Different polyols, such as ethylene glycol, diethylene glycol, tetraethylene glycol,
propylene glycol, trimethylene glycol and butylene glycol can be used to achieve the
reduction process [111-112]. There are several factors affecting the properties of
nanoparticles acquired by the polyol method, as the type of precursor [111], the type
of polyol [112], the reaction time [110] and temperature [114], pH [115,116], the
presence of protective agent [113,117] and the utilization of an extra-reducing agent
[113].

Noble metals such as Au, Ag and Pd can be synthesized by polyol method under
neutral or even acidic conditions. On the other hand, enough alkalinity is required
for reducing Ni?* because of its lower oxidation potential [115]. Bai et al. showed
the great effect of alkalinity on the morphology of the resulting Ni powders in polyol
process by obtaining metallic nickel powders with various morphologies including

microspheres, icosahedra and flowerlike clusters at different pHs [115].

Carroll et al. [112] studied the effect of polyol type in the nucleation and growth of
copper and nickel nanoparticles. The reduction of nickel and copper salt precursors

(acetate, hydroxide and chloride salts) dissolved in different polyols (propylene
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glycol, ethylene glycol, tetraethylene glycol, diethylene glycol, and butylene glycol)
under both refluxing and distillation conditions were studied. With the exception of
NiClz in EG, the product was elemental nickel for all the nickel precursors under
distillation and refluxing conditions. NiClz could not be totally reduced to elemental
nickel even after 36 h at reflux which was most probably because of the improved

stability of Ni(EG)s hydrated intermediate complex.

Ung et al. [118] synthesized Co-Ni and Co nanoparticles by reducing nickel and
cobalt acetate mixtures in NaOH solution in 1,2-propanediol. Co-Ni composition
and the basicity of the medium are shown to be two important parameters on which
the particle shape depended strongly. For the samples abundant in cobalt,
agglomerated rods, nanowires and platelets were seen when sodium hydroxide
concentration was increased in the range 0-0.2 M. For CosoNiso composition and
sodium hydroxide concentration in the range 0.1-0.18 M, nanodumbbells were
formed the shape of which strongly depended on the basicity. While long dumbbells
were observed for the lowest sodium hydroxide concentration, short dumbbells and

diabolos were obtained for the highest sodium hydroxide concentration

Couto et al. [113] synthesized nickel nanoparticles in air by a modified polyol
process, using nickel chloride as precursor, PVP as protective agent and sodium
borohydride as reducing agent. The presence of PVP was shown to be necessary to
inhibit the aggregation and growth of nanoparticles. High homogeneous and stable

dispersions of PVP-coated nickel nanoparticles were acquired by using ethylene

glycol.

Singh et al. [119] synthesized almost spherical nickel nanoparticles in non-aqueous
environment using PVP as a surfactant and hydrazine hydrate as reducing agent. The
nickel particles were fcc in their cystal structure and monodisperse within the PVP
matrix with an average size about three nm. The synthesized nickel nanoparticles

showed superparamagnetism behavior.
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Chou and Huang [114] investigated the synthesis of nanosized nickel colloids by
using nickel chloride as precursor, hydrazine as reducing agent and palladium as
nucleation agent. Nickel with a high purity could be acquired when the temperature
was higher than 80°C. On the other hand, nickel hydroxide was also present in its
precipitate form at a lower temperature. The starting concentration of nickel ion was
shown to be the most important element influencing the crystallite size of
precipitates. On the other hand, the quantity of PVP and the reaction temperature
had only negligible effects. The presence of PVP could not prevent agglomeration of
Ni particles into micron sizes. However, if polyacrylic acid was supplemented
instantly after the reaction, nickel colloids could be stabilized in the nanometer

range.

Viau et al. [120] synthesized CoxNiwo-x particles with tailored morphological
characteristics by reduction from metallic salts dissolved in 1,2-propanediol.
Heterogeneous nucleation using Pt as nucleating agent enabled them to synthesize
spherical, non agglomerated particles in the submicrometer to nanometer-size range
with a narrow size distribution. In the 200-500nm range, the XRD pattern of
CoxNi1o0-x particles only depended on composition: a fcc phase was always observed
either as a single phase for x<35 or as the main phase with a second hcp phase for
x>35.

Nouneh et al. [121] synthesized nickel nanoparticles successfully and attached them
on indium tin oxide substrate by two separate routes: from solution reduction
method by using NaBHj4 as reducing agent in the presence of PVP as stabilizing and
protective agent and by polyol method under ethylene glycol as a solvent. While the
samples synthesized in aqueous solution exhibited the formation of fcc metallic
nickel nanoparticles with a medium diameter of ~31nm and good size dispersion,

the ones prepared in ethylene glycol displayed big size ~150 nm.
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Roselina et al. [110] presented an easy and quick synthesis way of nickel
nanoparticles at nearly 180°C in a mixture containing ethylene glycol and hydrazine
as reducing agent. They studied the effect of reaction time on the Ni nanoparticles
that was produced with advantages of facile and rapid synthesis without using any
other protective agent such as polyvinylpyrrolidone, polyvinyl alcohol, oleic acid
and cetyltrimethyl ammonium bromide. XRD showed that the reduction of Ni?* to
metallic Ni could be accomplished completely in 15 minutes. XRD also exhibited
that the synthesized nanoparticles were purely metallic nickel with fcc crystal
structure. Reaction time was shown to have a critical role in changing particle size.
Particles with a mean size ranging between 1 and 175 nm could be synthesized by

controlling the reaction time.

Instead of traditional methods requiring high calcination temperatures Bayrakdar et
al. [117] proposed an alternative way for the synthesis of nanosized Ni/Al20s3
catalysts. They prepared stable PVP-protected Ni/Al203 catalysts having nickel
amount ranging between 5.4 and 7.4 wt. % without doing calcination. Metallic
nickel was acquired with peaks at 44.3° (111), 51.6° (200), 76.4° (220). Any peaks
of NiO, NiAl204 or Ni(OH)2 were detected among the synthesized catalysts.

In this part of the study, polyol process as an alternative to conventional preparation
methods was employed to obtain 10 wt % (nominal) Ni/Al2O3 catalysts in the
presence of PVP (polyvinylpyrrolidone) as stabilizer and ethylene glycol as both
solvent and reducing agent. Catalysts with different PVP/Ni ratios were acquired.
Since literature survey showed that metalic nickel could be obtained during the
synthesis in polyol process, the performances of the as-prepared catalysts were
evaluated for carbon dioxide reforming of methane at 600°C and 700°C without

making a reduction step before the reaction.
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5.2 Results and Discussion

5.2.1 Characterization of fresh catalysts

5.2.1.1 X-Ray Diffraction (XRD) Analysis

v-Al20s powder from Alfa Aesar was used as support. As discussed in Section
4.2.1.1 XRD pattern of the as received alumina powder (Figure 17) demonstrates
that boehmite, y-Al203 and 6—Al203 phases coexist simultaneously by considering
the reference XRD patterns (Boehmite: 21-1307 JCPDS file, y-Al20s: 50-741
JCPDS file, 6—Al203: 46-1215 JCPDS file).

X-ray diffraction patterns of the synthesized catalysts show the formation of metallic
Ni as long as alkaline condition is provided regardless of the PVP amount used.
Alkalinity is not only necessary for Ni reduction, it has also great effect on both
purity and the morphology of the resulting Ni powders [115,122]. XRD pattern
shown in Figure 62 exhibits four characteristic peaks at 44.6°, 51.8°, 76.4° and 93.1°
corresponding to (111), (200), (220) and (311) Miller index planes of fcc nickel.
Although nickel can easily oxidise, peaks belonging to the oxide phase were not
seen, which may be due to the fact that the reaction was performed at appropriate

temperature and pH [119].
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5.2.1.2 Surface Area, Pore Size Distribution and Adsorption-Desorption
Isotherms

The surface area of all the catalyts was reduced significantly compared to that of the
parent pure alumina support (Table 10). While the pore volume of Ni/Al20s3-
without-PVP and Ni/Al203-PVP/Ni=2.5 catalysts was similar to that of pure
alumina, pore volume of Ni/Al203-PVP/Ni=5.0 catalyst was considerably lower
which might be due to its highest PVP content.

