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ABSTRACT
Steam reforming of hexane and benzene for hydrogen production has been carried
out on Ni and Rh catalysts at 800 oC with and without sulfur to understand the
deactivation mechanisms in steam reforming reactions and how hydrocarbon structure
affects the processes. Three catalysts were synthesized using incipient wetness
impregnation method: 2% and 10%Ni catalysts supported on 20%CeO2-modified Al2O3
(denoted as “2Ni/CeAl” and “10Ni/CeAl”, respectively), and 2%Rh catalyst supported on
the same support (denoted as “2Rh/CeAl”). The 10Ni/CeAl catalyst is the focus of the
study, and the 2Ni/CeAl and 2Rh/CeAl catalysts were used as control samples. It is found
that catalyst deactivates much faster in hexane reforming than in benzene reforming on
10Ni/CeAl with the presence of sulfur poison. Temperature programmed oxidation (TPO)
and X-ray absorption near edge structure (XANES) spectroscopy, transmission electron
microscopy (TEM), and X-ray diffraction (XRD) are used together to understand the
catalyst deactivation mechanisms and the effects of hydrocarbon structure on catalyst
deactivation.
Sulfur K-edge XANES measured and estimated the sulfur species formed on the
catalyst after steam reforming reaction. The sulfur species formed on the catalyst are the
same for benzene and hexane reforming, i.e., Ni sulfide and sulfate, which do not
correlate with catalyst deactivation once carbon starts to deposit on the catalyst.
Formation of metal sulfide is faster in hexane reforming than in benzene reforming. It is
likely that that benzene has higher reactivity with Ni, which leads to delayed sulfur
poisoning in benzene reforming.

iv
TPO measured the amounts of carbon deposits on metal and support due to their
different reactivity toward oxidation. Carbon deposition on the catalyst increases with
time in both benzene and hexane reforming. More carbon is formed in hexane reforming
than in benzene reforming. Carbon deposition locations are quite different as well. In
benzene reforming, more carbon is deposited on the metal while in hexane reforming it is
on the contrary. Carbon K-edge XANES measured the structure of carbon deposits on the
used catalysts and it is found that the carbon deposits have no significant structural
difference in benzene and hexane reforming. However, TEM analysis combined with
EDX elemental mapping revealed that there is significant structural difference between
carbon formed on the Ni and carbon on the support. Results from both reactions support a
carbon deposition mechanism, i.e., carbon is formed on the metal first, and then partially
dehydrogenated hydrocarbons formed on metal migrate over to the support to form coke
on the support.
In summary, the difference in catalyst deactivation of steam reforming over Ni
catalyst with the presence of sulfur poison for benzene and hexane reforming is well
explained by the metal reactivity with different structured hydrocarbons. The
hydrocarbons with higher reactivity (such as benzene) protects the catalyst by delaying
the formation of Ni sulfide through more competitive absorption on metal, leading to
more available Ni sites for steam reforming and gasification. Higher gasification activity
allows less carbon deposits on the metal and also less migration of partially
dehydrogenated hydrocarbons to the support, which helps maintain steam activation on
the support and stable catalyst activity for steam reforming reaction.
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Chapter 1 Introduction
1.1. Steam reforming reaction for hydrogen production
1.1.1. Importance and challenges
Modern human civilization has been running heavily on fossil fuels such as coal,
petroleum, and natural gas especially since the Industrial Revolution. Many technological
advances have since been made, bringing conveniences to human beings, and the need of
fossil fuels has been growing rapidly at the same time. Because natural resources are
limited, concerns about energy security and sustainable development have led to
increasing research efforts in using clean and renewable alternative energy sources such
as sunlight, wind, tide, geothermal heat, etc. while improvements in efficiency are
actively sought for processes using conventional nonrenewable energy sources such as
petroleum. Hydrogen production from reforming of hydrocarbons is a good example.
Every year almost 48 million metric tons of hydrogen is produced all over the
world [1]. Hydrogen can be produced from a wide range of sources such as natural gas,
naphtha, heavy oil, biomass, methanol, and coal [1–4]. A large amount of the hydrogen is
consumed in synthesizing ammonia, which is an important precursor for fertilizers [5].
Hydrogen is also heavily used in petroleum processing, for example, removing sulfur by
hydrodesulfurization and converting heavy hydrocarbons into jet fuel, diesel, and
gasoline by hydrocracking [1]. In addition to these traditional uses, due to its potential
use in high-efficient energy conversion devices such as fuel cells, the demand for
hydrogen is expected to increase substantially. Fuel cells can be used to provide energy
for transportation vehicles as an auxiliary power unit to improve the overall efficiency of
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the vehicles run on internal combustion engines and reduce harmful emissions [1], [2],
[6], [7]. Many attempts have been made for on-board hydrogen storage for hydrogen
supply [8], [9], but none is completely satisfactory so far due to difficulties for
developing reliable hydrogen storage materials. More importantly, there is no
infrastructure for hydrogen supply in transportation sector. Hence, methods for on-board
hydrogen generation are attracting more and more interests, especially via steam
reforming of hydrocarbons [2], [10], [11].
In general, there are three reforming methods to generate hydrogen: steam
reforming (reaction (1)), partial oxidation (reaction (2)), autothermal reforming (reaction
(3)). Among various hydrogen production methods, steam reforming is one of the most
economical and commonly used process for hydrogen production [1], [12].

CH4 + H2O → CO + 3H2 (steam reforming)

(1)

2CH4 + O2 → 2CO + 4H2 (partial oxidation)

(2)

2CH4 + H2O + O2 → CO + 5H2 (autothermal reforming)

(3)

For example, more than 95 % of hydrogen produced in the U.S. comes from steam
reforming of natural gas [13]. Meanwhile, partial oxidation and autothermal reforming
are also attractive hydrogen production methods due to their higher energy efficiency and
relatively lower capital cost. However, excessive heat released from the oxidation of
hydrocarbons causes problems such as rapid catalyst deactivation by coke formation. In
addition, both processes require pure oxygen supply, which increase the overall energy
production costs. In steam reforming, hydrocarbons react with steam (H2O) to form

3

carbon monoxide and hydrogen [14]. The process requires catalysts which commonly
consist of a metal oxide support and active transition metals. The produced carbon
monoxide can generate additional hydrogen via water-gas shift (WGS) reaction (reaction
(4)) [14]. Besides steam reforming and WGS reactions, other side reactions (reactions (5)
to (10)) can also take place under steam reforming conditions, which increases the
complexity of the process. Since steam reforming of hydrocarbons is highly endothermic,
the operating temperature is usually higher than 700 oC [14], [15].

CO + H2O → CO2 + H2 (water-gas-shift)

(4)

CO + 3H2 → CH4 + H2O (CO methanation)

(5)

2CO → C + CO2 (CO disproportionation)

(6)

CH4 → C + 2H2 (CH4 decomposition)

(7)

C + H2O → CO + H2 (carbon gasification)

(8)

CO2 + H2 → CO + H2O (Reverse water-gas-shift)

(9)

CO + H2 → C + H2O (CO reduction)

(10)

Steam reforming of hydrocarbons is initiated by dissociative adsorption of fuels
on a reforming catalyst and steam on its support to form atomic carbon, hydrogen, and
oxygen. Most common metal reforming catalyst is Ni for its relatively low cost, while
other precious metals such as Rh, Pd, Pt, Ru, etc are also used to improve the efficiency
of the reaction because of their superior catalytic activities [1], [16–19]. In addition,
various metal oxides have been used as support. Al2O3 is most commonly used support
due to its surface area, pore volume, and mechanical strength [20–23]. Al2O3 with alkali
promoters such as Mg, Ca, and K is known to increase the stability of reforming catalysts
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[24–26]. In addition, other metal oxides including ZrO2 [19], CeO2 [21], [27], and
TiO2[26] were also reported to improve catalytic performance in different ways.
Although natural gas is most commonly used in industrial steam reforming, more
and more research efforts have been carried out in hydrogen production from reforming
of liquid hydrocarbons for their higher energy density and readily available distribution
infrastructure [28]. Liquid hydrocarbons such as gasoline and diesel are preferred for onboard hydrogen production for potential fuel cell applications. These transportation fuels
generally contain paraffins, olefins, aromatics with various hydrogen to carbon ratios, and
small amount of organic sulfur compounds [1], [29]. Steam reforming reactions with a
variety of liquid hydrocarbons are reported in the literature [14], [18], [21], [27], [30–33].
Despite the fact that steam reforming is considered a mature technology, there are
problems that affect stable long-term hydrogen production. Firstly, sulfur in the sulfur
compounds present in hydrocarbon may end up on the reforming catalysts and “poisons”
the metal catalyst, leading to lowered catalyst activity for steam reforming reaction.
Secondly, various carbon species deposited on the catalyst during steam reforming
reaction block the active site on the metal (steam reforming and gasification) and the
support (steam activation) may further reduce the performance of the reforming catalyst.
Another factor is catalyst sintering. Under the reaction conditions, metal particles may
agglomerate, leading to loss of surface active sites. This is however not the focus of this
work.
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1.2. Catalyst deactivation mechanisms
1.2.1. Sulfur poisoning
Fossil fuels such as coal, natural gas, and hydrocarbon naturally contain sulfur
impurities. There has been continued effort to reduce these sulfur impurities as they have
negative effects on environment as well as efficiency of petroleum processing. For
instance, sulfur dioxide emission from fuel combustion in engines to power automotive
vehicles is considered a source of air pollution and can affect human health since it acts
as a precursor for acid rain and harmful particulate matter. In addition, sulfur compounds
in hydrocarbons have significant adverse effects on catalytic cracking, in which lucrative
hydrocarbons are produced from lower-value hydrocarbons, since even low amount of
sulfur can easily deactivate the catalysts [34]. Similarly, sulfur impurities in
hydrocarbons also negatively influence steam reforming process by sulfur poisoning of
reforming catalysts. Sulfur poisoning is generally known to be one of the main causes for
catalyst deactivation. Due to strong affinity of sulfur to catalytic metals [35], [36], sulfur
is easily chemisorbed on the metal surface, leading to blockage of the active sites of the
metal. Additionally, as sulfur withdraws charges from the metal in sulfur-metal bond, the
reduced number of electrons in the d orbital of the metal that is available for catalytic
activity greatly degrades the performance of the catalyst [37], [38]. Because sulfur
compounds

in

hydrocarbons

cannot

be

completely

removed

even

after

hydrodesulfurization and deep adsorptive desulfurization [34], many attempts have been
made on formulating reforming catalysts to minimize the effect of sulfur poisoning. One
way to reduce the detrimental effect of sulfur poisoning is the use of noble metal catalysts.
For example, Tomishege et al. [39] investigated the resistance of a commercial Ni-based
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catalyst and Rh/CeO2/SiO2 catalyst to sulfur poisoning in the removal of tar from
pyrolysis of cedar wood. They found from XPS analyses of the used catalysts that no
sulfur was present on the used Rh/CeO2/SiO2 catalyst while the Ni catalyst was
significantly deactivated, showing the superior sulfur tolerance of Rh. Lu et al. [32]
reported that Pt catalyst supported on Ce0.8Gd0.2O1.9 showed a high sulfur-tolerance. They
concluded that the formation of electron deficient Pt due to a strong metal-support
interaction improved the resistance to sulfur poisoning. Similar conclusions regarding
electron deficient metal sites have been drawn in other studies [35], [40–44].
Besides the studies mentioned above, new catalyst formulations by adding metal
or metal oxides have been also studied. The effect of adding metal oxide to Pd catalyst
supported on nano scale ceria has been studied by Azad et al. [45] in steam reforming of
toluene at 825 oC. Both activity and stability of Pd catalyst were enhanced when Y2O3
and CuO were added to Pd catalyst. The authors concluded that the improved activity
was attributed to increased Pd dispersion on the support, while better stability was
achieved by chemisorption of sulfur on the added metal oxides, protecting Pd from
forming Pd-S bonds. Moreover, Rh-Ni bimetallic catalysts supported on CeO2-modified
Al2O3 were studied by Strohm et al. [46]. With Rh-Ni bimetallic catalyst, they
successfully demonstrated steam reforming of JP-8 jet fuel with sulfur at 515 oC for 72
hours with conversion higher than 95 %. The sacrificial role of Ni in reducing sulfur
exposure of Rh was suggested to be the main reason for the better performance of Rh-Ni
bimetallic catalyst.
Moreover, the effect of metal oxide supports on sulfur tolerance of reforming
catalysts has been also investigated. For example, Wang et al. compared activity and
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sulfur tolerance of various monometallic catalysts and bimetallic catalyst through steam
reforming of methylcylcohexane with 20 ppm of sulfur at 580 oC [47]. They showed that
zeolite-supported Ni catalyst possessed greatly-improved activity and sulfur tolerance
compared to conventional Ni/Al2O3 catalyst. More importantly, Ni-Re/Al2O3 bimetallic
catalyst was found to be the most active and sulfur tolerant among all the catalysts tested
in the work, including other bimetallic catalysts, Ni-Co and Ni-Mo (both supported on
Al2O3). In addition to the studies mentioned above, other types of monometallic and
bimetallic catalysts supported on different metal oxides have been proposed [22], [25],
[30], [48–51]. These catalysts all showed improved activity and stability, and continued
efforts in improving catalytic performing is ongoing.
As described above, a large number of studies have been conducted to develop
sulfur tolerant catalysts and clarify sulfur poisoning mechanism. With the development of
new analytical tools, fundamental understanding of sulfur poisoning has been increased.
More sulfur chemistries can be revealed from direct identification of sulfur species in the
sulfur poisoned catalysts. However, very often, there is only little residual sulfur in the
spent catalyst, and this makes identification of sulfur species on deactivated catalyst
challenging. For instance, conventional characterization methods such as x-ray
photoelectron spectroscopy (XPS) cannot detect the sulfur species on the used catalysts
due to its detection limit. X-ray fluorescence spectroscopy (XRF) and inductively
coupled plasma mass spectrometry (ICP-MS) can detect sulfur species at very low levels,
but the nature of the compounds such as oxidation state of sulfur is not available.
Recently, there was a breakthrough in understanding sulfur poisoning mechanism in our
group. Sulfur species in used Ni and Rh catalysts were identified with XANES [52]. In
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the study, steam reforming of a liquid fuel containing only paraffins with an average
carbon number of 13 was carried out at 800 oC. Sulfur impurities in fossil fuels simulated
by adding 350 ppm of sulfur into the fuel. The results showed that Rh performed better
than Ni under the reaction condition. Four major sulfur species were identified including
metal sulfides, organic sulfides (sulfur compounds with -C-S-C- bonds), sulfonates (RSO2O-) and sulfates (SO42-). More importantly, different sulfur species were present on
the two catalysts, suggesting different sulfur chemistries. Oxidized sulfur compounds
such as sulfonate and sulfate dominated the used Rh catalyst while nickel sulfide was
most abundant in the Ni catalyst. The implication of the result is that catalyst deactivation
in steam reforming cannot be simply explained by the formation of metal sulfide which
has been considered a major cause for catalyst deactivation. Another important finding
from the work was that initially the formation of metal sulfide caused a fast but minor
deactivation of the catalyst, and subsequently there was a clear correlation between the
carbon deposition and the catalyst deactivation. The effects of sulfur on carbon
deposition were further studied by Xie et al. with the same catalysts under the same
reaction condition [53], [54]. It was suggested that the much higher oxygen mobility on
Rh catalyst facilitated the formation of oxidized sulfur species. Additionally, the Ni-S
bond is stronger than Rh-S bond, as a result, Ni-S bond is more stable than Rh-S so that
the latter is easier to be oxidized to form other species. This may be one of the reasons
that there was dominant presence of metal sulfide in the Ni catalyst. The effect of
different sulfur chemistry on the deactivation tendencies of Ni and Rh catalysts was
explained by the following arguments: (1) the oxidized sulfur compounds, sulfonate and
sulfate, formed on used Rh catalyst can effectively prevent additional sulfur poisoning by
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shielding the catalyst surface by their oxygen atoms, (2) the lower thermal stability of
oxidized sulfur species on Rh than that of the catalyst support may create a driving force
for the sulfur compounds to migrate from Rh to the support, and (3) removal of the
oxidized sulfur species on Rh by hydrogen to form H2S may take place due to its lower
stability. As a result, sulfur poisoning effect is greatly mitigated in Rh catalyst.