Table 10. Comparison of textural properties of pure
Al203 with the catalysts prepared by polyol method

Catalyst BET Surface Pore volume Average pore
area (m?/q) (cm®/g) diameter (nm)

Pure Al20s3 73.2 0.37 19.7

Ni/Al203 46.5 0.35 28.2

without PVP

Ni/Al203 54.3 0.40 27.5

PVP/Ni=2.5

Ni/Al203 50.7 0.28 19.5

PVP/Ni=5.0

The nitrogen adsorption/desorption isotherm and pore size distribution of the pure
Al203 and the synthesized catalysts are shown in Figure 63 and Figure 64.
According to the IUPAC classification all samples exhibited type Il adsorption
isotherm which is characteristic of macroporous materials and the H3-shape
hysteresis loop of the samples shows the presence of mesopores [79]. Pore size
distribution of the samples exhibits that they are mainly composed of macropores
(pore diameter>50 nm in diameter) in addition to the mesopores (2nm<pore

diameter<50 nm).

105



Ni/Alumina-PVP/Ni=5.0 - Des.

Ni/Alumina-without PVP - Des.
Ni/Alumina-without PVP - Ads.

Quantity adsorbed (cm?/g STP)

pure Alumina - Ads. e s
"‘)\/\N>< — S i

0.0 0.2 0.4 0.6 0.8 1.0

Figure 63. Comparison of nitrogen adsorption-desorption isotherms of
pure Al203 with the catalysts prepared by polyol method

5.2.1.3 Thermal Gravimetric Analysis (TGA)

The thermal analysis was performed to investigate the presence of organics on the
nanoparticles. The TGA analysis of pure ethylene glycol, pure PVP and synthesized
catalyst is shown in Figure 65. The weight loss is approximately 5%, 11% and 19%
for the catalysts Ni/Alumina-without PVP, Ni/Alumina-PVP/Ni=2.5 and
Ni/Alumina-PVP/Ni=5.0, respectively. As PVP amount was increased, the weight
loss also increased as expected.
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The derivative weight loss analysis of pure ethylene glycol, pure PVP and the
catalysts prepared by polyol method is given in Figure 66, giving idea about the
presence and quantity of PVP and ethylene glycol on the synthesized samples. Shifts
are observed in the synthesized catalysts compared to the pure PVP and pure
ethylene glycol which are attributed to the interaction between the PVP molecules

and the Ni particles; between ethylene glycol molecules and the Ni particles.
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Figure 66. Derivative weight loss analysis of pure ethylene glycol,
pure PVP and the catalysts prepared by polyol method

5.2.1.4 High Contrast Transmission Electron Microscopy (HCTEM)

The morphology and size of the synthesized catalysts were studied in more detail by
means of high contrast transmission electron microscopy. While the size and shape
of the Ni/Al20s-without-PVP and Ni/Al203-PVP/Ni=2.5 are comparable to each
other, the size of Ni/Al203-PVP/Ni=5.0 is smaller than these two.
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Figure 67. TEM of fresh Ni/Alumina-without-PVP catalyst

There are studies in literature concerning the effect of PVP on the particle size.
Ding et al. [123] synthesized water soluble polymer stabilized Fe° nanoclusters from
the reduction of Fe(lll) chloride by ammonia borane and sodium borohydride

mixture in the presence of polyethylene glycol (PEG) as stabilizer and ethylene
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glycol as solvent. They showed that increasing the amount of PEG stabilizer resulted
in the formation of bigger particles embedded in the polymer matrix.

Bayrakdar et al. [117] synthesized PVP-protected Ni nanoparticles supported on y-
Al203 by polyol method in ethylene glycol environment. They observed that particle
size decreased with increasing PVP/Ni ratio.

Couto et al. [113] reported that particle size decreased with increasing amount of
PVP for the samples prepared according to a modified polyol route, using nickel
chloride as precursor, sodium borohydride as reducing agent and PVP as protective
agent. In that study, the sytem was maintained at 140°C for 2 hour specified time
after NaBH4 was added. On the other hand, in our study each solution was kept at
the boiling point of ethylene glycol until total reduction was accomplished by
observing the color change.

Chou and Huang [114] reported that with the addition of PVP to the system, the
reduction of Ni(OH)2 to Ni metal took more time, implying that P\VP molecules
could interact with nickel precursors

Reduction period is another crucial parameter in tuning the size of the particles. Nik
Roselina et al. [110] studied the effect of reaction time on the growth of Ni
nanoparticles when all the conditions except for the reaction time were kept
constant. They concluded that particle size increased significantly with prolong of
the reaction time.

In our study, since increasing PVP ratio made the reduction process difficult, both
PVP amount and the reduction period increased at the same time. For this reason, it
is not possible to make a conclusion about the sole effect of PVP amount on the

particle size.
As shown in Figure 67 and Figure 68, the Ni/Al20s-without-PVP and Ni/Al2Os-

PVP/Ni=2.5 sample consist of spherical and cubooctahedral particles the size of
which range between 110-320 nm and 150-450 nm respectively.
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Figure 68. TEM of fresh Ni/Alumina-PVP/Ni=2.5 catalyst
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Figure 69. TEM of fresh Ni/Alumina-PVP/Ni=5.0 catalyst

The catalysts having the highest amount of PVVP and longest reduction time has the
smallest particle size ranging between 40-120 nm. The morphology of the products
revealed that in addition to the cubooctahedral particles, Ni/Alumina-PVP/Ni=5.0

catalyst also contains rod-shaped particles (Figure 69).
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5.2.2 Dry reforming reaction results

Dry reforming of methane reaction was tested over Ni/Al2Os-without-PVP,
Ni/Al203-PVP/Ni=2.5 and Ni/Al203-PVP/Ni=5.0 without making a reduction step
before the reaction. In Figure 70, comparison of time dependent CH4 and CO:2
conversions at 700°C over the catalysts synthesized by polyol method are given.
Ni/Al203-PVP/Ni=5.0 catalyst showed superior initial catalytic performance to
Ni/Al20s3-without-PVP and Ni/Al203-PVP/Ni=2.5 catalyst. On the other hand it
deactivated fastest as seen in Figure 70. The PVP polymer in high concentration
may cover the particle surface and lead to a decrease in total pore volume of
Ni/Alumina-PVP/Ni=5.0. As dry reforming reaction proceeds, carbon deposits and

may block the pores and active sites on the surface resulting in the deactivation of

the catalyst.
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Figure 70. Comparison of CH4 and COz2 conversion versus time on stream over the
catalysts prepared by polyol method, Ni/Al203-without PVP #,
Ni/Al203-PVP/Ni=2.5 #, Ni/Al203-PVP/Ni=5.0 +,

(Reaction conditions: 700°C, 1 atm, no reduction)
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Ni/Al203-without-PVP and Ni/Al203-PVP/Ni=2.5 showed a small decrease in their
activites in terms of CHa4 conversion at the initial period of reaction, but exhibited

quite high performance during the whole reaction period.