1.2.2. Carbon deposition
Carbon deposition in steam reforming of hydrocarbons is an undesirable
phenomenon in which carbonaceous deposits are formed on reforming catalysts during
reaction resulting in a loss of catalytic activity. This is a result from two competing
processes, namely, carbon formation and carbon gasification. Carbon deposition causes
severe deactivation of the catalysts, and may also interfere with the operation by plugging
the reactor. Carbon deposition on reforming catalysts, especially Ni, has been studied by
many groups since Ni catalyst is most widely used in industrial steam reforming [14],
[16], [46], [53–57]. It is generally accepted that there are three types of carbon deposits:
encapsulating carbon, whisker carbon, and pyrolytic carbon [16], [36], [58–64]. The
proposed carbon deposition mechanism in steam reforming is illustrated in Figure 1-1.
Encapsulating carbon is formed by polymerization of hydrocarbon adsorbed on
metals especially when steam reforming temperature is below 500 oC. It is a non-reactive
film of carbon deposits which covers the metal surface, leading to a progressive catalyst
deactivation [60], [65].
It is known that carbon deposited during steam reforming grows in whisker
carbon at temperature higher than 450 oC. The proposed mechanism of whisker carbon
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formation is as follows [15], [56]. During steam reforming, hydrocarbons are dissociated
to form highly reactive atomic carbons (Cα), and this Cα is easily gasified to form carbon
monoxide by reacting with oxygen. When there is excessive amount of Cα, however, Cα
is converted to Cβ which is so stable that gasification cannot readily occur. The formation
of stable Cβ results in accumulation of Cβ on the catalyst surface and subsequent
dissolution of the Cβ in Ni crystal. Finally, precipitation of the dissolved carbon by
continuous nucleation occurs and this leads to the formation of whisker carbon. The
growth of whisker carbon causes Ni crystallite to be lifted from the catalyst. Although the
detached Ni particle still retains catalytic activity, the constant accumulation of whisker
carbon blocks the catalyst bed and causes undesirable pressure build up. The
encapsulation can be also triggered by Cβ. Some of Cβ that does not diffuse in Ni crystal
may react with other nonreactive deposits on the catalyst surface and eventually
encapsulates catalyst particles [15,45]. Both whisker and encapsulation carbon from Cβ
have graphitic structure [66], [67].
Pyrolytic carbon is created due to thermal cracking of hydrocarbons in steam
reforming at high temperature (> 600 oC). Since the cracked carbon accumulates on the
reactor wall or encapsulates catalyst particles, it causes pressure buildup in the reactor
and severe catalyst deactivation [14], [56], [60], [68].
Since carbon deposition is another major cause of catalyst deactivation in steam
reforming, extensive efforts have been carried out to mitigate the problem. One way is to
modify the catalyst support for better carbon management. Among a variety of supports,
CeO2 is known for its activity to suppress carbon deposition. When CeO2 is added to Pd
[27], [69], Pt [27], and Ni [21], [69] the catalysts exhibit significantly improved activity
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and selectivity compared to their Al2O3 supported counterparts. This enhancement is
ascribed to the strong tendency of CeO2 to transfer oxygen to catalytic metal to form CO,
CO2, and H2 with surface carbon. After oxygen transfer, CeO2 becomes Ce2O3 and is
subsequently reoxidized by absorbing water. Wang et al. has shown that Ni catalyst
supported on CeO2-modified Al2O3 exhibited even better catalytic performance than
Ni/CeO2 [70]. Alkali supports such as K2O [1], [24] and MgO [1], [71] and their addition
to Al2O3 [72] also have been found to improve resistance to carbon formation. This
improvement is caused by the increased water dissociation ability of the supports, which
leads to higher concentration of OH species. OH species remove CHX species and delay
dehydrogenation of CHX species to prevent formation of atomic carbon on the surface.
Another approach to minimize the influence of carbon deposition is adding dopants to
reforming catalysts. Re [73], Sr [74], Sn [75], Co [76], and Mo [77] were added to nickel
catalyst, and increased resistance of catalysts to carbon was observed. This positive
dopant effect on preventing carbon formation is due to the blocking of domains on Ni
catalyst for graphitic carbon formation [15]. The use of noble metals such as Pd [78], [79],
Pt [80–82], Rh [80], [81], and Ru [80], [83] has been also proposed despite their cost.
The main benefit of using noble metals is that they dissolve much less carbon than Ni
does, and hence much less carbon formation is expected when noble metals are used in
steam reforming [14]. Recently, our group applied carbon K-edge XANES to analyze
used Ni and Rh catalysts. It was revealed that different carbon species were present in the
two used catalysts. Graphitic carbons were found in both catalysts, and oxygen
containing functional groups such as quinone, carboxyl and carbonate were more
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prominent in the used Rh catalysts. The superior catalytic activity of Rh catalysts was
attributed to the better carbon gasification performance.

Figure 1-1. The proposed carbon deposition mechanism in steam reforming [60]

1.3. Motivation, hypothesis, and objectives
1.3.1. Motivation
Since catalyst plays a pivotal role in steam reforming, deactivation of reforming
catalyst is a problem of great importance. It has been long believed that metal sulfide
formation via chemical reaction between catalytic metal and sulfur impurities in
hydrocarbon is the main cause of catalyst deactivation [38], [55], [56]. However, our
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recent work has found that metal sulfide only contributes to the initial deactivation of
catalyst and carbon deposition on reforming catalyst is more influential in a long-term
degradation of the catalytic performance [52]. Therefore, more effort should be dedicated
to the study of carbon deposition to properly elucidate catalyst deactivation mechanism
and help develop robust reforming catalysts. Carbon deposition is a result of two
competing processes: carbon gasification and carbon formation. It has been shown in the
literature that carbon gasification and carbon formation during steam reforming are
closely related to the structures of hydrocarbons and reaction conditions. For example, as
shown in Figure 1-2, Rostrup-Nielsen et al [14] compared the tendencies of a wide range
of hydrocarbons for reactivity, induction time for coking, and carbon formation rate
during steam reforming over Ni/MgO-Al2O3 with a steam to carbon ratio of 2 at 500 oC
without sulfur impurities. In their experiments, olefins and aromatics were found to form
carbon more rapidly compared to paraffins. They concluded that carbon formation
becomes more severe with increase in unsaturation, aromaticity, and molecular weight of
hydrocarbon. A similar result was found in the work of Lobo and Trimm [60], [65]. They
studied carbon formation of several light hydrocarbons over Ni foil at various
temperatures between 400 – 600 oC without sulfur. They found that acetylenes formed
most carbon deposit on Ni foil, followed by olefins and paraffins. Moreover, steam
reforming of a series of monoalkyl benzenes and dialkyl benzenes have been tested over
Rh catalysts by Duprez et al [18]. Their result indicated that although the activity of side
chains through dealkylation decreased with the degree of alkyl group substitution, the
activity of degradation (benzene ring opening) remained constant regardless of the side
chains for all the hydrocarbons used.

14

Figure 1-2. Steam reforming and carbon formation tendency of different
hydrocarbons [14]

Despite these attempts to investigate the impact of hydrocarbon structure on
steam reforming, their focuses were mainly on either carbon formation rate or reactivity
of hydrocarbons, and no fundamental understanding of the effect of hydrocarbon
structure on catalyst deactivation in steam reforming with the presence of sulfur has been
achieved. Therefore, the need for a systematic study for the effect of the structural
difference in hydrocarbons on catalyst deactivation caused by carbon deposition arises. In
the present work, paraffinic and aromatic hydrocarbons, two of the major components in
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common transportation fuels (see Figure 1-3) with six carbon atoms are used to
investigate the significance of hydrocarbon structure on the stability of catalytic activity
in steam reforming. The knowledge obtained from this work will shed more insights into
catalyst deactivation mechanisms in steam reforming reaction of real fuels, and novel
approaches for mitigating catalyst deactivation will be proposed.

Figure 1-3. Average chemical composition of transportation fuels [84]
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1.3.2. Hypotheses
Carbon formation starts with decomposition of hydrocarbon on catalyst surface or
in the gas phase (pyrolysis) such that carbon deposition is formed both on metal and
support of the catalyst simultaneously. Supposedly, different hydrocarbon structures
(linear, aromatic, etc) have different decomposition rates, which will affect the carbon
formation rates on the metal and on the support. Meanwhile, reforming catalyst is also a
catalyst for carbon gasification and the support dissociates steam to provide oxidants for
carbon gasification. As a result, fragments from refractory hydrocarbon (for example,
aromatics), which mainly form carbon deposit on the metal, may be effectively gasified
such that carbon accumulation is slowed down. It is thus proposed that under the reaction
conditions in the current work, there is less catalyst deactivation in steam reforming of
aromatic hydrocarbons than linear hydrocarbons.

1.3.3. Research objectives
(1) To run steam reforming of benzene and hexane on Ni and Rh catalysts and
confirm that benzene results in more stable performance;
(2) To characterize sulfur species in spent catalysts and show that there are no
significant difference in sulfur species from steam reforming of benzene and hexane;
(3) To identify and quantify carbon deposited on different locations on the catalysts
by temperature programmed oxidation (TPO);
(4) To establish a correlation between catalyst deactivation with hydrocarbon
structure
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Chapter 2 Experimental methodology
2.1. Catalyst synthesis
The catalysts were synthesized using incipient wetness impregnation method. For
steam reforming reactions, three different catalysts were synthesized: (1) 10 % Ni
catalysts supported on 20 % CeO2-modified Al2O3 (denoted as “10Ni/CeAl”), (2) 2 % Ni
catalysts supported on 20 % CeO2-modified Al2O3 (denoted as “2Ni/CeAl”), and (3) 2 %
Rh catalysts supported on 20 % CeO2-modified Al2O3 (denoted as “2Rh/CeAl”). The
formulation was given using wt %. CeO2-modified Al2O3 was used in the present study
because previous studies have shown that modification of Al2O3 with CeO2 improved the
conversion and stability of steam reforming reactions [46], [54]. First, 20 % CeO2modified Al2O3 (CeAl) support was prepared via incipient wetness impregnation (IWI)
method by using Ce(NO3)36H2O as a precursor and γ-Al2O3 (Sasol PURALOX TH
100/150) as the support. During the procedure, the CeO2 precursor was dissolved in
deionized water and the Ce containing solution was added to γ-Al2O3. The volume of the
solution was chosen to be the same as the pore volume as the support so that when the
solution was well mixed with the support all the pores would be filled with the solution
and all Ce precursor be loaded into the support. The pore volume of γ-Al2O3 was
measured experimentally by slowly adding deionized water to reach incipient wetness.
Afterwards the mixture of Ce precursor and γ-Al2O3 support were well mixed and dried
at 85 oC for 12 hours to drive off the solvent (water in this case), followed by calcination
at 550 oC for 6 hours. In the present study, CeO2 was added to γ-Al2O3 because CeO2
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plays an important role in improving carbon gasification ability of reforming catalysts by
transferring oxygen from water to catalytic metal.
10Ni/CeAl and 2Ni/CeAl catalysts were synthesized by loading Ni from
Ni(NO3)26H2O precursor onto previously prepared CeAl support. Aqueous solutions of
Ni(NO3)26H2O with different precursor concentration were prepared and added to CeAl
support by incipient wetness impregnation. The pore volume of CeAl was measured in
the same way used for γ-Al2O3. The prepared precursor-support mixtures were dried at 85
o

C for 12 hours and calcined at 550 oC for 6 hours. Ni catalysts with two different metal

loadings were used in the present work to help understand the catalyst deactivation. For
2Rh/CeAl, 10 % Rh(NO3)3 solution was used as a precursor. Proper amount of the
precursor solution was mixed with deionized water and added to the CeAl support. The
mixture underwent the same drying and calcinations procedures as the other catalysts. As
Rh is known to be a catalyst with superior stability in steam reforming, comparative
study with Ni-based catalysts with respect to carbon deposition and sulfur poisoning
mechanisms will be beneficial for the study.

2.2. Steam reforming experiments
2.2.1. Reactor setup
Steam reforming reactions of liquid hydrocarbons were performed in a fixed-bed
reactor system as illustrated in Figure 2-1. The steam reforming reactor system was
initially built and used for the work of Strohm et al. [46]. 1.2 grams of catalyst was
loaded in the center of the stainless steel tube (0.54 inch o.d., 0.375 inch i.d., 24 inch
long), and supported by quartz wool. To avoid pressure build up due to blockage of the
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reactor tube, catalysts were pelletized so that catalyst particles range from 0.5 to 1 mm.
The reaction temperature used in the present study was 800 oC. The quartz reactor was
heated in a three-zone furnace. A thermocouple was inserted from the top of the reactor
and in

Figure 2-1. Schematic of steam reforming reactor.

contact with the catalyst bed to monitor its temperature. Before starting a reaction, ultra
high purity H2 was introduced at 100 ml/min for 2 hours to reduce the catalyst. The
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reduction was performed to produce metallic catalyst (Ni or Rh) for steam reforming.
After the reduction procedure, H2 in the reactor tube was purged by switching the gas
flow to N2 with a flow rate of 65 ml/min. The N2 flow was maintained for 1 hour, and the
gas stream exiting the reactor was analyzed by GC to assure there was no residual H2 in
the reactor. The liquid reactants (hydrocarbon and H2O) were supplied by HPLC pumps.
Two different C6 hydrocarbons (hexane and benzene) were used to study the effect of the
hydrocarbon structure on catalyst deactivation. The volumetric flow rates for the
reactants were determined to achieve a steam to carbon molar ratio of 3:1. The flow rates
of the hexane and benzene used in the present study were 3.3 and 2.2 ml/h, respectively,
and water flow rate was 8.16 ml/h. The weight hour space velocity (WHSV) was 8.6
g/gcath-1 for hexane and 8.4 g/gcath-1 for benzene. To study sulfur poisoning mechanism
in steam reforming, the liquid hydrocarbons were doped with 3-methylbenzothiophene
(3-MBT) to a concentration equivalent to 50 parts per million (ppm) of elemental sulfur
by weight. The selection of 3-MBT as a representative sulfur compounds in fossil fuels
can be validated because the structure of organic sulfur species do not have significant
impact on catalyst performance in terms of hydrogen production and catalyst deactivation
(A. Katria, 2009). As a control experiment, steam reforming of hexane and benzene
without sulfur over 10Ni/CeAl was also carried out. Before reaching the catalyst bed, the
reactant stream passed through a pre-heater whose temperature was set at 350 oC. The
purpose of using the pre-heater was to vaporize both hydrocarbon and water so that a
thorough blending of the reactants could be achieved. Since hydrogen production was the
main purpose in the current research, the performance of the catalysts was evaluated by
using a hydrogen production rate (HPR) which is defined as,
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HPR 

moles of H 2 produced per minute
moles of hydrocarbon fed per minute .

When a reaction was finished, the pre-heater and furnace were turned off, and the
fuel and steam water were also stopped at the same time. While the reactor was cooling
down, N2 was flowed through the catalyst to prevent further oxidation. The used catalysts
were collected and stored in a vacuum desiccator at room temperature for subsequent
characterizations.

2.2.2. Product analysis by thermal conductivity detector (TCD)
During steam reforming reaction, 1 μl of the product gas stream was collected and
analyzed every 20 minutes by online gas chromatography (SRI 8610C) equipped with
molecular sieve 5A and silica gel packed columns. To detect major products (H2, CH4,
CO, and CO2), thermal conductivity detector (TCD) was used with Ar as a carrier gas. A
TCD detector consists of four tungsten and rhenium filaments, which are connected in a
Wheatstone bridge circuit. Two of the filaments are used in a reference channel only with
carrier gas while the other two are exposed to the sample gases. All the filaments are
heated up by electric current flowing through them. Since carrier gas constantly flows
across the filaments, the temperature surrounding the filaments is maintained at a certain
value. When eluted analytes exit the GC columns and flow across the filaments, the
temperature of the filaments changes depending on the thermal conductivities of the
analytes causing a change of resistance in the filaments. The difference in resistance
causes imbalance in the Wheatstone bridge and results in a signal of the detector. The
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sensitivity of a TCD detector relies on the difference in the thermal conductivity of the
analyte and the carrier gas. The bigger the difference, the higher the sensitivity. The
thermal conductivities of the potential product gases and some common gases are listed
in Table 2-1. In the present study, hydrogen production rate is used to measure the
catalytic activity during steam reforming. Therefore, argon was chosen as a carrier gas to
maximize hydrogen detection sensitivity. It is important to note that with argon carrier
gas, the sensitivity for other gases such as CH4, CO, and CO2 was not as high as that for
H2. As a result, the measured production rate for those gases may have higher
uncertainties and should be taken with cautions.

Table 2-1. Thermal conductivity of different gases

Gas

Thermal conductivity at 298 K (W/mK)

H2

0.168

CO

0.023

CO2

0.0146

CH4

0.03

N2

0.024

Ar

0.016

Quantification of the gas products were performed by flowing N2 as an internal
standard to account for pressure change during the reaction. For calibration of a product
gas, N2 was introduced at a fixed flow rate with varying amounts of the gas product. GC
calibration curves for different gas products (H2, CH4, CO, and CO2) are generated by
plotting the ratio between the flow rates of a gas product and N2 flow as a function of the
ratio between the GC peak areas of the product gas and N2, as shown in Figures 2-2 to 2-
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5. Linear relationships are found between these two ratios in all the calibration curves.
During steam reforming reactions, N2 flowed at a constant volumetric flow rate (65
ml/min) for the entire reaction. The N2 flow rate was used such that the intensity of the
N2 peak in the GC spectrum was high enough throughout the reaction, and the errors in
the N2 peak area associated with the sensitivity of the GC toward N2 were minimized.
Since the GC sampling volume (1 μl) was constant throughout a reaction, relative
abundances of the products in the sampled gas varied depending on their concentrations
at the time of sampling, which resulted in changes in peak areas of the gases. The actual
flow rates of the gases at the time of GC sampling were calculated by utilizing the
calibration curves.

Figure 2-2. GC calibration curve for H2
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Figure 2-3. GC calibration curve for CH4

Figure 2-4. GC calibration curve for CO
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Figure 2-5. GC calibration curve for CO2

2.3. Catalyst characterization
2.3.1. Temperature programmed oxidation (TPO)
For the analysis of the carbon deposits on spent catalysts, temperature
programmed oxidation (TPO) was conducted using a LECO RC-412 multiphase carbon
analyzer. Before the analysis, the used catalysts were ground into fine powder. Proper
amount of sample was used such that uncertainty in the weight measurement was small
and the CO2 detector was not saturated. Each sample was placed on a nickel boat and
heated from 100 oC to 950 oC at a heating rate of 30 oC/min. After the temperature
reached 950 oC, it was held at that temperature for 5 minutes. Ultra high purity oxygen
flowed at 0.75 L/min throughout the analysis to oxidize any carbon in the sample. These
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parameters for TPO analysis was experimentally optimized [85], [86]. During TPO
analysis, carbon in the used catalysts is oxidized to CO or CO2. The produced CO is
completely converted to CO2 in a CuO catalysts bed located at the exit of the flow path.
A calibrated infrared (IR) cell measures the amount of CO2 in the analyzer, and the signal
is plotted as a function of oxidation temperature. With use of calibration standards, the
total carbon content in a sample can be calculated in wt %. In TPO profile, stable (moreordered) carbon contributes peaks at higher temperature. Carbon deposit produced from
dehydrogenation reactions on metal catalyst surface tends to have more ordered structure,
and therefore peaks emerge at higher temperature in the TPO profile [85], [86].
Meanwhile, peaks showing up at lower temperature in the TPO profile stem from more
reactive (less-ordered) carbon. Secondary deposit formed on top of the stable carbon by
thermal reactions and catalytic oxidation of carbon deposit on finely dispersed metal
surface give rise to peaks at lower temperature [85], [86]. In the present work, to study
contributions of carbon species with different reactivities in a TPO profile, peak
deconvolutions of TPO spectra were performed using Gaussian functions. After locating
different peaks in a TPO profile, a set of partial TPO analyses with adjusted end
temperatures ranges were carried out, and when combined with carbon K-edge XANES
chemical properties of the carbon species contributing to each peak was investigated.
With TPO, information about properties of carbon deposit and their possible formation
mechanisms can be obtained.
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2.3.2. X-ray absorption near edge structure (XANES) spectroscopy
Carbon K-edge XANES of fresh and used catalysts were measured at beamline
U7B of the National Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory. The storage ring at NSLS was operated with an electron beam energy of 800
MeV and an average electron current of 600 mA. XANES spectra were collected in
partial electron yield (PEY) mode. To avoid spectrum distortion by charging effect, a low
energy electron gun was used to neutralize charges. During the measurement, a reference
spectrum was collected simultaneously for energy calibration. For sample preparation, a
proper amount of used catalyst was uniformly pressed onto a copper tape so that no
visible cracks or gaps were observed. The sample was about tenths of a millimeter thick
so no signal interference came from the adhesive on the copper tape. The samples were
placed in an ultra-high vacuum chamber maintained at a pressure lower than 10-8 torr.
The setup of the chamber allows introduction of tens of samples at once. Figure 2-6
shows one side of the sample bar loaded with multiple samples. After the measurement
XANES spectra were processed using Athena, a software for XAFS data processing.

Figure 2-6. Catalysts loaded on a sample holder for XANES measurement.
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Sulfur K-edge XANES of spent catalysts were collected at Beamline 9-BM/XOR
of the Advanced Photon Source (APS) at Argonne National Laboratory. The storage ring
was operated with an electron beam energy of 7 GeV and an electron current of 100 mA
in a top-up mode. Fluorescence mode was used for the measurement with a Si DRIFT 4element detector (Vortex). Helium gas continuously flowed in the sample chamber to
prevent x-ray absorption by Air. A Rh-coated flat mirror was used during the experiment
to reject harmonics. For sample preparation, well-ground sample was evenly dispersed on
a sulfur-free tape. Energy alignment was performed by calibrating the edge energy of
elemental sulfur at 2472 eV. Reference compounds with various oxidation states of sulfur,
from S2- to S6+, were used to determine the sulfur species in used catalysts. The sulfurcontaining reference compounds used in the present study were nickel sulfide (NiS),
sodium thiosulfate (Na2S2O3), dibenzothiophene (DBT), sodium sulfite (Na2SO3), and
dibenzothiophene sulfone (DBTO2), and nickel sulfate (NiSO4). From the reference
compounds, metal sulfide, thiosulfate, organic sulfide, metal sulfite, sulfone, and metal
sulfate can be identified.

2.3.3. X-ray diffraction (XRD)
To obtain bulk structure of the Ni catalysts before and after steam reforming
reactions, XRD patterns of the fresh and used catalysts were collected using a
PANalytical XPert Pro MPD theta-theta diffractometer with Cu-Kα radiation. The
samples were prepared by pressing the catalyst particles into a quartz block. The samples
were scanned from 10 to 70o for 2θ with a step size of 0.02 and 10 seconds of acquisition
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time for each step. Both 2θ position and diffraction peak broadening were corrected with
the use of NIST 640c silicon standard.

2.3.4. Transmission electron microscope (TEM)
To observe nanostructure of catalysts and their morphological changes under the
reduction condition fresh catalysts were analyzed with a transmission electron
microscope (FEI Titan 80-300) at the Center for Functional Nanomaterials at Brookhaven
National Laboratory. High resolution transmission electron microscope (HRTEM)
images and scanning transmission electron microscope (STEM) dark field images of the
fresh catalysts before and after reduction were acquired. For sample preparation, each
catalyst was finely ground, dispersed in methanol, and ultrasonicated to form a
homogeneous suspension. A drop of the suspension was placed on a lacey carbon TEM
grid and the grid was loaded in an environmental cell. To simulate the reduction
condition, the samples were reduced by ultra-high purity H2 at 800 oC for 90 min. The
instrument was operated in the electron energy range between 80 and 300 keV and
images were taken using GATAN US1000 CCD camera with a standard 1s exposure time.
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Chapter 3 Steam Reforming of Hexane and Benzene
Catalytic performance of different catalysts (2Rh/CeAl, 2Ni/CeAl, and 10Ni/CeAl)
in steam reforming of hexane and benzene under different conditions (with or without
sulfur) is evaluated. Catalyst properties before and after catalytic reactions are also
investigated.

3.1. Properties of catalysts
3.1.1. X-ray diffraction
X-ray diffraction (XRD) is a non-destructive analytical technique that provides
information about crystal structure, and chemical and physical properties of materials. To
obtain crystallographic phases in the Ni catalysts before and after steam reforming
reactions, X-ray diffraction patterns of fresh and used 2Ni/CeAl and 10Ni/CeAl were
collected and are presented in Figures 3-1 (a) and (b). Since the fresh catalysts were not
reduced for the XRD experiments, Ni in the catalysts are expected to be present in oxide
forms. The used catalysts were produced from sulfur-doped benzene reforming at 800 oC,
and the reactions over 2Ni/CeAl and 10Ni/CeAl were continued for 9 and 7 hours,
respectively. In the fresh samples, the CeAl support in both catalysts gives strong
diffraction peaks. Peaks at 28.5o, 33 o, 47.5 o, and 56.2 o correspond to CeO2, and peaks
corresponding to Al2O3 appear at 46 o and 67 o. Note that NiAl2O4 shows a peak at 37 o in
both catalysts, but its intensity is higher in 10Ni/CeAl. In addition, the peak at 43.5 o,
corresponding to NiO, is only observed in 10Ni/CeAl. Jacono et al. [87] found that the
formation of NiAl2O4 was preferred instead of NiO when Ni/Al2O3 was prepared by

31

impregnation method. The higher NiAl2O4 peak intensity and the presence of NiO only in
10Ni/CeAl are probably due to the higher metal loading. The XRD patterns of the
catalysts after steam reforming reaction show additional peaks which mostly stem from
the presence of metallic phases that were produced by hydrogen reduction before reaction
and preserved by carbon deposits. Interestingly, peaks at 44.5 o and 51.8 o, corresponding
to metallic Ni, only appears in the used 10Ni/CeAl, showing that Ni crystal is the active
phase in steam reforming over 10Ni/CeAl. The absence of Ni metal in the used 2Ni/CeAl
suggests that the growth of Ni crystallites is limited with 2Ni/CeAl due to low Ni loading.
Ross et al. [88] observed in their study of methane steam reforming over Ni/Al2O3 that
during the reduction of the catalysts, NiAl2O4 present in Ni/Al2O3 formed monodispersed
Ni atoms closely interacting with alumina support while NiO grew metallic crystallites.
Moreover, they also observed that the complete reduction of NiAl2O4 was not achieved
even at 1000 K, which explains the existence of NiAl2O4 in both catalysts even after
steam reforming reaction at 800 oC.
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a)1

((b)
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Figure 3-1. XRD patters of (a) fresh 2Ni/CeAl and 10Ni/CeAl, and (b) used
2Ni/CeAl and 10Ni/CeAl in sulfur-doped benzene reforming. Unmarked major
peaks are from Al2O3 or CeO2
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3.1.2. Transmission electron microscope
Detailed structures of materials can be examined by transmission electron
microscope (TEM) due to the capability of the technique for taking significantly high
resolution images which cannot be achieved with conventional optical microscopes. To
observe nanostructure of catalysts and their morphological changes under the reduction
condition, TEM and STEM dark field images of two different fresh catalysts (10Ni/CeAl
and 2Rh/CeAl) were acquired and are presented in Figure 3-2. After taking sample
images at ambient condition, each catalyst was reduced at 800 oC for 90 min to see the
changes in particle distribution, size, and shape under the reduction condition. As shown
in Figures 3-2 (a) to (d), significant changes are observed in 10Ni/CeAl after reduction.
Severe agglomeration creates bigger particles with sizes up to 40 nm. This is probably
due to the growth of metallic Ni crystallites at reduction condition as observed in the
XRD analyses of used 10Ni/CeAl (Figure 3-1 (b)). On the contrary, as shown in Figures
3-2 (e) and (f), the particle size of 2Rh/CeAl is maintained even at the reduction
condition, and almost no change in particle distribution is observed. This shows the
higher stability of Rh particles in the catalyst. Frusteri et al. [89] compared the activities
of different metals supported on MgO in steam reforming of ethanol. They found that
Ni/MgO suffered from degradation of catalytic activity by sintering of Ni metal while
Rh/MgO shows outstanding stability and activity.
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Figure 3-2. TEM images of fresh 10Ni/CeAl (a) before and (b) after reduction.
STEM dark field images of 10Ni/CeAl (c) before and (d) after reduction, and
2Rh/CeAl (e) before and (f) after reduction.
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3.2. Catalytic activity in steam reforming of hexane and benzene
Steam reforming reactions of hexane and benzene with and without sulfur were
performed to study the effect of hydrocarbon structure on the activity of the reforming
catalysts. Specifically, how aromatic hydrocarbons and linear alkanes affect catalyst
deactivation differently. The influence of catalyst formulation is also investigated by
using three different catalysts (10Ni/CeAl, 2Ni/CeAl, and 2Rh/CeAl) in the reactions.
The reaction temperature used in the present work is 800 oC. At such a high temperature,
all the hydrocarbons undergo thermal cracking without reforming catalysts, and the
condensed liquid products do not contain any residues of the hydrocarbons. Therefore,
100 % conversions of the hydrocarbons are assumed for all the steam reforming reactions
in the present work. For this reason, hydrogen production rate (HPR) is used to evaluate
the catalyst activity instead of the conversion of hydrocarbons.

3.2.1. Steam reforming on 10Ni/CeAl
Figure 3-3 shows HPRs from steam reforming of hexane and benzene over
10Ni/CeAl with and without sulfur. Under the reaction condition, the initial HPRs of
hexane and benzene reforming are approximately 14 and 12 mol H2/molfuel, respectively.
It is clear that the catalyst loses its activity much faster with sulfur impurities in the
reaction. For example, the catalyst used in sulfur-doped hexane lose 65 % of its initial
activity after 9 hours of reaction while almost no catalyst deactivation is observed with
clean hexane. Similarly, with presence of sulfur, the catalyst used in benzene loses 12 %
of its initial activity after 9 hours as opposed to the catalyst used in clean fuel which
retains its activity for the entire reaction. The steam reforming reactions with and without
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sulfur manifest the detrimental impact of sulfur poisoning on the reforming catalysts. It is
interesting to note that although sulfur adversely affects the stability of the reforming
catalyst, its extent varies depending on hydrocarbon structure. Clearly, benzene
reforming suffers much less from sulfur poisoning than hexane reforming.

Figure 3-3. Hydrogen production rates (HPR) in steam reforming of hexane and
benzene with and without sulfur over 10Ni/CeAl.

The production rates of other gaseous products (CO, CO2, and CH4) from hexane
and benzene reforming over 10Ni/CeAl with and without sulfur are displayed in Figures
3-4 (a) and (b). The figures confirm once more that the presence of sulfur in the
hydrocarbons significantly affects steam reforming reactions. For example, after 9 hours
of reaction, the productions of CO and CO2 in hexane reforming are decrease by about
70 % and 60 %, respectively with the addition of sulfur in the fuel while stable
productions of the two products are observed in the clean fuel. The reductions of CO and
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CO2 formations indicate a decrease in the steam reforming activity. On the other hand,
the addition of sulfur impurities increases the formation of CH4 in hexane reforming
substantially, which also shows that the effectiveness of carbon gasification is decreased
by addition of sulfur. No major change in the production rates of the gaseous products
with clean hexane indicates the stable performance of the catalyst during the entire
reaction. On the contrary, in benzene reforming, the production rates of the reaction
products are quite stable throughout the reaction as shown in Figure 3-4 (b). About 19 %
reduction in CO production rate in benzene reforming with sulfur is ascribed to the loss
of catalytic activity during the reaction, but the degree of catalyst deactivation is much
lower than that in hexane reforming. In addition, the CH4 production in benzene
reforming is far less than in hexane reforming regardless of the presence of sulfur
impurities in the fuel, indicating an active carbon gasification activity on the catalyst.
The clear difference between the impacts of sulfur impurities on the activity and
carbon gasification ability of the catalyst during steam reforming of hexane and benzene
implies a possibility of distinctive catalyst deactivation mechanisms in hexane and
benzene reforming. The difference between the deactivation mechanisms will be
discussed in depth in later chapters.

38

(a)
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Figure 3-4. Production rates of gaseous products (CO, CO2, and CH4) in steam
reforming of (a) hexane and (b) benzene with and without sulfur over 10Ni/CeAl.
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3.2.2. Steam reforming on 2Ni/CeAl
To investigate the effect of metal loading on catalyst deactivation tendency, a
catalyst with 2 % Ni loading was prepared and tested in hexane and benzene reforming
with sulfur. As shown in Figure 3-5, surprisingly, the catalytic activities in both reactions
rapidly decrease during the first 2 hours of reactions. The initial HPRs of sulfur-doped
hexane and benzene are about 12 and 10 mol H2/molfuel respectively, but they rapidly
decrease to about 6 mol H2/molfuel for hexane and 4 mol H2/molfuel for benzene after 2
hours of reactions. The smaller initial HPRs in the reactions over 2Ni/CeAl than those
over 10Ni/CeAl are probably due to the smaller number of active sites available for steam
reforming reactions. Note that the catalytic activities in both reactions are stabilized and
no significant change is observed after the major degradation. In fact, the final HPR of
hexane reforming over 10Ni/CeAl with sulfur after 9 hours of reaction, 5 mol H2/molfuel
is smaller than that over 2Ni/CeAl, 6 mol H2/molfuel. The observations suggest a
possibility of different catalyst deactivation mechanisms of the two catalysts.
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Figure 3-5. Hydrogen production rates (HPR) in steam reforming of hexane and
benzene with sulfur over 2Ni/CeAl.

The production rates of CO, CO2, and CH4 in steam reforming of sulfur-doped
hexane and benzene over 2Ni/CeAl are presented in Figures 3-6 (a) and (b). Similar to
the HPRs of the reactions shown in Figure 3-5, drastic changes in the production rates of
other gas products are observed for the first 2 hours. In both reactions, significant drops
in CO productions are found; 76 % and 87 % decrease of CO production in hexane and
benzene reforming with sulfur respectively, showing the rapid reduction of steam
reforming activity of the catalysts. CO2 productions in both reactions also decrease, but
the extent of the decrease is smaller than that of CO. An opposite tendency is observed in
the formation of CH4 in steam reforming of sulfur-doped hexane; a sharp increase in CH4
production is recorded during the first 2 hours, and the production rate remains at 1
mol/molfuel afterwards. Note that the overall production rate of CH4 in hexane reforming

41

(a)

(b)

Figure 3-6. Production rates of gaseous products (CO, CO2, and CH4) in steam
reforming of (a) hexane and (b) benzene with sulfur over 2Ni/CeAl.
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with sulfur over 2Ni/CeAl is higher than that over 10Ni/CeAl, meaning that the carbon
gasification on 2Ni/CeAl is less active than that on 10Ni/CeAl. Meanwhile, there is only
little increase in CH4 production rate in benzene reforming with sulfur, showing that the
catalyst constantly gasifies adsorbed carbon, which is consistent with the observation in
benzene reforming over 10Ni/CeAl without sulfur.