The time dependent H2 and CO vyield of the catalysts during the reaction at 700°C
are given in Figure 71. CO yield was higher than Hz yield for all the catalysts due to
the RWGS reaction. The Hz and CO yield also exhibited same behaviors as in the
case of conversion. Since CO vyield was higher than H2 yield, the H2/CO ratio was

lower than one for all the catalysts examined (Figure 72).
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Figure 71. Comparison of Hz and CO yield versus time on stream over the catalysts
prepared by polyol method, Ni/Al203-without PVP #, Ni/Al203-PVP/Ni=2.5 #,
Ni/Al203-PVP/Ni=5.0 #, (Reaction conditions: 700°C, 1 atm, no reduction)
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Figure 72. Comparison of H2/CO ratio versus time on stream over the catalysts
prepared by polyol method, Ni/Al2Os-without PVP #, Ni/Al203-PVP/Ni=2.5 #,
Ni/Al203-PVP/Ni=5.0 #, (Reaction conditions: 700°C, 1 atm, no reduction)

As mentioned before, dry reforming of methane reaction is an endothermic reaction.
The reactions were carried out also at 600°C to see the effect of temperature. The
conversion of CH4 and CO2 decreased with a decrease in temperature, as expected
(Figure 73).

One of the most striking difference between the reaction results of 600°C and 700°C
was seen for Ni/Al203-PVP/Ni=5.0 catalyst. The severe deactivation of it started
much earlier at 600°C reaction temperature. As mentioned before, CHas
decomposition and CO disproportionation have been regarded as main coke
deposition reactions during dry reforming of methane. Being exothermic, the
equilibrium constant of CO disproportionation decreases with an increase in
temperature. On the other hand, being endothermic, the equilibrium constant of CH4
decomposition increases with an increase in temperature (Figure 4). The earlier
severe deactivation of the catalyst at 600°C suggests that the main contribution to

coke formation comes from CO disproportionation.
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Figure 73. Comparison of CH4 and CO2 conversion versus time on stream
over the catalysts prepared by polyol method, Ni/Al20s-without PVP 4,
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Figure 74. Comparison of Hz and CO yield versus time on stream over the catalysts
prepared by polyol method, Ni/Al2Os-without PVP 4 Ni/Al203-PVP/Ni=2.5 & |
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H2 yield and CO vyield also decreased with decreasing temperature from 700°C to
600°C (Figure 74), as expected.
H2/CO ratio was below one at 600°C again due to the RWGS reaction (Figure 75).
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Figure 75. Comparison of time dependent H2/CO ratio over the catalysts prepared
by polyol method, Ni/Al2Os-without PVP 4 Ni/Al203-PVP/Ni=2.5 & , Ni/Al2.O3-
PVP/Ni=5.0 4 , (Reaction conditions: 600°C, 1 atm, no reduction)

5.2.3 Characterization of spent catalysts

5.2.3.1 Thermal Gravimetric Analysis (TGA)

Thermal analysis of the fresh and spent catalysts after five hour reaction at 600°C
and 700°C is shown comparatively in Figure 76. More coke was deposited on the
catalysts when the reaction was carried out at 600°C, suggesting that the major
contributor to coke formation is CO disproportionation. For both Ni/Al2Os-without-
PVP and Ni/Al203-PVP/Ni=2.5 catalysts, while the weight loss of the spent catalyst
at 600°C was higher than that of the fresh one, the weight loss of the spent catalyst
at 700°C was lower than that of the fresh one.
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Figure 76. Comparison of weight losses between the fresh and the
used polyol catalysts in the reaction at a) 600°C and b) 700°C

The comparison of derivative weight losses between the fresh and the used polyol
catalysts in the reaction at 600°C and 700°C (Figure 77) shows that the weight loss
of the spent catalysts comes from oxidation of carbon deposits, the peak temperature
of which take place in a temperature range of 626 and 645°C. The presence of PVP
makes the oxidation of carbon deposits more difficult as understood from the
positive shift in the oxidation peak temperature of the spent catalyst containing PVP
compared to the ones without PVVP (Figure 77-b).
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Figure 77. Comparison of derivative weight losses between the fresh and the used
polyol catalysts in the reaction at 600°C and 700°C

5.2.3.2 High Contrast Transmission Electron Microscopy (HCTEM)

The TEM images of spent Ni/Al20s-without PVP and Ni/Al203-PVP/Ni=2.5
catalysts after five hour reaction at 600°C show abundant filamentous carbon
growing with varying dimensions (Figure 78 and 79). In addition to carbon
nanotubes and carbon nanofibers having hollow structure, there are some fibers

which do not have hollow inside them.
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Figure 78. HCTEM of Ni/Al20s-without PVP catalyst
after being used in reaction at 600°C for 5 hours
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Figure 79. HCTEM of Ni/Al203-PVP/Ni=2.5 catalyst
after being used in reaction at 600°C for 5 hours
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5.3 Conclusions

Polyol process was employed to obtain 10 wt % (nominal) Ni/Al2Os catalysts in the
presence of PVP (polyvinylpyrrolidone) as stabilizer and ethylene glycol as both
solvent and reducing agent. Samples with varying PVP/Ni ratios were obtained. The
as-prepared products were characterized by XRD, TEM, BET and TGA. The
activities of the catalysts were evaluated for carbon dioxide reforming of methane.

X-ray diffraction patterns of the synthesized catalysts showed the formation of
metallic Ni as long as alkaline condition was provided regardless of the PVP amount
used. XRD pattern exhibited four characteristic peaks at 44.6°, 51.8°, 76.4° and
93.1° corresponding to (111), (200), (220) and (311) Miller index planes of fcc

nickel.

Dry reforming of methane reaction was carried at 600°C and 700°C without making
a reduction step before the reaction. Ni/Al203-PVP/Ni=5.0 catalyst showed superior
initial catalytic performance to Ni/Al20s-without-PVP and Ni/Al203-PVP/Ni=2.5
catalyst. On the other hand it deactivated fastest, which was attributed to the highest
PVP content of it. Ni/Al203-without-PVP and Ni/Al203-PVP/Ni=2.5 showed a small
decrease in their activites at the initial period of reaction, but exhibited quite high

performance during the whole reaction period.

The TEM images of spent Ni/Al20s-without-PVP and Ni/Al203-PVP/Ni=2.5
catalysts after five hour reaction at 600°C show abundant filamentous carbon
growing with varying dimensions. In addition to carbon nanotubes and carbon
nanofibers having hollow structure, there are some fibers which do not have hollow

inside them.
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CHAPTER 6

DRY REFORMING OF METHANE ON CeO, SUPPORTED Ni, Co and Ni-
Co CATALYSTS PREPARED BY INCIPIENT WETNESS IMPREGNATION
METHOD

6.1 Introduction

CeO2 has mostly been used as an additive promoter on Ni/Al2O3 catalysts in dry
reforming of methane reaction. These catalyst were found to provide considerably
higher catalytic activity and resistance to carbon formation compared to the
conventional Ni/Al203 [62,124-126]. These improvements are mainly due to the
redox property of ceria [127]. While it is able to release oxygen under oxygen

deficient medium, it can rapidly reoxidize under oxygen abundant medium [128].

Under dry reforming of methane conditions, the catalytic behavior of ceria is the
result of a complex series of surface reactions [1 and references therein]. CO:2
adsorption and activation occurs on Ce®*" sites with formation of CO followed by
oxidation of Ce* to Ce*", while the presence of bulk oxygen vacancies creates
additional driving force for the reduction of CO2 to CO [129]. Furthermore, ceria has
the ability of chemisorbing huge amounts of H2 to CO where the quantity depends
on physicochemical properties and thermal treatment conditions [1 and references
therein]. “In general, the redox properties of CeO: are very sensitive to the textural,
structural, and morphological properties of the catalytic system, brought about by
the preparation method, the presence of metals or metal oxide additives and the

pretreatment.” [1 and references therein]
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The following reactions between ceria and feed are probable during dry reforming of
methane process [130].