3.2.3. Steam reforming on 2Rh/CeAl
Figure 3-7 presents HPRs of hexane and benzene reforming with sulfur over
2Rh/CeAl. The reactions were carried out at 800 oC and continued for 9 hours. As
opposed to the reactions over 10Ni/CeAl and 2Ni/CeAl, no severe catalyst deactivation is
observed from both reactions when 2Rh/CeAl is used. For example, the catalyst holds
about 95 % of its initial activity even after 9 hours of hexane reforming with sulfur, and
almost no deactivation is found in benzene reforming with sulfur. Note that the initial
HPR of 2Rh/CeAl in hexane reforming with sulfur is about 14 mol H2/molfuel which is
the same as the corresponding value in the reaction over 10Ni/CeAl. The same tendency
is observed also in benzene reforming. The initial HPRs of sulfur-doped benzene
reforming over 10Ni/CeAl and 2Rh/CeAl are almost identical, 12 mol H2/mol fuel. The
stable HPRs in steam reforming reactions over 2Rh/CeAl show the sturdiness of
2Rh/CeAl.
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Figure 3-7. Hydrogen production rates (HPR) in steam reforming of hexane and
benzene with sulfur over 2Rh/CeAl.

The production rates of CO, CO2, and CH4 in hexane and benzene reforming with
sulfur over 2Rh/CeAl are presented in Figure 3-8 (a) and (b). After 9 hours of sulfurdoped hexane reforming, the production rates of CO and CO2 are reduced by 10 and 25 %
respectively which are relatively small compared to those of 10Ni/CeAl and 2Ni/CeAl. In
addition, the low production rate of CH4, 0.4 mol/molfuel, remains unchanged throughout
the reaction. When sulfur-doped benzene was used in the reaction over 2Rh/CeAl, the
production rates of the gaseous products are quite stable; less than 5 % decreases in
production rates is observed for all the measured products. These observations indicate
the higher stability of 2Rh/CeAl than the other catalysts despite the presence of sulfur in
the hydrocarbons.
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Figure 3-8. Production rates of gaseous products (CO, CO2, and CH4) in steam
reforming of (a) hexane and (b) benzene with sulfur over 2Rh/CeAl.
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3.2.4. Summary
The catalytic activities of three different catalysts (10Ni/CeAl, 2Ni/CeAl, and
2Rh/CeAl) were measured in steam reforming of hexane and benzene with sulfur to
observe the effect of hydrocarbon structure on the catalytic activity. The catalysts exhibit
similar tendencies with each hydrocarbon except 2Ni/CeAl which rapidly loses its
activity regardless of hydrocarbon types. In general, more stable activities for both steam
reforming and carbon gasification are observed in benzene reforming. Decrease in HPR
is only minor for 10Ni/CeAl, and almost no decrease is found for 2Rh/CeAl. Almost no
production of CH4 from both catalysts indicates effective carbon gasification on the
catalysts. On the contrary, in hexane reforming, significant decrease in HPR is observed
for 10Ni/CeAl, indicating severe catalyst deactivation. In addition, the increased
production rate for CH4 in the reaction shows ineffective carbon gasification. 2Rh/CeAl
shows more stable catalytic activity than 10Ni/CeAl in hexane reforming, but the activity
with hexane is less stable compared to that with benzene. It is clear that benzene
reforming on 10Ni/CeAl suffers significantly less catalyst deactivation than hexane
reforming with the presence of sulfur poison.
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Chapter 4 Sulfur poisoning in steam reforming of hexane and benzene
4.1. Sulfur speciation in deactivated catalysts
As discussed in the Introduction, sulfur speciation in the sulfur poisoned catalysts
provides an opportunity to understand how sulfur evolves on the catalyst, interacts with
the catalyst and finally affects the catalysis. Sulfur K-edge XANES spectroscopy has
been shown to be a powerful technique to characterize residual sulfur on the spent
catalysts. XANES is part of a general technique, X-ray absorption fine structure (XAFS)
spectroscopy.

4.1.1. Basics of X-ray absorption fine structure spectroscopy
XAFS measures X-ray absorption of a material as a function of X-ray photon
energy. Useful information on chemical environment of a specific element can be
obtained by XAFS analysis. In principle, X-ray absorption of a material can be
determined in the following way. Suppose a beam of X-ray of certain energy is passed
through a material, the X-ray intensities before and after the material are denoted as I0
and I respectively; the X-ray absorption of the material at that energy ,  (), is
calculated as:
𝐼

𝜇(𝜀) = ln( 𝐼0 ).
Usually 𝜇(𝜀) is also a function of the material physical and chemical properties,
such as chemical composition, density and thickness. For a given material, 𝜇(𝜀) generally
decreases as the photon energy increases (higher energy X-ray is more penetrating). This
trend will change when the X-ray energy coincides with some electron binding energy of
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an element in the material. When this happens, there is a sudden increase in 𝜇(𝜀), as
shown in Figure 4-1 (Eb is binding energy of some element). In turn, if we would like to
study some element in the sample, for example, sulfur in this case, we will deliberately
measure 𝜇(𝜀) in the energy range that covers one or more binding energies. For example,
sulfur K-shell electrons have a binding energy of 2472 eV. When sulfur is studied in a
sample, the X-ray absorption of the sample may be measured in an energy range between
2400 and 2550 eV. In XAFS, the sudden increase in absorption at (or near) the binding
energy is termed an absorption edge, and the binding energy is called edge energy. The
measured 𝜇(𝜀)in this case is called sulfur K-edge XAFS spectrum.

Figure 4-1. Comparison of X-ray absorption in different chemical environments
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There are several important characteristics for XAFS spectroscopy, including (1)
being element specific, which looks into the local structure around a specific element of
interest with very high sensitivity, (2) providing detailed coordination structure including
bond distances, ligand identity, coordination number, oxidation state and coordination
symmetry, etc, and (3) being applicable to virtually any systems that have short range
order (solutions, amorphous, nano or smaller). In principle, the photon energy covers a
big range (e.g., from hundreds of eV below the absorption edge of a specific element to
over thousand eV above the edge for heavy elements) depending on the element studied.
Practically, XAFS can be divided into two regions, near-edge region and extended region.
The near-edge XAFS, or x-ray absorption near edge structure (XANES) spectroscopy,
covers energy about 40-50 eV below and above the absorption energy, from which
information of oxidation state and coordination symmetry can be obtained; In contrast,
extended region (EXAFS) starts from 40-50 eV and goes beyond thousand eV above the
absorption energy. EXAFS is used to resolve (unknown) coordination structure of a
specific element including bond distances, ligand identity, coordination number, etc. In
EXAFS, the X-ray energy is higher than the edge energy so that photoelectrons are
generated in the process. The generated photoelectrons leave the element from which
they were generated and travel outwards. These photoelectrons can be backscattered by
the surrounding atoms (neighbors) and come back to the original atoms (absorbers). This
process modulates the X-ray absorption of the absorbers. As shown in Figure 4-1, the
post edge wiggles or oscillations in absorption in the lower right spectrum is cause by the
backscattering of photoelectron from the neighbors. In contrast, when the absorbers have
no neighbors (atoms forming chemical bonds with the absorber), for example, in noble
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gases, there will be no post edge oscillations in the absorption (upper right spectrum in
Figure 4-1).
XANES and EXAFS provide different information about an element, and the data
analysis methods are different. For EXAFS, a complex mathematical procedure is applied
to extract structural information from the post edge oscillations. In contrast, with XANES,
we compare sample spectra with a library of spectra of known compounds with known
structures (also called reference compounds or standards), and identify species by finding
a match. In addition, it is possible to quantify different species in the system by
performing linear combination fitting. In this work, we use XANES to study sulfur and
carbon species in the deactivated catalysts. As a feasibility test, we look at the sulfur
standards and make sure that different sulfur species are distinguishable by XANES.

4.2. Reference compounds
The reference compounds that were used in this work are listed in Table 4-1.
Sulfur K-edge XANES spectra of the reference compounds are shown in Figure 4-2. The
first intense absorption peak is called whiteline. For example, the whiteline of NiS peaks
at 2471.5 eV, and that of NiSO4, at 2482.7 eV. It is obvious that the whiteline peak
position moves to higher energy with higher sulfur oxidation state. The whiteline peak
energies for different reference compounds (including values reported in the literature)
are listed also in Table 4-1. Most spectra of the standards have quite simple features, i.e.,
a very strong whiteline without much EXAFS feature (oscillations). Na2S2O3 is an
exception since there are two different sulfur species in the structure. Oxidation state of
an element can be determined from the edge energy if there is significant difference in
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the edge energy for different oxidation states. This is usually the case for light elements
such as sulfur. The edge energy is determined from the first inflection point of the
spectrum, i.e., the first maxima in the first derivative plot. The first derivatives of the
reference spectra are shown in Figure 4-3. Like the whitelines, the edge energy
corresponding to the first peak in the derivative plot, moves to higher energy with higher
sulfur oxidation state. The edge energies of difference reference compounds for different
sulfur species are reported in Table 4-1. Note that NaS2O3 has two edges at 2471.6 eV
and 2480.6 which correspond to the sulfur oxidation states of -1 and +5 respectively [90],
[91]. The edge energy determined from the derivative spectra of the reference compounds
is plotted in Figure 4-4 against their nominal sulfur oxidation state. Clearly, a linear
relationship exists between the sulfur oxidation state and the edge energy. Determined
from the slope, in average, there is about 1.4 eV difference in edge energy when there is a
unit change in the oxidation state. For the XANES experiment at sulfur K edge, the
spectral energy resolution is about 0.25 eV, so XANES has no difficulty in identifying
different sulfur species when there are multiple species present in the samples. It is
observed that when a sulfur species is in different chemical environments (e.g., NiSO4 vs.
Ce(SO4)2), there is some change in the edge energy, but difference is usually small
(smaller than a few tenths of eV, about 0.1 eV between NiSO4 vs. Ce(SO4)2) when
compared to the separation in edge energy between different oxidation state. Thus,
XANES is a reliable technique for the identification of sulfur species in the used catalysts.
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Table 4-1. Oxidation states, and whiteline and edge energies of different sulfur species

NiS

Sulfur
compound
Metal sulfide

Na2S2O3

Thiosulfate

-1*/ +5*

S

Sulfur

0

2471.5
2472.2 /
2481.1
2472.9

DBT

Organic sulfide

+1Ϯ

2474.0

2473.6

C5H11NO3Sa

Sulfoxide

+2

2476.2

2475.5

Na2SO3

Sulfite

+3.6Ϯ

2478.6

2477.9

DBTO2

Sulfone

+4

2480.0

2479.1

NiSO4
Sulfate
a
Adopted from [92]
* [90], [91]
Ϯ
[90], [92], [93]

+6

2482.7

2481.9

Compound

Oxidation state

Whiteline (eV)

-2

Edge energy
(eV)
2470.6
2471.6 /
2480.6
2472

Figure 4-2. Sulfur K-edge XANES spectra of sulfur-containing reference
compounds
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Figure 4-3. First derivatives of sulfur K-edge XANES spectra of sulfurcontaining reference compounds

Figure 4-4. Relationship between edge energy positions of reference compounds
and their oxidations states.
a
Adopted from [92]
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Usually, edge energy is used to determine oxidation state. In case of sulfur, there
is a consistent energy shift between the whiteline peak position and the edge energy for
all the sulfur oxidation states (about 1 eV) (see Table 4-1). Moreover, unlike the original
spectra, the derivative spectra seem much “busier” with multiple positive and negative
peaks. Thus, in this work, we use the whiteline peak positions to differentiate different
sulfur species. There exists a similar linear relationship between the whiteline peak
position and the oxidation state, as shown in Figure 4-5.

Figure 4-5. Relationship between whiteline positions of reference compounds
and their oxidations states
a
Adopted from [92]
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4.3. Sulfur species in the poisoned 10Ni/ CeAl
Sulfur K-edge XANES spectra of used 10Ni/CeAl are shown in Figures 4-6 (a)
and (b). Used catalysts after 5 and 7 hours of sulfur-doped hexane reforming, and 7 and 9
hours of sulfur-doped benzene reforming were analyzed to observe sulfur species formed
on the catalysts with different degrees of catalyst deactivation. The used catalysts mainly
show two whitelines at about 2471.5 and 2482.6 eV, which are attributed to metal sulfide
and sulfate, respectively. The broad feature at 2478.1 eV corresponds to the second peak
in metal sulfide (see Figure 4-2). From the peak intensity of each species in XANES
spectra, the relative abundance of sulfur species in the sample can be estimated. The used
catalysts from sulfur-doped hexane reforming do not show significant difference between
them; the overall peak intensities and the relative abundances of metal sulfide and sulfate
in both samples are close to each other. In contrast, the peak from metal sulfide is more
intense than that of sulfate in the spectra of the samples from sulfur-doped benzene
reforming (see Figure 4-6 (b)). The higher overall peak intensity in the sample collected
after 9 hours of reaction shows the higher sulfur concentration in the sample. Sulfur is
known to form stable oxidized sulfur species with metal oxides [94]. The formation of
sulfur species in pure metal oxide supports during steam reforming and their identities
were investigated by Xie et al [53]. To obtain sulfur poisoned metal oxides supports,
steam reforming of Norpar13 (a model fuel with normal paraffins with an average carbon
number of 13) over two types of metal oxides (Al2O3 and 20 % CeO2-modified Al2O3)
were performed at 800 oC for 55 hours. The sulfur XANES spectra of the used supports
shown in Figure 4-7 was adopted form the work of Xie et al. [53] and replotted. The
spectra from the used supports are very similar; two peaks are observed at 2474.4 and
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2482.6 eV, which correspond to organic sulfide and sulfate respectively. The presence of
organic sulfide and sulfate in the used supports implies that the metal sulfide observed
from the XANES spectra of the used catalysts (Figure 4-6 (a) and (b)) stem entirely from
Ni metal. However, it is worthwhile noting that the abundance of Ni sulfide in the used
catalysts does not directly correlate the degree of catalyst deactivation. For example, the
catalytic activity in hexane reforming with sulfur is decreased by 9 and 26 % after 5 and
7 hours of reaction respectively, but in the XANES spectra shown in Figure 4-6 (a), the
Ni sulfide peaks in the used catalysts exhibit similar intensities thus almost identical Ni
sulfide content. Moreover, there is almost no change in the catalytic activity in benzene
reforming during the same period of time, but the content of Ni sulfide has significantly
increased as suggested by the much higher Ni sulfide peak. The observation suggests that
deactivation of catalyst cannot be explained simply by sulfur poisoning. This agrees with
the finding by Chen et al. [52] that sulfur poisoning only affected the initial catalyst
deactivation while carbon deposit mainly contributed to a long-term degradation of
catalytic performance. It was concluded that carbon deposition induced by sulfur
poisoning during the first few hours of the reaction played a major role in catalyst
deactivation. Note that in the present study, the initial rate of carbon deposition on a
catalyst is faster than that in the previous study, indicating the difference in the sulfur
poisoning kinetics. Therefore, it can be further inferred that sulfur poisoning in catalyst
deactivation in the present study takes place in even a shorter period of time (within the
first hour of reaction), which explains the seeming irrelevance between the abundance of
metal sulfide and the degree of catalyst deactivation observed in the samples from the
present study.
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(b)

Figure 4-6. Sulfur K-edge XANES spectra of used 10Ni/CeAl in (a) hexane and
(b) benzene reforming with sulfur.
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Figure 4-7. Sulfur K-edge XANES spectra of used Al2O3 and CeAl after steam
reforming of Norpar13 with 350 ppm of sulfur at 800 oC. Figure adopted from
[53].

4.4. Sulfur species in the poisoned 2Rh/CeAl
Figure 4-8 presents XANES spectra of used 2Rh/CeAl catalysts after hexane and
benzene reforming at 800 oC for 9 hours. The used 2Rh/CeAl catalyst with hexane and
benzene have peaks at 2471.6 and 2482.2 eV corresponding to metal sulfide and sulfate
respectively, which is consistent with the observation from the XANES spectra of the
used 10Ni/CeAl. However, no broad second metal sulfide peak which is observed in the
used 10Ni/CeAl (at 2478.1 eV) is found in the used 2Rh/CeAl mainly due to the
difference in the metal bonded to sulfur, but this difference has no noticeable impact on
the whiteline positions of the metal sulfides in the samples. Meanwhile, an additional
peak corresponding to sulfone emerges at 2480.4 eV in the used 2Rh/CeAl especially in
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sulfur-doped hexane reforming. This result is similar to the literature [52]. One obvious
difference in the sulfur chemistries between the used 10Ni/CeAl and 2Rh/CeAl is the
abundance of oxidized sulfur species in a sample. It appears that the formation of
oxidized sulfur species (sulfone and sulfate) is more favored in 2Rh/CeAl than
10Ni/CeAl. For instance, the relative abundance of sulfate in the used 2Rh/CeAl based on
peak intensity is higher than that of 10Ni/CeAl, and a peak corresponding to sulfone is
only observed in the used 2Rh/CeAl. The more abundant oxidized sulfur species on Rh
than Ni is attributed to the higher oxygen mobility on Rh [95], the lower free energy of
formation of rhodium sulfide [38], and the smaller electronegativity difference between
Rh and S than Ni and S [55]. The presence of abundant oxidized sulfur species in the
used 2Rh/CeAl is closely related to the exceptional stability of Rh in steam reforming of
sulfur-doped fuels. Xie et al. [53] ascribed the superior sulfur tolerance of Rh catalyst in
steam reforming of liquid hydrocarbons with 350 ppm of sulfur to (1) the oxygenshielded structure of oxidized sulfur species which protects Rh from metal sulfide
formation, and (2) decomposition of oxygen containing sulfur species, and their possible
migration onto support which also inhibit direct Rh-S interaction.

59

Figure 4-8. Sulfur K-edge XANES spectra of used 2Rh/CeAl in hexane and
benzene reforming with sulfur.

In summary, the sulfur species on 10Ni/CeAl and 2Rh/CeAl are different, and
more oxidized sulfur species are present on 2Rh/CeAl, which may be the reason for
better sulfur tolerance of the catalyst. The sulfur species on 10Ni/CeAl for hexane and
benzene reforming are the same, mostly Ni sulfide, and the difference is in the formation
kinetics. In hexane reforming the sulfur saturates the catalyst surface faster than in
benzene reforming.
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Chapter 5 Carbon deposition in steam reforming of hexane
Carbon deposition is a result of two competing processes: carbon formation and
carbon gasification. To mitigate carbon deposition, it is essential to understand the
mechanisms of both processes. Specifically, in metal oxide supported metal catalysts,
carbon formation on different locations (metal or support) may have different effects on
catalyst performance. For example, carbon forms on metal may reduce hydrocarbon
decomposition activity so less hydrogen is produced; meanwhile, metal is a good
gasification catalyst so carbon formed on the metal is effectively gasified, resulting in
little carbon deposition. In contrast, carbon formed on the support may reduce the steam
activation function of the support, leading to less supply of oxidant to the metal for
carbon gasification and possible carbon buildup on the metal. In addition, the structure of
carbon that is formed during a reaction may also affect carbon deposition. For example,
ordered structure may be more difficult to gasify and thus lead to more carbon deposition.
TPO is a good technique to analyze carbon deposits on the used catalysts and is able to
distinguish carbon deposited on the metal or the support. XANES has been shown to be
very useful in characterizing carbon structure. In this work, we use both TPO and
XANES to study the carbon deposition for its deposition location and structure in order to
investigate the carbon formation and carbon gasification processes in the steam reforming
reaction and how they affect catalyst deactivation. In addition, TEM combined EDX and
XRD are also used to confirm that carbon is indeed formed on both metal and support.
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5.1. Carbon deposition location
5.1.1. Carbon speciation in the deposits on different catalysts
In a TPO experiment, carbon deposits are converted into CO2 at different
temperatures due to their reactivity, which may be affected by the stability of their
structures and the location (metal or support). By proper calibration, the total amount of
carbon deposit is determined from the integrated area of the TPO profile (intensity of IR
absorption of evolved CO2 vs. temperature). The system reports carbon quantity as a
percentage of the weight of the used catalyst. To better compare carbon deposition among
the samples, it is necessary to have a proper basis for comparison. One way is to
normalize the results based on the fresh catalyst (spent catalyst minus carbon deposition).
TPO profiles are also normalized in the same way for visual comparison. For hexane
reforming, 10Ni/CeAl, 2Ni/CeAl and 2Rh/CeAl were tested under various conditions.
TPO profiles of used 10Ni/CeAl, 2Ni/CeAl and 2Rh/CeAl in hexane reforming doped
with 50 ppm of sulfur, and used 10Ni/CeAl with clean hexane are shown in Figure 5-1.
The TPO profiles in the figure are normalized based on the quantity of the fresh catalyst.
The normalized total carbon amounts from the samples are reported in Table 5-1.

Table 5-1. Total carbon and CO2 evolving temperature from TPO analysis for carbon deposits on
10Ni/CeAl, 2Ni/CeAl, and 2Rh/CeAl catalysts used in steam reforming of hexane with and
without sulfur at 800 oC
Hydrocarbon

Hexane with S

Clean hexane

Catalyst

Carbon
(g/g catalyst)

10Ni/CeAl (7 h)

0.76

-

-

490

630

2Ni/CeAl (9 h)

0.22

-

410

460

-

2Rh/CeAl (9 h)

0.04

360

410

-

-

10Ni/CeAl (9 h)

0.29

-

-

460

600

Peak location (oC)

62

Figure 5-1. TPO profiles of 10Ni/CeAl, 2Ni/CeAl, and 2Rh/CeAl catalysts used
in steam reforming of hexane with and without sulfur at 800 oC. Normalized to
the amount of catalyst (excluding carbon deposit)

It is generally accepted that carbon formed on the metal will evolve first in a TPO
experiment than the carbon formed on the support since metal catalyzes carbon
gasification (oxidation in TPO). The different CO2 evolving temperatures in the TPO
profiles may result from carbon structure and whether it is in contact with some metals
[85], [86]. Parera et al. [96] experimentally confirmed that coke (a different way to call
carbon deposits) formed on Pt during naphtha reforming was oxidized at lower
temperature while that on Al2O3-Cl support burned at higher temperature. Gallezot et al.
[97] investigated the structure of carbon deposit during coking with cyclopentane over
Pt/Al2O3. Their conclusion was that the structures of cokes formed on metal and support
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were essentially the same, but the coke on Pt particles was eliminated earlier than that on
support during TPO analysis. As shown in Fig. 5-1, there are mainly two carbon species
present on the catalysts examined: one low temperature peak (< 550 oC) for carbon on
metal, and one high temperature peak (> 550 oC) for carbon on support. With the
presence of sulfur, there is significant difference among 10Ni/CeAl, and the other two
catalysts (2Ni/CeAl and 2Rh/CeAl). 10Ni/CeAl has much more carbon formed on the
support than on the metal. In contrast, very little carbon is formed on the support in the
cases of 2Ni/CeAl and 2Rh/CeAl, and there is much more carbon on the metal for
2Ni/CeAl than that for 2Rh/CeAl. Presence of sulfur poison also makes some difference
in carbon deposition. There is more carbon on metal and less carbon on support on the
10Ni/CeAl catalyst when there is no sulfur.
In addition, the CO2 evolution temperatures are different for the catalysts, which
are a good indicator for different carbon reactivity, a result from possibly many different
factors such as carbon structure stability and gasification activity of metal. In the
presence of sulfur, carbon formed on metal in the three catalysts evolves in increasing
temperature for 2Rh/CeAl) (360 oC), 2Ni/CeAl (410 oC) and 10Ni/CeAl (490 oC).
Approximate peak positions for different sulfur species on different catalysts are
summarized in Table 5-1.

5.1.2. Growth of carbon on 10Ni/CeAl catalyst
To observe the evolution of carbon species and investigate their impact on
catalyst deactivation during hexane reforming with sulfur, a time series of hexane
reforming reactions with sulfur were performed on 10Ni/CeAl catalyst. The reaction was
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stopped at different times so that 10Ni/CeAl catalysts with different degrees of catalyst
deactivation were collected. These used 10Ni/CeAl catalysts were analyzed by TPO in
order to study the growth of carbon on metal and carbon on support. Figure 5-2 presents
the TPO profiles of the time series samples, which are normalized to mass of the catalyst
(excluding the carbon). It is apparent that the carbon deposition increases over time as
indicated by the increasing peak area. Carbon is deposited on both Ni and the support.
Carbon deposited on the metal evolves at around 490 oC, and that on the support, 620 oC.
In addition, there is more carbon on the support than on the Ni at any time. Since these
two peaks are overlapping, the amounts of the two carbons are not directly available.
Since these two species affect catalyst performance in different ways, it is essential to
quantify them so more quantitative investigation may become possible. For this purpose,
peak deconvolution is performed using Gaussian functions.
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Figure 5-2. Time series of TPO profiles of 10Ni/CeAl used after hexane
reforming with sulfur at 800 oC. Normalized to the amount of catalyst (excluding
carbon deposit)

Figures 5-3 to 5-6 display the fitting results of TPO profiles for the 10Ni/CeAl
catalysts collected after different reaction times. All TPO profiles are well fitted with two
Gaussian functions (with minimum R2 value of 0.996), representing carbon on Ni and
carbon on support. Table 5-2 summarizes the fitting results for the carbon species on the
catalyst at different reaction times. The CO2 evolving peak temperatures for both the
carbon on Ni and the carbon on support increase with the catalyst deactivation,
suggesting carbon structure is getting slightly more stable over time.
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Figure 5-3. TPO profile and its peak deconvolution of 10Ni/CeAl catalyst used
in hexane reforming with sulfur at 800 oC for 3 hrs. Normalized to the amount of
catalyst (excluding carbon deposit)

Figure 5-4. TPO profile and its peak deconvolution of 10Ni/CeAl catalyst used
in hexane reforming with sulfur at 800 oC for 4 hrs. Normalized to the amount of
catalyst (excluding carbon deposit)
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Figure 5-5. TPO profile and its peak deconvolution of 10Ni/CeAl catalyst used
in hexane reforming with sulfur at 800 oC for 5 hrs. Normalized to the amount of
catalyst (excluding carbon deposit)

Figure 5-6. TPO profile and its peak deconvolution of 10Ni/CeAl catalyst used
in hexane reforming with sulfur at 800 oC for 7 hrs. Normalized to the amount of
catalyst (excluding carbon deposit)
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Figure 5-7. TPO profile and its peak deconvolution of 10Ni/CeAl catalyst used
in hexane reforming without sulfur at 800 oC for 9 hrs. Normalized to the amount
of catalyst (excluding carbon deposit)

Table 5-2. Deconvolution results of TPO profiles from used 10Ni/CeAl in hexane reforming at
800 oC with and without sulfur
Hydrocarbon

Reaction time
(Deactivation)

Total carbon
(g/g catalyst)

3 h (2 %)

0.30

4 h (6 %)

Peak position
(oC)

Abundance

Absolute amount
(g/g catalyst)

468

47.6 %

0.143

617

52.4 %

0.157

490

46.1 %

0.198

625

53.9 %

0.232

498

45.8 %

0.270

635

54.2 %

0.320

497

45.1 %

0.343

630

54.9 %

0.417

473

64.3 %

0.187

610

35.7 %

0.103

0.43

Hexane with S
5 h (9 %)

7 h (26 %)

Clean hexane

9h (2 %)

0.59

0.76

0.29
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Carbon formation on metal has been investigated extensively. In contrast,
formation of carbon on the support is not well studied. One interesting question is
whether the carbon on Ni and carbon on support are formed separately or there is some
conversion mechanism between them. To gain some insights, one interesting thing to
compare is the carbon growth kinetics. Figure 5-8 shows the amounts of carbon on Ni
and carbon on support as a function of reaction time. The observation seems to suggest
that carbon is formed simultaneously on the metal and the support. However, this
hypothesis would be in direct contradiction to a previous observation on 2Ni/CeAl, on
which a lot of carbon is deposited on Ni while almost no carbon is observed on the
support. If the hypothesis is true, then we would have seen more carbon on the support
since there is more support surface area available in 2Ni/CeAl than 10Ni/CeAl. Moreover,
it is found that the carbon on support grows faster than that on Ni, as shown by the ratio
of their amounts in Figure 5-9.This indicates that during hexane reforming with sulfur
more and more proportion of carbon is deposited on support than on metal.
In addition, the effect of sulfur poison on the properties of carbon deposits was
also briefly investigated. The TPO profile of the used 10Ni/CeAl in 9 hours of hexane
reforming without sulfur is presented in Figure 5-7. Peak deconvolution is also performed
and fit is presented in Figure 5-6 as well. Similar to the analysis results of the used
catalysts with sulfur, two peaks are observed at 473 and 610 oC from peak deconvolution.
It is interesting to note that the total amount of carbon from the sulfur-free hexane
reforming is similar to that in the used catalyst with sulfur after 3 hours of reaction (with
same degree of deactivation), and after 7 hours of reaction with sulfur, the amount of
carbon deposits is more than 2.5 times of that in the 10Ni/CeAl without sulfur. The main
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difference is that without sulfur there is much more carbon on Ni than that on support
when compared to its counterpart from sulfur-doped hexane, suggesting that the
proportion of carbon on Ni is closely related to the rate of carbon deposition and catalyst
deactivation.

Figure 5-8. amounts of carbon on Ni and carbon on support as a function of
reaction time from 10Ni/CeAl catalyst used in hexane reforming with sulfur at
800 oC. Normalized to the amount of catalyst (excluding carbon deposit)
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Figure 5-9. Ratio between the amounts of carbon on Ni and carbon on support as
a function of reaction time from 10Ni/CeAl catalyst used in hexane reforming
with sulfur at 800 oC.

5.2. Structure of carbon deposits
TPO measures carbon reactivity with oxygen, and gives information regarding
carbon deposition location and relative structure stability. There are plenty of research
reports in the literature dealing with carbon structure using various techniques.
Distinctive structures of carbon deposits in used catalysts and their impacts on TPO
profiles were observed in the study of Zhang et al. [98]. They found three types of
carbons (Cα, Cβ, and Cγ) from TPO analyses of Ni/Al2O3 catalysts used in CO2 reforming
of CH4 in the temperature range of 500 – 800 oC. In TPO profiles of used catalysts, they
identified Cα (150-220 oC) as the most active carbon species and responsible for
producing synthesis gas while Cβ (530-600 oC) and Cγ (> 650 oC) were inactive carbon
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which causes catalyst deactivation. In their work, Cβ and Cγ were ascribed to Ni carbide
and graphitic carbon, respectively. Guo el al. [99] also observed three types of carbons
(Cα, Cβ, and Cγ) at slightly different temperatures in TPO profiles (Cα: 340 oC, Cβ: 470
o

C, and Cγ: 590 oC) in their study of CH4 decomposition on Ni/MgAl2O4 at 750 oC. With

Raman spectroscopy, they attributed Cα and Cβ to amorphous or polyaromatic carbon
species, and Cγ to graphite-like carbon. The effect of carbon deposit locations on TPO
profile was also discovered by other researchers. Gallezot et al. [97] used TEM and EELS
to study carbon on Pt/Al2O3 after coking reaction of cyclopentane at 440 oC for 4 hours.
Their conclusion was that the structures of cokes formed on metal and support were
essentially the same (polyaromatic), but the coke on Pt particles was eliminated earlier
than that on support during TPO analysis.
In this study, XANES is used to investigate carbon structure of the deposits.
Carbon K-edge XANES has been used extensively on carbon materials [53], [54], [100],
[101]. With XANES degree of carbon graphitization can be studied. To illustrate this idea,
XANES spectra of four carbon reference materials are also shown in Figure 5-10:
graphite, glassy carbon, carbon black, and carbon nanopowder (<20 nm, lasersynthesized). Graphite has a layered, planar structure. In each layer, the carbon atoms are
arranged in a hexagonal lattice with C-C bond length of 0.142 nm, and the inter-plane
distance is 0.335 nm [102]. Glassy carbon has non-graphitizing carbon that has sp2bonded carbon with high proportion of fullerene-related structures [103]. All four
reference materials have a peak at 285.5 eV corresponding to aromatic C-C bonds. For
graphite, there is a sharp peak at ~292 eV, which is corresponding to the interlayer
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bonding of graphene layers [101], [104]. This peak decreases in the order of graphite >
glassy carbon > carbon nanopowder ≈ carbon black.

Figure 5-10. Carbon K-edge XANES spectra of carbon standards

5.2.1. Structure of carbon deposits on different catalysts
Carbon K-edge XANES spectra of used 10Ni/CeAl, 2Ni/CeAl, and 2Rh/CeAl
catalysts in hexane reforming with sulfur are presented in Figure 5-11. For comparison,
the spectrum of 10Ni/CeAl with clean hexane reforming and a spectrum of fresh
10Ni/CeAl catalyst are also shown. These catalysts were collected after 9 hours of hexane
reforming except the used 10Ni/CeAl which was collected after 7 hours of reforming
with the presence of sulfur. The XANES spectra of the used catalysts show four major
peaks at 285.5, 288.9, 291, and 292.4 eV. The intense peak centered at 285.5 eV (A) is
attributed to 1s  π*(C=C) transition of graphitic carbon [105–108]. The peak at 292.4
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eV (D) arises due to 1s  σ*(C=C) transition of graphitic carbon [105–108]. In addition,
there are two relatively weak peaks, one at 288.9 eV (B) coming from 1s  π*(C=O)
transition of carboxyl functional groups [105–108], and the other at 291 eV is
corresponding to 1s  σ*(C-O) transition of hydroxyl and ether functional groups. [105–
108].

Figure 5-11. Carbon K-edge XANES spectra of 10Ni/CeAl, 2Ni/CeAl, and
2Rh/CeAl catalysts after being used in hexane reforming

Surprisingly, there are three peaks at 285.1, 288.9, and 291 eV observed in the
XANES spectrum of the fresh catalyst, in which we did not expect to see any carbon
deposition. These carbon species may come from catalyst preparation, reaction with CO2,
or adventitious carbon in the vacuum chamber. These carbon species should be present at
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much lower abundance than the carbon deposition from the reforming reaction. The
absorption peaks seem quite intense; this is probably due to the fact that XANES
spectroscopy performed in partial electron yield (PEY) mode is a surface technique at
carbon energy. Only carbon within a few nm thick layers will be detected. By comparing
the sample spectra with that of the fresh catalyst, it is quite obvious that only peaks at
around 285.5 (peak A) and 292.4 eV (peak D) are actually coming from the carbon
deposits. These two peaks are features of graphitic carbon. As shown in Figure 5-11, the
overall intensity of the spectra increases in the order of 2Rh/CeAl < 2Ni/CeAl <
10Ni/CeAl (no sulfur) < 10Ni/CeAl (with sulfur). The increasing intensity may result
from increase in the thickness of carbon deposition (if within a few nm) or increase in the
coverage of carbon deposition. In both cases, we will see an increase in the total amount
of carbon deposits. The result is consistent with total carbon measurements (see Table 51). Note that the spectrum of 2Rh/CeAl is significantly different from the other three; the
position of peak A is shifted by 0.3 eV to lower energy, and the intensity of peak D much
lower than those of the others. This shows that the carbon formed on 2Rh/CeAl is much
less graphitic than that formed on Ni catalysts. The XANES spectra of the used
10Ni/CeAl catalysts with and without sulfur are very similar in terms of peak position
and shape, but the higher intensity of peak D with presence of sulfur indicates higher
degree of graphitization of carbon deposits in the sample. The 2Ni/CeAl has smaller peak
D than 10Ni/CeAl, also suggesting smaller degree of graphitization of carbon formed on
2Ni/CeAl than those on 10Ni/CeAl. The difference may be due to the smaller Ni particle
size in the 2Ni/CeAl since growth of graphitic carbon on Ni requires certain particle size.
The even less degree of graphitization of carbon formed on Rh may result from both
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small Rh particle size and better gasification activity, which limit growth of ordered
carbon structure (less time and space for growth). TEM analyses of fresh catalysts
revealed that the agglomeration of the catalytic metal in the reaction condition is much
more severe with Ni. The fine dispersion of Rh particles on support caused by the smaller
metal loading and strong resistance to the particle agglomeration can improve carbon
gasification significantly. Additionally, the much higher surface oxygen mobility of Rh
than Ni can enhance the reaction between chemisorbed carbon and oxygen [95].