2Ce02 + CH4 «» Ce203 + CO + 2H2 (23)
Ce203 + CO2 «» 2Ce02 + CO (24)

As mentioned before, carbon can be formed due to the decomposition of CH4 and
CO disproportionation. Being a lattice oxygen supplier, CeO2 might oxidize the

solid carbon as in the following reaction [130].

2Ce02 + C(s) «» Ce203+ CO (25)
The presence of CeO2 can cause oxidation of Ni according to the below reaction.
2Ce02 + Ni «» Ce203 +NiO (26)

To investigate the probability of the above reactions, standard Gibbs-free energy

changes (AG®) were calculated and shown in Figure 80 as a function of temperature.
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Figure 80. Standard Gibbs free energy as a function of
temperature for CeO2 based nickel catalyst
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Since the gasification of solid carbon is thermodynamically favorable at
temperatures higher than 900°C, the existence of CeO:2 can suppress carbon
formation throughout dry reforming process. Furthermore, it is not probable that
CeO:2 oxidizes Ni to NiO which is less active than Ni species. On the other hand,
Ce203 probably reduces NiO to Ni, keeping Ni active for dry reforming of methane
[130].

Pure ceria was shown to be a promising candidate for CO2 reforming of CH4 due to
its resistance to deactivation [131]. While methane conversion was approximately 15
% for low surface area ceria (55 m?/g), it was about 30 % for high surface area ceria
(105 m?/g) at 900°C reaction temperature. The utilization of high surface area ceria
importantly decreased the extent of deactivation by thermal sintering when

compared to low surface area ceria.

Wang and Lu [132] tested nickel catalysts which were supported on y-Al203, CeO2
and CeO2+Al20 for carbon dioxide reforming of methane. Ni/CeO:z exhibited
considerably different catalytic behaviour from Ni/Al203 at 500-800°C temperature
range. While CHa conversion of CeO2 supported catalyst was higher than that of
Al203 supported catalyst before 600°C, opposite behavior was observed after 600°C.
Using CeO2 as a support for nickel catalysts caused a strong metal-support
interaction, which decreased the catalytic activity and carbon deposition.
Nevertheless, adding CeO:2 into Ni/y-Al.03 catalyst increased catalytic activity and
stability and also inhibited coke formation. Because CeO2 improved the dispersion

of nickel and the reactivities of carbon deposits

Asami et al. [133] examined CO:2 reforming of CH4 over nickel, cobalt, and iron
catalysts supported on cerium oxide. Ni/CeO2 was the most effective catalyst with
95% methane conversion at 850°C. Co/CeO2 showed an activity approximately
equal to that of Ni/CeO2 when reduced sufficient enough, whereas Fe/CeO:

exhibited a poor performance. Although being highly active at 850°C, Ni/CeO2
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deactivated rapidly at low temperature of 700°C. They found that high temperature
heat treatment played a key role in attaining high activity. Even though the influence
of high temperature treatment was not yet clear, the intimate contact between nickel
and CeOz2 or the variation in the number of the active sites was proposed to be the

probable reasons of high activity.

Gonzalez-Delacruz et al. [134] prepared Ni—CeO: catalysts, in a wide range of
nickel loadings (7—26%) by using combustion synthesis method for dry reforming of
methane. This new synthesis method was shown to be an easy, efficient and trusty
way of preparing catalysts with a narrow size distribution and homogeneous
dispersion over the support. The reducer/oxidizer ratio was shown to affect the
number of nickel particles and hence activity. Higher activities were obtained with
decreasing ratios of this parameter. Even though the catalsyt preserved its activity
and stability even after more than two weeks, severe coke formation in the form of

narrow and long nano-fibers was observed.

Odedairo et al. [135] prepared ceria supported nickel particles under microwave
plasma. A totally different material was obtained under microwave plasma
compared with the catalyst synthesized using conventional thermal calcinations. The
HRTEM images of the plasma treated sample revealed that the majority of the nickel
particles were arranged in an orderly way on support surface and not within the
support, resulting in a clean metal-support interface. On the other hand, the HRTEM
images of the ceria sample prepared by conventional thermal method exhibited that
nickel particles were dispersed within the ceria support. The sample treated with
plasma displayed higher activity and excellent stability than the thermally calcined
catalyst in CO2 reforming of CHas reaction. The clean metal-support interface
created by the microwave plasma treatment was reported to be the reason of higher

catalytic activity and very good stability.
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Wang et al. [136] studied CO2 reforming of CH4 over novel fibrous NiO/CeO2
catalysts to find out the effects of NiO content, crystallization temperature and gas
flow rate on coke formation. The influence of crystallization temperature and NiO
content could be ascribed to its effect on the interaction between the CeO:2 support
and NiO which importantly determined coke formation over the fibrous samples
during CO2 reforming of CHa. As the interaction became stronger, the amount of
carbon formation became lower. When the gas flow rate was increased, coke
formation rate was reduced by a large amount which was ascribed to the enhanced

radical desorption and low conversion of CHa at high gas flow rates.

Du et al. [137] studied the morphology dependence of Ni/CeO2 nanomaterials for
dry reforming of methane reaction. Ni/CeO2 nanorods exhibited much better
catalytic activity and coking resistance compared with Ni/CeO2 nanopolyhedras.
The predominately exposed planes were the extraordinary reactive {110} and {100}
planes in the CeO:2 nanorods rather than the stable {111} plane in the CeO:2
nanopolyhedra. The {110} and {100} planes exhibited big supremacy for anchoring
the nickel nanoparticles resulting in the presence of strong metal—support interaction
effect. This effect could be useful to inhibit the sintering of nickel particles

benefiting to decrease the deactivation of the catalyst.

Luisetto et al. [138] prepared Ni/CeO2, Co/CeO2 and Co-Ni/CeO2 by surfactant
assisted co-precipitation method for CO2 reforming of CHa in the temperature range
of 600-800°C. The bimetallic catalyst exhibited higher CHa conversion in
comparison with the monometallic catalysts in the whole temperature range. While
H2/CO selectivity was highest for Co-Ni/CeO2, it was lowest for Co/CeO2. They
suggested that catalytic activity was mainly related to an intrinsic feature of the
cobalt-nickel alloy. Carbon deposition resistance of Co-Ni/CeO2 and Co/CeO2 was
substantially higher than that of Ni/CeO:..
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As understood from the above literature survey, there are some studies over CeO2
supported Ni for dry reforming of methane. On the other hand, CeO2 supported Co
and Ni-Co catalysts have not been investigated in detail. In this part, a
comprehensive study on the role of cerium oxide as a support in Ni/CeO2, Co/CeO2
and Ni-Co/CeO2 was conducted for dry reforming of methane. In order to see the

effect of calcination temperature, the catalysts were calcined at 700°C and 900°C.

6.2 Results and Discussion

6.2.1 Characterization of fresh catalysts

6.2.1.1 X-Ray Diffraction (XRD) Analysis

XRD was used for the identification of bulk phase feature of the catalysts. Figure 81
and 82 shows the XRD patterns of the ceria-based catalysts calcined at 700 and
900°C, respectively. The pure ceria and the ceria supported catalysts contain CeO2
fluorite structure (JCPDS 34-0394), corresponding to the (111), (200), (220), (311),
(222) and 400) planes. As can be seen, with the increasing temperature from 700 to
900°C, a remarkable increase in the intensity of the lines due to better crystallization
of CeO2 could be noted.

Ni/CeO2-1-700 and Ni/CeO2-1-900 exhibit NiO, corresponding to (111), (200) and
(220) planes. Co/Ce02-1-700 and Co/CeO2-1-900 exhibit the diffraction peaks of
Co304, corresponding to (311), (400) and (440) planes.