5.3. Evolution of carbon structure on the 10Ni/CeAl catalyst
Carbon formation has been shown to be affected by catalyst and reaction
conditions. It is also of interest to know how carbon structure evolves under same
reaction condition and on a same catalyst.

5.3.1. Overall carbon structure on the 10Ni/CeAl catalyst
A time series of steam reforming of hexane was performed. The carbon K-edge
XANES spectra of the used catalysts are presented in Figure 5-12(a). Three used catalysts
were collected after 3, 4, 5, and 7 hours of hexane reforming with sulfur. The four peaks
in the XANES spectra of the used 10Ni/CeAl catalysts at around 285.5, 288.9, 291, and
292.3 eV are marked as A, B, C, and D respectively. As discussed previously, the peaks
B and C are not from the carbon deposits but rather the catalyst or adventitious carbon in
the vacuum chamber. Overall intensity increases with time, suggesting more carbon
deposited on the catalyst either with thicker layer or wider surface area. To better track
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(a)

(b)

Figure 5-12. Time series of carbon K-edge XANES spectra of 10Ni/CeAl
catalyst used in hexane reforming: (a) without normalization, and (b) normalized
to total carbon
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the change of carbon structure with time, the spectra are normalized to the amount of
carbon deposits by applying different scaling factors to different spectra so that the
featureless regions of the spectra (before 282 eV and after 296 eV) line up nicely as
shown in Figure 5-12 (b). In addition, contributions from adventitious carbon (peak B
and C) are subtracted from the sample spectra. The representative peaks A and D for
carbon deposits for the time series overlap each other, indicating no significant change of
carbon structure in the first 5 hours.

5.3.2. Carbon structure on Ni and the support
It is also of interest to know how carbon structure differs on different locations. A
common approach is to combine TEM with electron energy loss spectroscopy (EELS).
TEM provides the location of carbon and EELS has the ability to probe chemical
information of carbon by measuring loss of electron energy (TEM source) due to electron
transition of carbon. EELS is similar to Raman spectroscopy but with high energy
electron beam as excitation source and probing electron structure other than molecular
vibration energy levels. Thus, EELS provides same information as XANES. In this work,
we combine XANES and TPO to achieve similar goal and have the advantage of
measuring the overall carbon structure but not just some local areas.
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Figure 5-13. Conceptual illustration of partial TPO to selectively remove carbon
from different locations

The idea is illustrated in Figure 5-13. Unlike TEM, the carbon XANES we used
does not have spatial resolution, the beam size was about 1 mm in both vertical and
horizontal directions. Thus, the XANES spectra that have been presented so far contain
contributions from both carbon on metal and carbon on support. One way to study the
carbon structure by location is to selectively remove carbon from a specific location by
TPO and then measure the change by XANES to determine the carbon structure at
different locations. The dotted line in Figure 5-13 shows the TPO spectrum of 10Ni/CeAl
after 5 hours of hexane reforming with sulfur. This is how TPO is normally performed
with a full temperature range from 100 to 900 oC. After a complete TPO, all carbon
deposits are believed to convert to CO2. As discussed previously, carbon on Ni and
carbon on support react with oxygen at different temperatures, so a partial TPO
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experiment, i.e., TPO experiment halted at certain temperature, will remove preferably
the carbon on Ni and leave the catalyst with abundant carbon on support, as shown by the
solid line in Figure 5-13. The TPO experiment was stopped 550 oC (denoted as “50 %
TPO”), and the catalyst was recovered and characterized with carbon K-edge XANES.
Figure 5-14(a) presents the carbon XANES spectra of the used catalysts after different
extents of TPO analyses. The spectra of the used catalyst with no TPO analysis and fresh
10Ni/CeAl are also included for comparison. The overall intensity decreases with the
increasing extent of TPO, from no TPO, to 50%, and to complete TPO, which is
consistent with the total carbon amounts for different samples. The spectrum for the
sample with complete TPO is very much like that for the fresh catalyst, suggesting that
there is very little residual carbon on the sample with complete TPO. One again, the
smaller peaks in the spectra of “50%TPO” and “no TPO” at about 289, and 291 eV are
from the catalyst or adventitious carbon, not from the carbon deposits. To better compare
the carbon structures in the “50 % TPO” and “no TPO” samples, their spectra are
normalized to the amount of carbon deposits in the samples and the peaks from
adventitious carbon are removed as shown in Figure 5-14(b).
The two normalized spectra are very similar to each other. It is shown that after
carbon is preferably removed from the catalyst, the remaining carbon (with more carbon
on support) has very similar structure. The result strongly suggests that basically there is
no significant difference in carbon structure on different locations.
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(a)

(b)

Figure 5-14. Carbon K-edge XANES spectra of 10Ni/CeAl catalyst (used in
hexane reforming with sulfur for 5hrs) after different extents of TPO: (a) without
normalization, and (b) normalized to total carbon
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5.3.3. Location of carbon deposit on the used 10Ni/CeAl catalyst
In the previous section, XANES results suggest that carbon deposits formed on Ni
and support have very similar structure. The important underlying assumption in the
analysis of carbon deposit structure on different locations with XANES is that carbon
deposit formed on Ni burns at low temperature and carbon formed on support burns at
high temperature during TPO analysis. Although the behavior of carbon deposit in TPO
analysis is frequently reported in the literature [54], [96], [97], [109–111], care should be
taken when applying observations from other study to the present study. Therefore, it is
beneficial to confirm that the assumption is valid in the present study. In this section,
different analytical techniques (TEM, STEM, and XRD) with used 10Ni/CeAl catalyst
with and without partial TPO are used to verify the assumption regarding location of
carbon deposit.

5.3.3.1. TEM
TEM images of the used 10Ni/CeAl without TPO are shown in Figure 5-15. The
dark particles in the images with a diameter larger than 10 nm are Ni particles. Particle
agglomeration as known as sintering of metallic Ni particles under steam reforming
conditions is well known phenomenon, which reduces the activity of reforming catalysts
by reducing surface area and carbon gasification capability of Ni [112]. It is also
observed in TEM images that Ni particles are surrounded by multiple layers with curved
structure. This is most likely encapsulating carbon formed during steam reforming
reaction, and it is the major type of carbon deposit observed in the TEM analysis.
Interestingly, filament carbon, which is most common type of carbon deposit in steam
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reforming, is not observed on the used catalysts in the present study. Filament carbon has
a very distinct structure and should be easily discovered. Thus, it can be inferred that
under the reaction condition used in the present work, formation of filament carbon is
limited whereas encapsulating carbon is the predominating carbon deposit.

Figure 5-15. TEM images of used 10Ni/CeAl collected after 5 h of steam
reforming of hexane with sulfur
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To obtain information about elemental distribution on the used catalyst, EDX
elemental mapping was performed on the same used catalyst. As presented in Figure 5-16,
nickel, carbon, and aluminum present on the sample are distinguished and colored
differently to show their locations. It is confirmed from the mapping results that the dark
particles in the TEM image are indeed Ni and the multiple layers surrounding the Ni
particles are encapsulating carbon. It is important to note that carbon with no distinctive
structure, as indicated in Figure 5-16(c), is also found on the support around large Ni
particles. The existence of two different types of carbon deposits on Ni and support
proves the assumption that carbon deposit is formed on metal and support. The structural
difference between the carbon deposits on Ni and support contradicts the observation
from carbon K-edge XANES and suggests that there is more than one carbon deposition
mechanism. In addition to large Ni particles, as observed on the bottom half of Figures 516(b) and (d), there are also widely spread Ni elements on the sample, and the region is
also saturated with Al. The coexistence of Ni and Al in the region confirms the presence
of nickel aluminate in the sample which was detected by XRD (see Figure 3-1). It is
worth noting that the large area saturated with Ni and Al does not contain carbon deposit.
If pyrolytic carbon, a common type of carbon formed at high temperature, is formed by
pyrolysis of hydrocarbon molecules in the gas phase, it would be deposited on the large
area of the catalyst. However, because carbon deposit is concentrated particularly on
large Ni particles and the support near the Ni particles, the possibility of pyrolytic carbon
formation can be ruled out.
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(a)

(b)

(c)

(d)

Figure 5-16. EDX elemental mapping results of used 10Ni/CeAl collected after 5 h of steam
reforming of hexane with sulfur: (a) TEM image, (b) Ni mapping, (c) C mapping, (d) Al mapping
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To compare the structure and location of carbon deposit on the used catalyst after
removing low temperature carbon in TPO profile, TEM images of used 10Ni/CeAl with
50 % TPO were also collected and presented in Figure 5-17. The major difference
between the samples with and without 50 % TPO that can be seen at a glance is the
absence of encapsulating carbon around Ni particle. This is an indication that the partial
TPO of the used catalyst removed carbon deposit in the vicinity of Ni particles.

Figure 5-17. TEM images of used 10Ni/CeAl collected after 5 h of steam
reforming of hexane with sulfur after 50 % TPO

87

The removal of carbon on Ni can be more easily seen from the EDX elemental
mapping results shown in Figure 5-18. It is clear in Figure 5-18(c) that no carbon exists
in the close proximity of the large Ni particle. However, carbon deposit with amorphous
structure, which is observed in the used catalyst without partial TPO, is still present on
the support region around the Ni particle (see Figure 5-18(c)). The results from TEM
analysis coupled with EDX elemental mapping strongly support the assumption that
carbon deposit formed on Ni burns at lower temperature in TPO analysis.

(a)

(b)

(c)

(d)

Figure 5-18. EDX elemental mapping results of used 10Ni/CeAl collected after 5 h of steam
reforming of hexane with sulfur after 50 % TPO: (a) TEM image, (b) Ni mapping, (c) C mapping,
(d) Al mapping
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5.3.3.2. STEM
Carbon deposits on different locations can be more accurately observed with
STEM analysis. Figure 5-19 presents dark field TEM images of used 10Ni/CeAl in
hexane reforming without partial TPO. EDX spectra were collected from three different
locations to see how carbon deposit is distributed on the sample. The small red circle in
the dark field TEM images shows the location where EDX spectra were collected. Strong
Ni EDX signal from the center of the bright particle in Figure 5-19 is observed and the
signal is gradually decrease as the probe moves to the outside of the particle. From the
change in the intensity of Ni signal in EDX spectra and the size of the particle (bigger
than 20 nm), it can be inferred that the particle is metallic Ni which is previously
observed in Figure 5-15. By associating the dark field TEM images with the
corresponding EDX spectra, it can be seen that carbon deposit is present on Ni particle
and also on the support around Ni particle, which is in agreement with the observation
from Figure 5-16.
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(a)

(b)

(c)

Figure 5-19. Dark field TEM images of used 10Ni/CeAl collected after 5 h of
steam reforming of hexane with sulfur
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Location (a)

Location (b)

Location (c)

Figure 5-20. EDX spectra collected at different locations of a particle in figure 5-19
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STEM analysis on the used 10Ni/CeAl with 50 % TPO is performed in a similar
manner. Metallic Ni particle was located by the intense Ni signal in EDX spectra and also
the size of the particle. From Figure 5-21(a) and (b), the center and the edge of the
particle at which the probe is located are highly concentrated with Ni. When the probe
moved towards outside of the particle, the Ni signal in EDX spectrum is significantly
decreased, indicating the region is mostly support. It is interesting to observe that the
intensity of carbon signal in EDX spectra, as shown in Figure 5-22, differs significantly
depending on locations. Unlike the used catalyst without TPO where strong carbon
signals are detected from both metallic Ni and support, the carbon signal at the metallic
Ni (Figure 5-21(a) and (b)) is much lower than that at the support in the used catalyst
with 50 % TPO. The results from STEM analysis confirm once more that during partial
TPO, carbon on metallic Ni was removed while carbon deposit on the support persists
after partial TPO.
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(a)

(b)

(c)

Figure 5-21. Dark field TEM images of used 10Ni/CeAl collected after 5 h of
steam reforming of hexane with sulfur after 50 % TPO
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Location (a)

Location (b)

Location (c)

Figure 5-22. EDX spectra collected at different locations of a particle in figure 5-21
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5.3.3.3. XRD
X-ray diffraction patterns of used 10Ni/CeAl catalysts were collected to
investigate the effect of partial TPO on the property of Ni in the catalyst. Four samples
with different degrees of TPO were prepared and their x-ray diffraction patterns are
shown in Figure 5-23. The used catalysts with 25 % and 75 % TPO were obtained by
burning the half of lower temperature carbon and the half of high temperature carbon in
TPO profiles respectively. As indicated in the figure, without partial TPO, metallic Ni is
the major Ni phase present in the used catalyst. This is mainly because the metallic Ni is
preserved by carbon deposit formed on it, preventing oxidation of metallic Ni. However,
after 25 % TPO, all the metallic Ni in the sample is converted to NiO, and the signal for
NiO do not change in the XRD patterns of the used catalysts with 50 % and 75 % TPO.
This observation from XRD measurement also supports the assumption that carbon
deposit formed on Ni burns at lower temperature and carbon formed on support burns at
higher temperature during TPO analysis
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Figure 5-23. XRD diffraction patters of used 10Ni/CeAl collected after 5 h of
steam reforming of hexane with sulfur after 25 %, 50 %, and 75 % TPO
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5.4. Carbon formation mechanism on the support
TEM analysis of carbon deposit formed on 10Ni/CeAl catalyst during steam
reforming shows that carbon deposit is formed on both metal and support, and the partial
TPO experiment combined with TEM and XRD analyses confirms that carbon formed on
metal burns at lower temperature than carbon on the support does. Thus, a conclusion is
drawn that peaks at low and high temperatures in TPO profiles of used catalysts
correspond to carbon deposit on Ni and support respectively. In addition, it is also found
that carbon deposits on metal and support have different structures; carbon on metal is
encapsulating carbon with graphitic characteristic while that on support has amorphous
structure. Interestingly, this observation contradicts the results from XANES analysis that
carbon deposits on the two locations have very similar structure. This discrepancy may be
caused by the abundance of carbon deposit on the support, as shown in TPO profiles of
used 10Ni/CeAl in hexane reforming. Because contribution of carbon on the support to
XANES spectra is larger than that of the counterpart, removal of carbon on metal does
not cause a significant change in XANES spectra. Additionally, even after 50 % TPO
treatment on the sample, there is a portion of carbon deposit on metal left on the sample
mainly due to the overlap between the two peaks from carbon on metal and support
which can be clearly seen in the TPO peak deconvolution results (see Figure 5-5). Thus,
it can be inferred that 50 % TPO experiment actually burns much less than 50 % of
carbon in the sample, and it only has a minimum influence on XANES spectra. If there is
more abundant carbon deposit is formed on metal, 50 % TPO experiment would causes a
noticeable difference on XANES spectra.
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TPO analyses of used 2Rh/CeAl and 2Ni/CeAl show that carbon deposit is only
formed on metal, and in case of used 10Ni/CeAl, carbon is found on metal and on support
close to the metal. These observations clearly indicate that formation of pyrolytic carbon,
which would be formed all over the catalyst surface, is inhibited under the reactions
condition used in the present study. Meanwhile, TEM analysis combined with EDX
elemental mapping of used 10Ni/CeAl showed the graphitic characteristic of carbon
deposit (encapsulating carbon) on Ni and amorphous type of carbon deposit on the
support, suggesting there is more than one carbon deposition pathway. To explain the
formation of two different types of carbon in steam reforming of hexane over 10Ni/CeAl,
the following carbon deposition mechanism is proposed. In the early stage of the reaction,
hydrocarbon molecules are dehydrogenated on Ni and produce H2 and CO2 by reacting
with steam. When the rate of carbon formation becomes higher than that of carbon
gasification, carbon on Ni starts to polymerize and form encapsulating carbon. As
encapsulating carbon grows on Ni surface, the activity of Ni for dehydrogenation of
hydrocarbon decreases, and this results in the formation of partially dehydrogenated
intermediate hydrocarbon molecules. The concentration of the intermediate hydrocarbons
continuously increases with further progress of the reaction, and they spill over to the
support, where they undergo acid cracking on the acidic sites of alumina to form coke in
the end. Since coke is amorphous form of carbon, it explains the formation of two
different types of carbon deposits on metal and support in the used 10Ni/CeAl.
2Ni/CeAl formed carbon deposit on metal only, and the amount of carbon is much
less compared to 10Ni/CeAl. For example, as shown in Table 5-1, under the same
reaction conditions, there are 0.59 g carbon deposits on 10Ni/CeAl in 5hrs while only
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0.22 g on 2Ni/CeAl in 9 hrs. In addition, carbon deposit on metal in 2Ni/CeAl is more
reactive than that in 10Ni/CeAl, as suggested by lower carbon evolving temperature in
TPO analysis. Less degree of graphitization of carbon in 2Ni/CeAl than 10Ni/CeAl is
also observed in XANES results. The reason for this difference is probably due to the
smaller Ni particle size in 2Ni/CeAl, as suggested by XRD. Studies have shown that the
formation of inactive graphitic carbon on Ni requires certain Ni particle size. For example,
Rostrup-Nielsen [113] showed in a study of methane decomposition over Ni catalysts that
for small Ni particles, the Gibbs energy for the formation of graphitic carbon is so large
that graphitic carbon formation does not proceed. Similar results were found in the study
of Chen et al. [63]. They observed little or no graphitic carbon in the spent catalysts with
lower Ni loadings after isooctane autothermal reforming. Therefore, the less graphitic
carbon formation on 2Ni/CeAl yields more reactive carbons, lowering carbon evolving
temperature during TPO analysis. The higher reactivity also leads to lower carbon
deposition due to higher gasification activity. Similar results were also reported in the
literature that the smaller Ni particle size significantly reduces the rate of carbon
deposition. Borowiecki [112] observed that the interaction between chemisorbed
hydrocarbon on Ni and chemisorbed steam on Al2O3-MgO support during steam
reforming of butane is improved when smaller Ni particle size is used, resulting in a
reduced coking rate. Furthermore, Christensen et al. [114] concluded that carbon
deposition during steam reforming of methane is inhibited with smaller Ni crystallite size
due to increased saturation concentration of carbon in the Ni crystals. Thus, the higher
carbon

gasification

activity

in

2Ni/CeAl

suppresses

formation

of

dehydrogenated hydrocarbon, and this leads to no carbon deposition on support.

partially
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Similar argument can be made to explain the carbon formation on 2Rh/CeAl.
XANES shows that carbon formed on 2Rh/CeAl is much less graphitic than that formed
on Ni catalysts. The low carbon evolving temperature and less carbon deposit observed in
TPO analysis of the used 2Rh/CeAl are a result of small Rh particle size leading to
reactive carbon species and high gasification activity. Very low carbon deposit leads to
no formation of partially dehydrogenated hydrocarbon, and it prohibits carbon deposition
on support.

5.5. Summary
Hexane steam reforming was performed on Ni and Rh catalysts, and the carbon
deposition on the catalysts has been studied using TPO, XANES, TEM, and XRD. There
are important observations regarding carbon structure, location, reactivity and formation
mechanism. (1) The degree of graphitization of carbon deposits increases in the order of
2Rh/CeAl < 2Ni/CeAl < 10Ni/CeAl while the carbon reactivity decreases in the same
order; (2) carbon structures are found to be different for carbon on metal and carbon on
support formed on a same catalyst. Graphitic encapsulating carbon is formed on metal
while support forms amorphous carbon; (3) the stability of carbon deposit on metal
affects carbon formation on support significantly. The more stable the carbon on metal,
the more carbon formed on the support; (4) the following carbon deposition mechanism
is proposed. Firstly, stable carbon deposit is formed on metal and keeps growing.
Secondly, reduced dehydrogenation activity of metal results in partially dehydrogenated
hydrocarbons, and as their concentration increases, they migrate over to support. Lastly,
coke is formed by acid cracking of the partially dehydrogenated hydrocarbons on acidic
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site of alumina support. The mechanism explains the difference among the carbon
deposition tendencies of different catalysts well.
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Chapter 6 Carbon deposition in steam reforming of benzene
In the previous chapter, carbon deposition in hexane steam reforming has been
studied. A comparative study using benzene in reforming reaction is carried out in this
chapter to investigate the similarities and differences in carbon deposits formed from
different structured hydrocarbon reforming.

6.1. Carbon deposition location
6.1.1. Carbon speciation in the deposits on different catalysts
For benzene reforming, the same catalysts (10Ni/CeAl, 2Ni/CeAl and 2Rh/CeAl)
as used in hexane reforming were tested under various conditions. To obtain information
about the reactivity of carbon deposits and their locations on the catalysts, TPO profiles
of used 10Ni/CeAl, 2Ni/CeAl and 2Rh/CeAl in benzene reforming with sulfur, and used
10Ni/CeAl with clean benzene were collected and are presented in Figure 6-1. All the
used catalysts were collected after 9 hours of reforming reactions. The TPO profiles in
the figure are normalized based on the quantity of the fresh catalyst. The normalized total
carbon amounts from the samples are reported in Table 6-1.
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Table 6-1. Total carbon and CO2 evolving temperature from TPO analysis for carbon deposits on
10Ni/CeAl, 2Ni/CeAl, and 2Rh/CeAl catalysts used in steam reforming of benzene with and
without sulfur at 800 oC.
Hydrocarbon

Benzene with S

Clean Benzene

Catalyst

Carbon
(g/g catalyst)

10Ni/CeAl (9 h)

0.31

-

-

2Ni/CeAl (9 h)

0.08

-

410

2Rh/CeAl (9 h)

0.03

360

10Ni/CeAl (9 h)

0.15

-

Peak location (oC)

-

480

630
-

-

-

490

590

Figure 6-1. TPO profiles of 10Ni/CeAl, 2Ni/CeAl, and 2Rh/CeAl catalysts used
in steam reforming of benzene with and without sulfur at 800 oC. Normalized to
the amount of catalyst (excluding carbon deposit)

As shown in Figure 6-1, in the TPO profiles of the used catalysts with benzene,
mainly two types of carbon species are observed: one low temperature peak (< 550 oC)
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for carbon on metal, and one high temperature peak (> 550 oC) for carbon on support,
which is consistent with the TPO results of the samples with hexane reforming. With
integrated peak area, the proportion of carbon deposit in each location can be visually
inspected, and it is found that the location of carbon deposition depends on the type of
catalyst. For example, 10Ni/CeAl forms much more carbon on the metal than on the
support, but almost no carbon is formed on the support in the cases of 2Ni/CeAl and
2Rh/CeAl. The amount of carbon deposit formed on the metal in the order of 2Rh/CeAl <
2Ni/CeAl < 10Ni/CeAl. The used 10Ni/CeAl without sulfur exhibits a similar carbon
deposition tendency; there is more carbon on metal and less carbon on support.
The reactivities of carbon deposits which can be seen from the CO2 evolution
temperatures are closely related to the catalyst types. With sulfur poison, carbon formed
on metal in the three catalysts evolves in increasing temperature for 2Rh/CeAl (360 oC),
2Ni/CeAl (410 oC) and 10Ni/CeAl (480 oC), which is probably resulted from carbon
structure stability and gasification activity of the metal. Approximate peak positions for
different sulfur species on different catalysts are summarized in Table 6-1.

6.1.2. Growth of carbon on 10Ni/CeAl catalyst
To observe the evolution of carbon species and investigate their impact on
catalyst deactivation during benzene reforming with sulfur, a time series of benzene
reforming reactions with sulfur were performed on 10Ni/CeAl catalyst. The reaction was
stopped at different times so that 10Ni/CeAl catalysts with different degrees of catalyst
deactivation were collected. These used 10Ni/CeAl catalysts were analyzed by TPO in
order to study the growth of carbon on metal and carbon on support. Figure 6-2 presents
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the normalized TPO profiles of the time series samples. Apparently, the amounts of
carbon deposits in the samples increase over time as indicated by the increasing peak area.
In the TPO profiles, carbon deposit is found on both Ni and the support. Carbon
deposited on the metal evolves at around 480 oC, and that on the support, 630 oC. In
addition, there is more carbon on the support than on the Ni at any time. To quantify the
carbon deposits on different locations (metal and support), peak deconvolution is also
performed using Gaussian functions.

Figure 6-2. Time series of TPO profiles of 10Ni/CeAl used after benzene
reforming with sulfur at 800 oC. Normalized to the amount of catalyst (excluding
carbon deposit)

Figures 6-3 to 6-6 display the fitting results of TPO profiles for the 10Ni/CeAl
catalysts collected after different reaction times. All TPO profiles are well fitted with two
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Gaussian functions representing carbon on Ni and carbon on support. Table 6-2
summarizes the fitting results for the carbon species on the catalyst at different reaction
times.

Figure 6-3. TPO profile and its peak deconvolution of 10Ni/CeAl catalyst used
in hexane reforming with sulfur at 800 oC for 5 hrs. Normalized to the amount of
catalyst (excluding carbon deposit)
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Figure 6-4. TPO profile and its peak deconvolution of 10Ni/CeAl catalyst used
in hexane reforming with sulfur at 800 oC for 7 hrs. Normalized to the amount of
catalyst (excluding carbon deposit)

Figure 6-5. TPO profile and its peak deconvolution of 10Ni/CeAl catalyst used
in hexane reforming with sulfur at 800 oC for 9 hrs. Normalized to the amount of
catalyst (excluding carbon deposit)

107

Figure 6-6. TPO profile and its peak deconvolution of 10Ni/CeAl catalyst used
in hexane reforming with sulfur at 800 oC for 11 hrs. Normalized to the amount
of catalyst (excluding carbon deposit)

Figure 6-7. TPO profile and its peak deconvolution of 10Ni/CeAl catalyst used
in hexane reforming without sulfur at 800 oC for 9 hrs. Normalized to the amount
of catalyst (excluding carbon deposit)
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Table 6-2. Deconvolution results of TPO profiles from used 10Ni/CeAl in benzene reforming at
800 oC with and without sulfur.
Hydrocarbon

Catalyst
(Reaction time)

Total carbon
(g/g catalyst)

0 % (5 h)

0.14

3 % (7 h)

Peak position
(oC)

Abundance

Absolute amount
(g/g catalyst)

472

92.4

0.129

605

7.6

0.011

474

81.2

0.187

602

18.8

0.043

475

74.3

0.230

613

25.7

0.080

478

68.4

0.281

620

31.6

0.129

494

85.2

0.128

585

14.8

0.022

0.23

Benzene with S
11 % (9 h)

25 % (11h)

Clean benzene

0 % (9 h)

0.31

0.41

0.15

Figure 6-8 shows the amounts of carbon deposits on Ni and on support as a
function of reaction time. It appears that different carbon formations kinetics exists on Ni
and support. After 5 hours of reaction, the amount of carbon deposited on the support is
only little while plenty of carbon deposit is observed on Ni. Interestingly, carbon on
support starts to increase with that on Ni after the onset of carbon deposition on the
support at 5 hours of reaction. Furthermore, the ratio between the two carbon species
presented in Figure 6-9 increases with reaction time, indicating that carbon is deposited
more rapidly on the support than Ni as reaction proceeds.
The effect of sulfur poison on the properties of carbon deposit can be briefly
investigated by comparing TPO profiles of the used 10Ni/CeAl with and without sulfur.
Deconvoluted TPO profile of the used 10Ni/CeAl in 9 hours of sulfur free hexane
reforming is presented in Figure 6-6, and the result is displayed in Table 6-2. Similar to
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the samples with sulfur, two peaks are observed at 494 and 585 oC which correspond to
carbon on Ni and carbon on the support, respectively. The amount of carbon deposits in
the used 10Ni/CeAl with sulfur free hexane is almost half of the carbon found in the used
10Ni/CeAl collected after the same reaction time (9 hours) with presence of sulfur,
indicating the role of sulfur poison in increasing the rate of carbon deposition. It is also
observed that without sulfur poison, the proportion of carbon formed on Ni is higher
compared to the counterpart with sulfur, which suggests a correlation between carbon
formation location and degree of carbon deposition.

Figure 6-8. amounts of carbon on Ni and carbon on support as a function of
reaction time from 10Ni/CeAl catalyst used in benzene reforming with sulfur at
800 oC. Normalized to the amount of catalyst (excluding carbon deposit)
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Figure 6-9. Ratio between the amounts of carbon on Ni and carbon on support as
a function of reaction time from 10Ni/CeAl catalyst used in hexane reforming
with sulfur at 800 oC.

6.2. Structure of carbon deposits on different catalysts
Carbon K-edge XANES spectra of used 10Ni/CeAl, 2Ni/CeAl, and 2Rh/CeAl
catalysts in benzene reforming with sulfur are presented in Figures 6-10. The spectrum of
10Ni/CeAl with clean hexane reforming and a spectrum of fresh 10Ni/CeAl catalyst are
also shown for comparison. All the used catalysts were collected after 9 hours of benzene
reforming. The XANES spectra of the used catalysts show four major peaks at 285.5,
288.9, 291, and 292.4 eV which are marked as A, B, C, and D respectively. As discussed
in the previous chapter, 1s  π*(C=C) transition of graphitic carbon shows peak A [105–
108], and peak D arises from 1s  σ*(C=C) transition of graphitic carbon [105–108].
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The relatively weak peaks B and C stem from 1s  π*(C=O) transition of carboxyl
functional groups [105–108], and the other at 291 eV is corresponding to 1s  σ*(C-O)
transition of hydroxyl and ether functional groups [105–108].
As discussed in the previous chapter, peaks B and C most likely come from
adventitious carbon, and therefore only peaks A and D which are associated with
graphitic carbon will be used for analyzing the used catalysts in benzene reforming. The
overall intensity of the spectra increases in the order of 2Rh/CeAl < 2Ni/CeAl <
10Ni/CeAl (no sulfur) < 10Ni/CeAl (sulfur), which is consistent with the carbon contents
in the samples measured with TPO (see Table 6-1). The XANES spectra of the used
10Ni/CeAl catalysts with and without sulfur are very similar in terms of peak position
and shape, suggesting similar degree of graphitization of carbon deposits in the samples.
Note that peak A in the used 2Ni/CeAl and 2Rh/CeAl appears at lower energy, and the
intensities of peak D in the samples are much lower than those of the others, indicating
lower degrees of carbon graphitization in the samples. These differences are mainly due
to the smaller metal particle size of 2Ni/CeAl and 2Rh/CeAl. As discussed in Chapter 5,
the formation of carbon with ordered structure is limited with small particle size.
Furthermore, for 2Rh/CeAl, better gasification ability, finer dispersion on the support,
stronger resistance to the particle agglomeration, and higher surface oxygen mobility of
Rh than Ni further inhibit the formation of ordered carbon.
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Figure 6-10. Carbon K-edge XANES spectra of 10Ni/CeAl, 2Ni/CeAl, and
2Rh/CeAl catalysts after being used in benzene reforming

6.3. Evolution of carbon structure on the catalysts
6.3.1. Overall carbon structure on the 10Ni/CeAl catalyst
A time series of steam reforming of benzene was performed. The carbon K-edge
XANES spectra of the used catalysts are presented in Figure 6-11(a). Three used catalysts
were collected after 5, 7, 9, and 11 hours of benzene reforming with sulfur. The four
peaks in the XANES spectra of the used 10Ni/CeAl catalysts at around 285.5, 288.9, 291,
and 292.3 eV are marked as A, B, C, and D respectively. Overall intensity increases with
time, suggesting more carbon deposited on the catalyst either with thicker layer or wider
surface area. For a proper comparison among the XANES spectra, contributions from
adventitious carbon were removed and the spectra were normalized as shown in Figure 6-
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11(b). As discussed earlier, the representative peaks A and D for carbon deposits for the
time series overlap each other, indicating no significant change of carbon structure in the
over time. The slightly lower peak A to D ratio in the XANES spectrum of 5-hr sample
shows a little less degree of graphitization in the sample, and this suggests that carbon
formed in the early stage of reaction, when carbon deposition is not severe, has less
graphitic characteristic.
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(a)

(b)

Figure 6-11. Time series of carbon K-edge XANES spectra of 10Ni/CeAl
catalyst used in benzene reforming: (a) without normalization, and (b)
normalized to total carbon
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6.3.2. Carbon structure on Ni and the support
As performed for the sample from hexane reforming in Chapter 5, partial TPO
analyses with different temperature ranges (50 % TPO and complete TPO) are carried out
on the used 10Ni/CeAl collected after 9 hours of benzene reforming with sulfur to
preferably remove carbon deposits on Ni. TPO profile with 50 % TPO analysis ranges
from 100 to 570 oC and it is plotted in a solid line in Figure 6-12. Complete TPO profile
goes up 900 oC, and the continuing TPO profile after 50 % TPO is shown in a dotted line.
The two differently staged TPO analyses well separate the two peaks from carbon on
metal and support.