Ni-Co/Ce02-1-700 and Ni-Co/Ce02-1-900 show a diffraction peak in 37-38° region
between NiO (111) and Co3O4 (311), suggesting the formation of a nickel-cobalt
alloy.
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6.2.1.2 Surface Area, Pore Size Distribution and Adsorption-Desorption
Isotherms

Textural properties of the samples calcined at 700°C and 900°C are given in Table

11 and 12 respectively.

Table 11. Textural properties of pure CeO2, Ni/CeOz,
Co/Ce02 and Ni-Co/CeO:z2 calcined at 700°C

Catalyst BET Surface Pore volume Average pore
area (m?/g) (cm®/g) diameter (nm)
Pure CeO2 40.47 0.16 13.49
calc. at 700°C
Ni/CeO2 23.78 0.12 17.35
Co/Ce02 18.92 0.10 17.80
Ni-Co/CeOz2 18.27 0.10 20.31
Table 12. Textural properties of pure CeO2, Ni/CeOz,
Co/CeO2 and Ni-Co/CeO:z2 calcined at 900°C
Catalyst BET Surface Pore volume Average pore
area (m?/q) (cm®/g) diameter (nm)
Pure CeO2 14.41 0.09 19.74
calc. at 900°C
Ni/CeO2 7.86 0.04 19.77
Co/Ce02 4.32 0.02 14.77
Ni-Co/CeO2 5.76 0.02 16.62
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As it was remembered pure CeO: support was obtained by calcination of
Ce(C2H302).1.5H20 at 700°C as well as 900°C for 3 hours. The surface area of the
CeO:2 obtained by calcination cerium acetate at 900°C was much lower than the one
obtained by calcination of cerium acetate at 900°C. Thermal treatment at higher
temperature brings about gradual sintering and crystallite growth resulting in the loss
of surface area [139]. When Ni, Co or Ni-Co was added to the support, the surface

area and the total pore volume decreased significantly.
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Figure 83. Nitrogen adsorption-desorption isotherms of pure CeOz,
Ni/CeO2, Co/CeO2 and Ni-Co/CeOz2 calcined at 700°C
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The N2 adsorption/desorption isotherm of the samples calcined at 700°C and 900°C
are given in Figure 83 and 84 respectively. According to the IUPAC classification
all samples exhibited type Il adsorption isotherm which is characteristic of
macroporous materials and the H3-shape hysteresis loops show the presence of
mesopores [79]. Pore size distribution of the samples exhibits that they are mainly
composed of macropores (pore diameter>50nm in diameter) in addition to the
mesopores (2nm<pore diameter<50 nm) (Figure 85 and Figure 86).
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6.2.1.3 Temperature Programmed Reduction (TPR) Analysis

The reducibility of the samples was investigated by TPR. Pure CeO2 showed a broad
Ce*— Ce*' reduction peak with a maximum at 450°C attributed to the surface
reduction. The second reduction peak with a maximum at 812°C was ascribed to the

bulk reduction [140,141] (Figure 87).
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Figure 87. TPR profiles of pure CeOz2, Ni/CeOz,
Co/Ce02 and Ni-Co/CeO:2 calcined at 700°C
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The reduction of CeO2 happens by means of direct dissociative chemisorption of Hz
on surface site resulting in the formation of H20 via hydroxyl groups followed by
the formation of surface oxygen vacancies and reduction of Ce** to Ce3*. This can
be shown as [141]

2Hag + 2Ce* + 07— 2Ce** + H20 + o (27)
where o is a surface oxygen vacancy. The diffusion of surface anion vacancies into
the bulk ceria happens at comparatively high temperatures making a contribution to
slow bulk reduction [141].

The first peak for the metal loaded samples corresponded to the reduction of metal
oxides. There was only one peak for bimetallic catalyst, suggesting the formation of
nickel-cobalt alloy. The ease of reducibility was in the order of Ni/CeO2 < Co/CeQ2
< Ni-Co/CeO: for the catalysts calcined at 700°C. While there was only one peak for
NiO reduction, there was a two-step reduction process for CoszOs which was
attributed to Co304 — CoO — Co°.

The most striking results seen in the TPR profiles of CeO2 supported catalysts
calcined at 700°C was the negative peak.

Laachir et al. [142] observed a negative peak in the hydrogen TPR of ceria sample
which was obtained by calcination of CeO2 (Rhone Poulenc) at 400°C. Prior to
reduction, the sample was standardised for 1 h at 400°C under oxygen flow and then
treated for 1 hour at the same temperature either under vacuum or rare gas before
cooling to room temperature. They attributed the negative peak at 617°C to the
release of CO which could originate from the reduction of carbonates existing in the
bulk of the ceria and not removed by the standardisation process at 400°C.
Rogemond et al. [143] also observed negative peaks in the hydrogen TPR profiles of
pure CeO2, Rh/CeOz2, Pt/CeO2 and Rh-Pt/CeO: obtained after calcination at 500°C.
They concluded that the negative peak could be ascribed to the evolution of Hz, CO,
and COz in the gas phase, originating from the desorption of hydrogen stored by the

solid (metal and reduced ceria) and from the reduction or decomposition of
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carbonate species existing in the bulk ceria and not removed in the course of the
pretreatment.

By taking into consideration the above studies, the negative peak might be attributed
to the desorption of fixed hydrogen by the solid during TPR.
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Figure 88. TPR profiles of pure CeOz, Ni/CeO,
Co/Ce02 and Ni-Co/CeO2 calcined at 900°C

The TPR profiles of the samples calcined at 900°C are given in Figure 88. The first
peak at about 350°C was again ascribed to the reduction of metal oxides, the ease of
which was in the order of Ni-Co/CeO2 < Co/CeO2 < Ni/CeO2. The second broad
peak, the peak temperature of which was around 800°C, was attributed to the
reduction of bulk ceria.
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The reducibility order was different for the catalysts calcined at 700°C and 900°C.
While Ni catalyst was reduced easiest at 700°C calcination temperature, its
reduction was most difficult at 900°C calcination temperature. Similarly, while the
reduction of Ni-Co bimetallic catalyst was achieved at the lowest temperature when
the calcination was carried out at 900°C, its reduction peak was observed at the
highest temperature when the calcination was carried out at 700°C. These results
made us to conclude that the interaction of the metals with ceria changed with

calcination temperature.

6.2.2 Dry reforming reaction results

The time dependent CH4 and CO2 conversion over the catalysts calcined at 700°C
are given in Figure 89. While Ni/CeO2-1-700-pellet and Ni-Co/CeO2-1-700-pellet
provided comparable high activities, Co/CeO2-I-700-pellet exhibited very low
performance. Although showing a slight decrease in activity in the first period of
reaction, Ni/CeO2-1-700-pellet and Ni-Co/CeO2-1-700-pellet preserved their
performance up to the end of the reaction. Wang and Lu [132] reported that an initial
quick (non-linear) deactivation took place over Ni/CeQ:z catalyst at 700°C. After five
hour a linear deactivation rate was seen. Asami et al. [133] also observed such
deactivation at that temperature. In their work, the initial conversion of CHs at
700°C was only 30%, and it fell rapidly to only several percentage points for 2-3
hour. We also observed such an initial deactivation in the CH4 and CO2 conversions
at 700°C reaction temperature (Figure 89), but not that much severe.

The time dependent Hz and CO yield of the catalysts calcined at 700°C are given in
Figure 90. CO vyield was higher than H: yield for all the catalysts due to the
occurrence of the RWGS reaction. Since CO yield was higher than H: yield, the

H2/CO ratio was lower than 1.0 for all the catalysts examined (Figure 91).
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Figure 89. Comparison of CH4 and CO2 conversion versus time on stream over the
catalysts calcined at 700°C, Ni/CeQO2-1-700-pellet ®, Co/CeO2-1-700-pellet + ,
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In order to understand the effect of calcination temperature, the activity of the
catalysts calcined at 900°C were also investigated for dry reforming of methane.
CHa and CO2 conversions versus time on stream over the catalysts calcined at 900°C
are given in Figure 92. When Figure 89 and Figure 92 are compared with each
other, it is seen that conversion of CH4 and CO2 decreased with the increase of
calcination temperature from 700°C to 900°C. The initial deactivation was more

severe in the case of 900°C calcination temperature.
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Figure 92. Comparison of CH4 and CO2 conversion versus time on stream over the
catalysts calcined at 900°C, Ni/CeO2-1-900-pellet &, Co/CeO2-1-900-pellet A ,
Ni-Co/Ce02-1-900-pellet &, (Reaction conditions: 700°C, 1 atm)
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Figure 93. Comparison of Hz and CO yield versus time on stream over the catalysts
calcined at 900°C, Ni/CeO2-1-900-pellet &, Co/CeO2-1-900-pellet & ,
Ni-Co/Ce0O2-1-900-pellet &, (Reaction conditions: 700°C, 1 atm)




The performance of Ni-Co/CeO2-1-900-pellet was slightly higher than that of
Ni/CeO2-1-900-pellet. Although relatively lower than the performance of their
corresponding ones calcined in 700°C, Ni/CeO2-1-900-pellet and Ni-Co/CeO2-1-900
exhibited quite high activity. On the other hand Co/CeO2-1-900-pellet did not show

any activity.
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Figure 94. Comparison of H2/CO ratio versus time on stream over the catalysts
calcined at 900°C, Ni/CeO2-1-900-pellet & , Co/CeO2-1-900-pellet 4,
Ni-Co/Ce02-1-900-pellet &, (Reaction conditions: 700°C, 1 atm)
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CO vyield was again higher than Hz yield as in the case of 700°C calcination
temperature which was again due to the RWGS reaction (Figure 93). When Figure
90 and Figure 93 are compared with each other, it is seen that yield of CO and H2
decreased with the increase of calcination temperature from 700°C to 900°C. H2/CO
ratio was below 1.0 for the catalysts calcined at 900°C because of RWGS reaction
(Figure 94).

6.2.3 Characterization of spent catalysts
6.2.3.1 Thermal Gravimetric Analysis (TGA)
The amount of carbon deposited on the samples after being used in CO:2 reforming

of CH4 was determined by TGA. The weight loss and derivative weight loss of the
spent catalysts are given in Figure 95 and Figure 96, respectively.
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Figure 95. TGA curves in air atmosphere after being used in reaction at 700°C
for 5 hours for the catalysts calcined at a) 700°C, b) 900°C
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Figure 96. Derivative weight losses after being used in reaction at 700°C
for 5 hours for the catalysts calcined at a) 700°C, b) 900°C

Although their catalytic performances were comparable, their behavior in terms of

coke deposition was different. Higher amount of coke deposited on Ni-Co/CeO:2

when the calcination was done at 700°C. On the other hand, deposited amount of

coke was higher on Ni/CeO2 when the calcination was carried out at 900°C. The

presence of two oxidation peaks in the derivative weight loss of Ni-Co/CeO2-1-700

indicates the formation of two types of carbon formation.

6.2.3.2 High Contrast Transmission Electron Microscopy (HCTEM)

The morphology of deposited carbon on the spent catalyts were determined by
HCTEM and shown in Figure 97 and Figure 98 for Ni/CeO2-1-700 catalyst and Ni-

Co/Ce02-1-700 catalyst, respectively. Abundant filamentous carbon growing with

varying dimensions are seen.
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Figure 97. HCTEM of Ni/CeO2-1-700 catalyst after
being used in reaction at 700°C for 5 hour
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Figure 98. HCTEM of Ni-Co/CeO2-1-700 catalyst after
being used in reaction at 700°C for 5 hours

As seen in Figure above, the metal particle was encapsulated within the filament for
Ni-Co/Ce02-1-700 catalyst resulting in deactivation of the active surface.
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6.3 Conclusions

Ceria supported Ni, Co monometallic and Ni-Co bimetallic catalysts were prepared
by incipient wetness impregnation method at two different calcination temperatures
(700 and 900°C) for dry reforming of methane.

TPR results showed that the interaction of metals with ceria changed with

calcination temperature.

The activities of ceria-based catalysts decreased obviously with increasing
calcination temperature. The initial deactivation was more severe in the case of
900°C calcination temperature. Although showing a decrease in activity in the first
period of reaction, Ni and Ni-Co catalyst exhibited comparable high activities at
both calcination temperatures. On the other hand ceria supported Co catalysts was

shown to be inactive for dry reforming of methane at studied reaction conditions.

Higher amount of coke deposited on Ni-Co/CeQO2 when the calcination was done at
700°C. On the other hand, deposited amount of coke was higher on Ni/CeO2 when
the calcination was carried out at 900°C. Filamentous carbon growing with varying
dimensions were seen on the spent catalysts after being used in the reaction. The
deactivation of the catalysts was attributed to the encapsulation of active metal

particles within the carbon filaments.
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CHAPTER 7

MORPHOLOGY DEPENDENT REDOX PROPERTIES OF CeO,®

7.1 Introduction

Cerium oxide and CeO2-containing materials have been investigated intensively for
the past several years as a reult of their potential applications in the fields of
electrochemistry, optics and catalysis [144-153]. Ceria is extensively employed in
three way catalysts for eliminating the toxic auto-exhaust gases [144-146]. Catalyst
based on CeO:2 have been reported to be very promising for water gas shift reaction
[147-149]. Ceria is an excellent catalyst for fuel cell anodes [150-151]. Due to its
strong absorption in the UV range, CeO: is used as UV blocking and shielding
materials [152-153].

The broad range applications of ceria is mostly due to its unique redox properties
and remarkable oxygen storage capacities [154-156]. Ceria has very good redox
properties due to the very quick reduction of Ce*" to Ce®*" associated with the
creation of oxygen vacancies [157]. It can release oxygen under reducing
atmosphere and store oxygen by filling oxygen vacancies under oxidizing

environment [158 and references therein].

Various approaches have recently been proposed to increase the redox properties of
ceria including the development of novel methodologies of preparation with
enhanced textural properties [155,159,160] and addition of small amount of dopant
metal to ceria [141,145,161,162].

® This study comprises the work done in Technical University of Darmstadt and Ruhr University
Bochum in the context of TUBITAK Inten-C project with reference number 107M447.
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Surface area has a major role on the redox properties and hence OSC of CeO:2
[145,163].

The reduction of ceria occurs mainly in two temperature regions. The first region is
300°C-600°C and attributed to surface reduction [145 and references therein]. The
second region is 700°C-1000°C and ascribed to bulk reduction [145 and references
therein]. A linear correlation was found between the surface area and the hydrogen
consumption at the low temperature region, indicating that reduction of ceria takes
place first on the surface and then progressively affects the bulk [163 and references

therein].

Morphology has also strong influence on the redox properties of ceria.
[154,155,156,159,160]. Ceria in different morphologies such as nanotubes [160],
nanowires [156], nanorods [154], microspheres [155], nanoflowers [154] and

nanocubes [159] have been synthesized and tested for different catalytic reactions.

Wu and Wang [155] synthesized novel 3D-like CeO2 microflowers and
microspheres and tested them for CO oxidation. 3D-like ceria exhibited great
superiority for favoring creation of oxygen vacancies, which in turn resulted in
higher oxygen mobility and reducibility. The catalytic activity and thermal stability
of 3D-like ceria were much better than that of CeO2 nanoparticles. They proposed
that highly active CeO2 could be acquired by turning their shapes with a high

concentration of oxygen vacancies.

Tana et al. [156] studied the redox properties and catalytic activities of ceria
nanorods, nanoparticles and nanorods for CO oxidation comparatively. While ceria
nanoparticles predominantly exposed stable {111} plane on the surface, the rod-
shaped structures mainly exposed the reactive {100} and {111} planes, resulting in
higher OSC and catalytic activity for CO oxidation. Although both the ceria

nanorods and nanowires predominately exposed the reactive {100} and {111}
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planes, ceria nanowires exhibited much higher catalytic activity than the nanorods

due to favoring to expose a big portion of these reactive planes on the surface.

Mai et al. [159] synthesized CeO2 nanorods, nanocubes and nanopolyhedras via
hydrothermal method by altering the NaOH concentration and temperature. The
synthesized samples exhibited various exposed crystal planes: {110} and {100} for
nanorods; {100} for nanocubes; {111} and {100} for nanopolyhedra. OSC tests
done at 400°C showed that while oxygen storage occurred both at the surface and in
the bulk for nanocubes and nanorods, it was limited at the surface for the
nanopolyhedra just like its bulk counterpart, because of exposure of more reactive

(100)/(110) planes for the former two catalysts.

Meher and Rao [154] prepared highly uniform CeO2 nanoflowers and nanorods by
non-hydrothermal homogeneous precipitation method. Compared to the nanoflower
sample, CeO2 nanorod was shown to be easily and highly reducible. The OSC of
nanorod was higher than that of nanoflower. CeO2 nanorod exhibited better soot

oxidation activity due to the larger CeOz/soot interface than CeO2 nanoflower.

The relationship between the oxygen storage capacity and the surface structure
associated with a specific crystalline shape for CeO2 nanomaterials lasts to be a
subject of vivid investigation and discussion [159]. In present work, a comparative
study was performed on the redox features of different kinds of ceria samples,
including commercial ceria (COC) from Sigma Aldrich (54481-25G), coprecipitated
ceria’ (CPC) and ceria fiber mats (ESC) obtained by a template directed synthesis
using electrospun PMMA polymer fibers, followed by spray coating of an inorganic

ceria sol.

" The coprecipitated ceria sample was synthesized by a master student in Ruhr University Bochum .
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7.2 Results and Discussion

7.2.1 Characterization of fresh catalysts

The BET surface areas of ESC, CPC and COC were measured as 77.4, 91.4 and
103.1 m?/g respectively. For ESC, this corresponds to the surface area after
calcination at 350°C. For CPC and COC, these are the surface areas measured after

calcination at 500°C.

The SEM images of ESC sample show mats of ceria tubes (Figure 99). The addition
of Pluronic P123 not only facilitates the formation of 1D ceria tubes, it also provides
the formation of 2D ceria film interconnecting the ceria tubes and hence generating a
network structure [61]. As it is seen in the SEM images, the dimensions of the ceria
tubes which was obtained by using electrospun PMMA fibers as templates are
varying. The shapes and dimensions of the fibers formed during electrospinning
depend upon several variables [164]. In their detailed study, Greiner and Wendorf
[164] reported these parameters as “the properties of the polymer itself (such as
molecular weight, molecular-weight distribution, glass-transition temperature, and
solubility), as well the properties of the polymer solution (such as viscosity,
viscoelasticity, concentration, surface tension, and electrical conductivity).” In
addition, vapor pressure of the solvent, relative humidity of the environment, the
features of the substrate, feeding rate of the solution, the field strength and the
geometry of the electrodes were reported to have an important effect on fiber
formation [164].
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Figure 99. Scanning electron micrographs of ceria fiber mats

7.2.2 Redox Properties of CeO2 samples

Redox experiments were performed in order to get information about the oxygen

release/storage ability of different kinds of ceria samples.

Step 1 and Step 2 were carried out to obtain a defined state. The actual OSC

measurement started with Step 3. 100 pulses of oxygen were done in Step 3.
Ce203 + 1/202(g) — 2Ce02 (28)

The equation shows the process of oxygen storage from gas oxygen to lattice oxygen
on the reduced ceria. O2 uptake values for each sample were sketched in Figure 100
and tabulated in Table 13.
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Figure 100. O2 consumption during Step 3

Table 13. Oxygen storage of ceria samples at 600°C during Step 3

Sample CcocC ESC CPC
O2 consumed (umol/g cat.) 324 438 375

As it is seen, the oxygen uptake is in the order of ESC > CPC > COC. The mats of
ceria fibers with the lowest surface area had the highest oxygen uptake value. This
phenomenon demonstrated that the OSC of the CeO2 samples depended strongly on

the morphology.

120 pulses of CO were done in Step 4.
2Ce02+ CO — Ce203 + CO2 (29)

The above equation shows the ability of the sample to release oxygen in the absence
of gaseous O2. CO uptake and CO:2 production values upon CO pulses were sketched
in Figure 101 and Figure 102 respectively.
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Figure 101. CO consumption during Step 4

There is a difference between CO uptake and CO2 production on all of the catalysts
examined (Table 14), which is called ‘carbon residual’ [161,165]. ESC is the best

catalyst in terms of CO2 production and prevention of carbon residual.
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Figure 102. CO2 production during Step 4
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Table 14. Oxygen release of ceria samples at 600°C during Step 4

Sample | CO consumed CO2 produced | Carbon residual
(umol/g cat.) (umol/g cat.) (umol/g cat.)

cocC 424 102 322

ESC 423 290 132

CPC 317 143 174

CO adsorption on ceria is a complex process during which different events can
occur:
a) CO reacts with oxygen of ceria to form CO2 [165].
b) The produced CO2 might desorb, or it may stay adsorbed on the ceria surface
in a carbonate like species [165].
¢) CO may react with OH to produce Hz2 and CO2 [165].

2CO+20H — 2CO2 + H2 (30)

d) CO may react with itself in the CO disproportionation reaction, producing C
and CO2 [165].

2CO - CO2+C @)

Since the redox experiments were done at 600°C, hypothesis ¢ can be excluded in
our case. If CO reacted with itself in the CO disproportionation reaction, there would
be CO2 production in the next reoxidation (Step 5). But no CO2 production was
detected in the next reoxidation Step. It was concluded that carbon residual species
on ceria was in the form of carbonates. The assumption seems reasonable due to the
fact that the removal of surface carbonates does not normally consume any oxygen
[165].
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Having done the reduction of the catalysts in Step 4, the samples were reoxized in

Step 5 with again 100 O pulses. Oz uptake values for each sample were sketched in
Figure 103 and tabulated in Table 15.
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Figure 103. Oz consumption during Step 5

Table 15. Oxygen storage of ceria samples at 600°C during Step 5

Sample CcoC ESC CPC
O2 consumed (umol/g cat.) 162 333 182

As it is seen the oxygen uptake is in the order of ESC > CPC > COC in Step 5 which
is the case for Step 3, but with a decreased amount.

In order to test the reproducibility of the reduction cycle, 120 pulses of CO was

again sent to the samples in Step 6 after the reoxidation (Step 5). CO uptake and
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COz2 production values upon CO pulses in Step 6 were sketched in Figure 104 and

Figure 105 respectively.
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Figure 104. CO consumption during Step 6
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Figure 105. CO2 production during Step 6
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CO uptake and CO2 production values were tabulated in Table 16 upon CO pulse in

Step 6.

Table 16. Oxygen release of ceria samples at 600°C during Step 6

Sample CO consumed CO2 produced Carbon residual
(umol/g cat.) (umol/g cat.) (umol/g cat.)

cocC 426 101 325

ESC 419 239 180

CPC 339 126 213

Comparison of the values in Table 14 and Table 16 demonstrates the reversibility of
the reduction cycle on the ceria samples. The difference between Step 4 and Step 6
can be explained by the uncertainity in the ability to calculate the areas under the

peaks.

7.3. Conclusions

Fibers of ceria (ESC) were successfully prepared by a template directed synthesis
method using electrospun PMMA polymer fibers, followed by spray coating of an

inorganic ceria sol.

02, CO pulse experiments were performed to get information about redox properties
of different kinds of ceria samples, including commercial ceria (COC),
coprecipitated ceria (CPC) and ceria fibers (ESC). The oxygen storage capacities of
the ceria samples were in the order of ESC > CPC > COC. The ceria fibers having
the lowest surface area had the highest oxygen uptake value. This phenomenon

demonstrated that the oxygen storage capacity of the CeO:2 samples depended
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strongly on the morphology. A difference was observed between the CO uptake and
CO2 production on all of the samples examined, which was called carbon residual.

ESC has shown the best performance in terms of least amount of carbon residual.
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CHAPTER 8

CONCLUSIONS

Al203 supported Ni, Co and Ni-Co catalysts were prepared via incipient wetness
impregnation method. Effect of calcination temperature was studied. Metal-support
interaction of Ni-based catalyst increased with addition of cobalt. While doing the
calcination at 700°C or 900°C did not really affect the catalytic performance of
Ni/Al20s-1 and Ni-Co/Al20s-1 catalysts, it had significant influence on the
performance of Co/Al20s-1 catalyst. Carrying out the calcination temperature at
higher temperatures was found to be more preferable in terms of carbon deposition,
especially for Ni-Co/Al20s-1 catalyst. Octopus carbon structure was observed on the
spent Ni/Al20s-1-900 catalyst. DRIFTS and microcalorimetry studies showed that
COz2 activation took place on Al203 for both Ni/Al203 and Ni-Co/Al203 catalysts.
13C NMR characterization of the deposited coke revealed that coke not only came

from CHa4, but CO2 had also significant role in carbon formation.

Polyol process was shown to be a good catalyst preparation method for dry
reforming of methane reaction. The catalysts exhibited quite high performance at
600°C and 700°C without making a reduction step before the reaction. Abundant
filamentous carbon growing with varying dimensions were observed on the TEM

images of the spent catalysts.

CeO:2 supported Ni, Co and Ni-Co catalysts were prepared via incipient method at
two different calcination temperatures. The interaction of metals with ceria changed
significantly with calcination temperature. For the same sample calcined at different
temperatures (700 and 900°C), the activities decreased obviously with increasing
calcination temperature. Ni/CeO2 and Ni-Co/CeO:2 catalyst exhibited comparable

high activities. On the other hand ceria supported Co/CeO2 was shown to be an
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inactive catalyst for dry reforming of methane at our operating conditions. Abundant
filamentous carbon growing with varying dimensions were seen on the TEM images
of the spent catalysts after being used in the reaction. Deactivation was attributed to
the encapsulation of active metal particles within the carbon filaments.

02, CO pulse experiments were done to get information about redox properties of
different kinds of ceria samples, including commercial ceria (COC), coprecipitated
ceria (CPC) and mats of ceria fibers (ESC). The oxygen storage capacities of the
ceria samples were in the order of ESC > CPC > COC. The ceria fibers having the
lowest surface area had the highest oxygen uptake value. Morphology was shown to

be the main parameter that determined the redox properties of ceria.
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APPENDIX A

EFFLUENT MOLE FRACTIONS DURING REDOX
EXPERIMENTS ON COC, ESC AND CPC
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Figure 106. Effluent mole fraction of Oz during
O2 pulse experiment on COC at 600°C (Step 3)
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Figure 107. Effluent mole fraction of Oz during
O2 pulse experiment on ESC at 600°C (Step 3)
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Figure 108. Effluent mole fraction of Oz during
O2 pulse experiment on CPC at 600°C (Step 3)
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Figure 109. Effluent mole fraction of CO during
CO pulse experiment on COC at 600°C (Step 4)
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Figure 110. Effluent mole fraction of CO during
CO pulse experiment on ESC at 600°C (Step 4)
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Figure 111. Effluent mole fraction of CO during
CO pulse experiment on CPC at 600°C (Step 4)
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Figure 112. Effluent mole fraction of CO2during
CO pulse experiment on COC at 600°C (Step 4)
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Figure 113. Effluent mole fraction of CO2during
CO pulse experiment on ESC at 600°C (Step 4)
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Figure 114. Effluent mole fraction of CO2during
CO pulse experiment on CPC at 600°C (Step 4)
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Figure 115. Effluent mole fraction of Oz during
O2 pulse experiment on COC at 600°C (Step 5)
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Figure 116. Effluent mole fraction of Oz during
O2 pulse experiment on ESC at 600°C (Step 5)
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Figure 117. Effluent mole fraction of Oz during
O2 pulse experiment on CPC at 600°C (Step 5)
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Figure 118. Effluent mole fraction of CO during
CO pulse experiment on COC at 600°C (Step 6)

193



VT TRTY IR

raction of CO during
at 600°C (Step 6)

0.06 -
g
O
@)
-
0.00 T T T T T
0 20 40 60 80
Time (min)
Figure 120. Effluent mole frac
CO pulse experiment on CPC




CO, (%)

CO, (%)

0.05

0.04

0.03

0.02

0.01

0.00

0.10

0.08

0.06

0.04

0.02

0.00

L

MWW\WMLMLHHLHMMM AR EASA BB
0 20 40 60 80 100 120
Time (min)
Figure 121. Effluent mole fraction of CO2 during
CO pulse experiment on COC at 600°C (Step 6)
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Figure 122. Effluent mole fraction of CO2 during
CO pulse experiment on ESC at 600°C (Step 6)
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Figure 123. Effluent mole fraction of CO2 during
CO pulse experiment on CPC at 600°C (Step 6)
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APPENDIX B

TESTING FOR TRANSPORT LIMITATIONS

Intraparticle mass transfer effects were investigated over Ni/Al20s-700 catalyst by
changing the particle size at constant catalyst weight, feed composition and flow
rate. It was studied at 700°C and inlet CH4/CO2/Ar=1/1/3 stream with a total flow
rate of 50 sccm. Since the conversions did not change by decreasing the particle

size, it was concluded that pore diffusion resistances were not present.
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Figure 124. The effect of catalyst particle size on CHsand CO2 conversion,
: Ni/Al203-700-pellet, #: Ni/Al203-700-powder

External mass transfer limitation was investigated over Ni/Al203-900 catalyst (0.5
mm<particle size<1 mm) at 700°C and CH4/CO2/Ar=1/1/3. The linear velocity was
changed by varying inlet flow rate and catalyst weight simultaneously at constant
contact time. As seen in Table 17 and Figure 125, CH4 conversion increased with an

increase in total flow rate from 50 sccm to 75 sccm. On the other it was not affected
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by further flow rate increase. It was concluded that 50 sccm total flow rate was not
sufficient for eliminating the film mass transfer resistance during the harsh reaction

conditions of dry reforming of methane reaction.

Table 17. The influence of flow rate on conversion at constant contact time

Catalyst CHs flow CO; flow | Argon flow CHs
weight (g) (sccm) (sccm) (sccm) Conversion
0.10 10 10 30 0.86-0.87
0.15 15 15 45 0.97-0.98
0.20 20 20 60 0.98-0.99
1.0
A 4 v 24 L 4 v
c
o
B 0.9 -
s A A A A A
c
3
<0.8 -
T
o
0.7 . . . .
0 20 40 60 80 100
Time (min)

Figure 125. Experimental evaluation of the effect of interphase mass transport
A W=0.1 g and F=50 sccm, #: W=0.15 g and F=75 sccm,
: W=0.2 g and F=100 sccm
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