Figure 6-12. Partial TPO to preferably remove carbon on Ni in 10Ni/CeAl
catalyst used in benzene reforming

Figure 6-13(a) presents the carbon XANES spectra of the used catalysts after
different extents TPO analyses. The spectra of the used catalyst with no TPO analysis and
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fresh 10Ni/CeAl are also included for comparison. The overall intensity decreases with
the increasing extent of TPO, from no TPO, to 50%, and to complete TPO, which is
consistent with the total carbon amounts for different samples. The spectrum for the
sample with complete TPO is very much like that for the fresh catalyst, suggesting that
there is very little residual carbon on the sample with complete TPO. To better compare
the carbon structures in the “50 % TPO” and “no TPO” samples, their spectra are
normalized to the amount of carbon deposits in the samples and shown in Figure 6-13(b).
In the normalized spectra, peak A shifts by 0.2 eV to lower energy region after 50 %
TPO probably due to the interference of adventitious carbon. The difference between the
two samples with no TPO and 50 % TPO can be more clearly seen by subtracting the
interference from adventitious carbon as shown in Figure 6-14. After removing carbon on
metal, the intensities of peak A and D, characteristic peaks of graphitic carbon, are
reduced. The observation clearly shows carbon deposit on support is less ordered than
that on metal.
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(a)

(b)

Figure 6-13. Carbon K-edge XANES spectra of 10Ni/CeAl catalyst (used in
benzene reforming with sulfur for 9hrs) after different extents of TPO: (a)
without normalization, and (b) normalized to total carbon
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Figure 6-14. Carbon K-edge XANES spectra of 10Ni/CeAl catalysts (used in
benzene reforming with sulfur for 9hrs) with different extents of TPO after
subtracting interference from adventitious carbon

6.4. Carbon formation mechanism on the support
The TPO results of carbon formed on different used catalysts (10Ni/CeAl,
2Ni/CeAl, and 2Rh/CeAl) reveal that carbon is formed only on metal for 2Ni/CeAl and
2Rh/CeAl while carbon is formed on both metal and support for 10Ni/CeAl. In addition,
deconvolution of TPO profiles of the used 10Ni/CeAl shows that almost no carbon on
support was observed even after 5 hours of benzene reforming with sulfur while plenty of
carbon is found on Ni. These observations indicate that carbon deposit is preferentially
formed on metal under the current experimental conditions. Interestingly, however, the
proportion of carbon deposited on the support of 10Ni/CeAl increases as reaction further
proceeds, showing extensive formation of carbon on the support after the onset. TPO
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analysis combined with XANES for the used 10Ni/CeAl shows that carbon formed on Ni
and on the support during benzene reforming with sulfur have different structures; carbon
on Ni has more ordered structure than that on support. Thus, the carbon deposition
mechanism proposed in Chapter 5 can also explain these observations. Meanwhile, the
lower CO2 evolving temperature in the TPO profile and less degree of carbon
graphitization observed in the XANES spectrum of 2Ni/CeAl than those of 10Ni/CeAl
are associated with its smaller particle size as discussed in Chapter 5. Additionally, the
small particle size and higher gasification activity of Rh than Ni even lower the CO2
evolving temperature and degree of graphitization of carbon in the used 2Rh/CeAl. The
highly reactive carbon deposits formed on the metals of 2Ni/CeAl and 2Rh/CeAl do not
create partially dehydrogenated hydrocarbons. This explains the absence of carbon
deposit on the supports of 2Ni/CeAl and 2Rh/CeAl.

6.5. Summary
Benzene steam reforming was performed on Ni and Rh catalysts, and the carbon
deposition on the catalysts has been studied using XANES and TPO. There are important
observations regarding carbon structure, reactivity and formation mechanism. (1) The
degree of graphitization of carbon deposits increases in the order of 2Rh/CeAl <
2Ni/CeAl < 10Ni/CeAl while the carbon reactivity decreases in the same order; (2)
carbon structures are found to be different for carbon on metal and carbon on support
formed on a same catalyst; carbon on metal is more ordered than that on support; (3)
carbon deposit is formed preferentially on metal in the early stage of benzene reforming,
but carbon is deposited more on the support after the onset of carbon deposition on the
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support; (4) the stability of carbon deposit on metal affects carbon formation on support
significantly. The more stable the carbon on metal, the more carbon formed on the
support; (5) the carbon deposition mechanism proposed previously in Chapter 5 well
explains the difference among the carbon deposits on different catalysts.
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Chapter 7 Effects of hydrocarbon structure on catalyst deactivation
As discussed in Chapter 3, benzene and hexane behave very differently in steam
reforming reaction for hydrogen production. This is especially true when it comes to
catalyst deactivation with the presence of sulfur impurities. In Chapters 4, 5 and 6, both
sulfur poisoning and carbon deposition are studied separately for hexane and benzene
reforming. In this Chapter, the similarities and differences in sulfur poisoning and carbon
deposition between hexane and benzene reforming over 10Ni/CeAl are compared, and
the possible reasons behind different performances of hexane and benzene are discussed .

7.1. Effects of hydrocarbon structure on sulfur poisoning
7.1.1. Effect on metal sulfide formation
To study the effect of hydrocarbon structure on sulfur speciation on the reforming
catalysts, sulfur K-edge XANES spectra of two used 10Ni/CeAl catalysts collected after
hexane and benzene reforming with sulfur for 7 hours are displayed in Figure 7-1. Mainly
two sulfur species, nickel sulfide and sulfate, are observed from both spectra. The
amounts of Ni sulfide in the two catalysts can be compared by looking at their whiteline
intensities. With low concentration of sulfur, as a first order approximation, the sulfur
amount is roughly proportional to its peak height. It is clear that there is more Ni sulfide
in the catalyst in case of hexane reforming. Meanwhile, there is also more sulfate in
hexane reforming. In addition, since the support of 10Ni/CeAl forms sulfate (see Figure
4-6), the sulfate species may not be directly bonded to Ni. Note that there is a significant
difference between the used catalysts regarding degree of catalyst deactivation. After 7
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hours of hexane reforming with sulfur the catalyst lost 26 % of its activity while only 3 %
of catalyst deactivation is observed after 7 hours of benzene reforming with sulfur. The
huge difference in the catalyst deactivation is probably due to the formation of more
nickel sulfide in the hexane reforming. Sulfur poisoning of catalyst takes place faster in
hexane reforming than benzene reforming, which suggests hydrocarbon structure affects
sulfur chemistry on the catalyst.

Figure 7-1. Sulfur K-edge XANES spectra of used 10Ni/CeAl in hexane and
benzene reforming with sulfur

7.2. Effect of hydrocarbon structure on carbon deposition
It is observed in the previous Chapters that the structure of hydrocarbon has a
significant effect on the steam reforming activity. As carbon deposition is responsible for
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the long-term degradation of catalytic activity, it is therefore interesting to study the
effect of hydrocarbon structure on the properties of carbon deposits.

7.2.1. Overall carbon deposition
Amount of carbon deposits in used 10Ni/CeAl catalysts in hexane and benzene
reforming with sulfur as a function of time on stream is plotted in Figure 7-2. The carbon
contents in the used catalysts for both hexane and benzene reforming increase with
reaction time, but the rate of carbon deposition with hexane is much higher than that with
benzene as shown by the much deeper slope for hexane reforming. Specifically, after 7
hours of hexane reforming, the carbon content in the used catalyst is 0.76 g/gcatalyst which
is 1.9 times that in its counterpart after 11 hours of benzene reforming, 0.41 g/gcatalyst.

Figure 7-2. Amounts of carbon in 10Ni/CeAl used in hexane and benzene
reforming with sulfur at 800 oC as a function of time. Normalized to the amount
of catalyst (excluding carbon deposit)
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Photos of used 10Ni/CeAl in hexane and benzene reforming with sulfur are
shown in Figure 7-3 for visual investigation of carbon deposition on the catalysts. A total
of six used 10Ni/CeAl catalysts collected after 3 h, 5 h, and 7 h of hexane reforming and
5 h, 7 h, and 11 h of benzene reforming are shown in the figure. With short reaction times
(Figures 7-3(c) and (f)), the used catalysts retain their original size (0.5 mm – 1 mm).
However, the agglomeration of the carbon deposit on the used catalysts creates big lumps
of catalyst particle (0.5 cm – 1 cm) with increased reaction times (Figure 7-3(a) and (d)).
Note that the particle size of the used 10Ni/CeAl in hexane reforming increases much
faster than that in benzene reforming. For instance, 7 hours of hexane reforming forms
bigger particles than 11 hours of benzene reforming. The difference between the rates of
particle size growth clearly shows that the catalysts in hexane reforming undergo more
severe carbon deposition than those in benzene reforming.

Figure 7-3. Visual comparison of used 10Ni/CeAl after (a) 7 h (b) 5 h (c) 3 h of hexane
reforming with sulfur and (d) 11 h (e) 7 h (f) 5 h of benzene reforming with sulfur
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7.2.2. Structure of carbon deposits
In Figure 7-4, TPO profiles of two used 10Ni/CeAl catalysts after 7 hours of
hexane and benzene reforming with sulfur are displayed. It is obvious in the figure that
the amount of CO2 evolving from the sample with hexane is significantly more than that
from its counterpart with benzene. The carbon deposit in the sample with hexane is 0.76
g/gcatalyst which is 3.3 times that in the other sample, 0.23 g/gcatalyst. Two peaks are
observed in both TPO profiles showing carbon formed on the metal (low temperature
peak) and carbon formed on the support (high temperature peak). The effect of
hydrocarbon structure on the location of carbon deposit will be discussed in more detail
in later section.

Figure 7-4. TPO profiles of 10Ni/CeAl used after hexane and benzene reforming
with sulfur at 800 oC. Normalized to the amount of catalyst (excluding carbon
deposit)
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XANES spectra of the same samples and their normalized spectra are shown in
Figures 7-5(a) and (b). As reflected in the overall intensity of the XANES spectra, the
carbon content in the used 10Ni/CeAl in hexane reforming is higher than the sample from
benzene reforming, which is consistent with the higher carbon content in the sample with
hexane reforming. More importantly, after subtracting the signals from adventitious
carbon, the normalized XANES spectra of the two used catalysts are very similar to each
other. This indicates that carbon deposits in the samples have very similar structures and
carbon deposition mechanisms in steam reforming of hexane and benzene are also very
similar.
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(a)

(b)

Figure 7-5. Carbon K-edge XANES spectra of 10Ni/CeAl catalyst used in
hexane and benzene reforming with sulfur: (a) without normalization, and (b)
normalized to total carbon
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7.2.3. Carbon formation location
The comparison of deconvoluted TPO profiles of the used 10Ni/CeAl in hexane
and benzene reforming reveals an interesting tendency regarding the location of carbon
deposit in the catalysts; more carbon is found on the support than on Ni with hexane
while carbon on Ni is dominant with benzene. In Figure 7-6, the amounts of carbon
deposits formed on Ni and on the support of the used 10Ni/CeAl in hexane and benzene
reforming with sulfur are plotted as a function of reaction time. Both carbon species
increase with time for hexane and benzene reforming. The formation of carbon for
benzene reforming is much slower than for hexane reforming, as shown by higher carbon
content at any given time in hexane reforming than benzene reforming. The rate of
carbon formation is faster for hexane reforming than for benzene reforming.

Figure 7-6. Amounts of carbon on Ni and carbon on support as a function of
reaction time from 10Ni/CeAl catalyst used in hexane and benzene reforming
with sulfur at 800 oC. Normalized to the amount of catalyst (excluding carbon
deposit)
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To compare the relative changes in the carbon on Ni and on the support with
reaction time, the ratio of carbon amount on the support to that on Ni with each
hydrocarbon is plotted in Figure 7-7. Both hydrocarbons form carbon deposits on the
support more rapidly as reaction proceeds. It is worthwhile mentioning that there is
almost no carbon formed on the support of the sample collected after 5 hours of benzene
reforming with sulfur while plenty of carbon is found on Ni. Interestingly, after the onset
of carbon formation on the support after 5 hours, the proportion of carbon on the support
rapidly increases, showing extensive formation of carbon on the support. The delayed
carbon deposition on the support during benzene reforming suggests that carbon deposit
is not formed on Ni and the support simultaneously. The hypothesis is supported by the
TPO profiles of the used 2Ni/CeAl and 2Rh/CeAl shown in previous chapters where
carbon is found only on Ni even after 9 hours of reactions regardless of hydrocarbon type
despite the more available support surface area in 2Ni/CeAl and 2Rh/CeAl than
10Ni/CeAl. The carbon deposition mechanism proposed and discussed in Chapters 5 and
6 explains the delayed carbon deposition on the support of the used 10Ni/CeAl in
benzene reforming and also the absence of carbon on the support of the used 2Ni/CeAl
and 2Rh/CeAl.
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Figure 7-7. Ratios between the amounts of carbon on Ni and carbon on support
as a function of reaction time from 10Ni/CeAl catalyst used in hexane and
benzene reforming with sulfur at 800 oC.

7.2.4. Adsorption on Ni catalyst
The behaviors of hexane and benzene on the surface of Ni catalyst were
investigated by ReaxFF reactive force field simulation. The underlying theory of the
simulation is in the Appendix. To ensure hydrocarbon molecules interact with Ni catalyst,
20 molecules of each hydrocarbon were placed between two Ni(111) catalyst slabs each
of which is composed of 900 Ni atoms. Each simulation was finished after 106 iterations
with a time step of 0.25 femtoseconds, meaning 250 picoseconds. Temperature of the
system was fixed at 800 oC and pressure was maintained at atmospheric pressure during
entire simulation to simulate the actual experimental conditions. In Figure 7-8, changes in
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the number of hexane and benzene molecules over time are presented. Decrease in the
number of molecules indicates either adsorption of hydrocarbon molecule on Ni surface
or cracking of hydrocarbon molecules. As shown in the figure, at the end of the
simulations, all the benzene molecules were adsorbed on Ni while 10 hexane molecules
remained intact. Additionally, hexane created two molecules of C6H6 as a cracking
product, but all the benzene molecules maintained its original structure. The results
reveals that although benzene molecules are structurally more stable than hexane under
the reaction condition, they are adsorbed on Ni catalyst much faster than hexane.

Figure 7-8. Changes in population of hexane and benzene molecules as a
function of reaction time

Snapshots of the completed simulation systems are shown in Figures 7-9 and 10.
In the figures, it is observed that benzene tends to adsorb on Ni surface molecularly,
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parallel to the surface. On the other hand, adsorption of hexane molecules on Ni catalyst
occurred through only a portion of carbon atoms in hexane molecules, and the rest of the
carbon atoms stick out of Ni catalyst. The difference in the adsorption behaviors of
benzene and hexane are caused by the structural difference between two molecules. It is
well known that π bonds in aromatic compounds is easier to break than σ bonds and can
be altered more easily. Therefore, π bonds in the ring structure of benzene allow it to be
adsorbed on Ni fast and molecularly while hexane is adsorbed slowly by some of its
carbon atoms. Interestingly, the simulation results seem to contradict the carbon
formation tendencies of two hydrocarbons where hexane forms significantly more carbon
deposit than benzene. The difference in carbon formation rates in benzene and hexane
can be attributed to the thermodynamic stability of benzene. Ozaki et al. [115] compared
carbon deposition tendencies of four C6 hydrocarbons (hexane, benzene, cyclohexane,
and hexene) on Ni/Al2O3 in the temperature range of 300-650 oC in their study of low
temperature gasification of biomass. They found that the benzene showed the highest
reactivity with the catalyst among the hydrocarbons, but the slowest rate of carbon
deposition. On the other hand, hexane showed very low reactivity with the catalyst, but
rapid increase in carbon deposit was observed. By calculating and comparing Gibbs
energies for hydrocarbon decomposition, they concluded that the slow carbon deposition
of benzene on the catalyst is due to the higher Gibbs energy of benzene for
decomposition than those of the others. Although benzene is highly adsorptive on the
catalyst, its thermodynamic stability delays decomposition and consequent carbon
formation.
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Figure 7-9. Snapshots of adsorbed structure of benzene on Ni
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Figure 7-10. Snapshots of adsorbed structure of hexane on Ni
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Higher adsorptive property of benzene on the metal may have the following
consequence. During steam reforming, sulfur is competing with hydrocarbons for surface
Ni sites, resulting in formation of metal sulfide. Compared to hexane, due to its faster
absorption on the metal, benzene would be able to better compete with sulfur for Ni sites,
leading to slower formation of metal sulfide. Thus, sulfur poisoning is delayed in benzene
reforming. This is supported by the sulfur XANES study as discussed in Chapter 4. As
shown in Figure 4-6, sulfur is saturated on the catalyst in hexane reforming within 5
hours while in benzene reforming sulfur continues to grow after 7 hours. Moreover, as
observed in Figure 7-1, after 7 hours of reaction, sulfur contents in the used catalyst in
steam reforming of hexane formed more metal sulfide than its counterpart. The delayed
sulfur poisoning in steam reforming of benzene allows more effective carbon gasification
and stable hydrogen production than steam reforming of hexane. Slower carbon
deposition on Ni in benzene reforming due to structural stability of benzene and delayed
sulfur poisoning leads to less formation of partially dehydrogenated hydrocarbons, and
therefore less carbon deposit is formed on support in steam reforming of benzene. Since
support supplies oxidant for carbon gasification by water dissociation, slower carbon
deposition on support allows to maintain carbon gasification capability of Ni While
extensive formation of carbon deposit on support in steam reforming of hexane accelerate
carbon deposition on Ni. This explains the rapid degradation of catalytic performance
during steam reforming of hexane.
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Conclusions
Steam reforming on hexane and benzene has been carried out on Ni and Rh
catalysts at 800 oC with and without sulfur. TPO, XANES, TEM, and XRD are combined
together to understand the catalyst deactivation mechanisms and the effects of
hydrocarbon structure on catalyst deactivation. Main conclusions regarding steam
reforming over 10Ni/CeAl from the current work include the following:
(1) Hydrocarbon structure affects steam reforming reaction for hydrogen
production. Benzene reforming possesses more stable hydrogen production than hexane
reforming;
(2) Carbon deposition on the catalyst in benzene and hexane reforming both
increases over time. Carbon deposit is formed both on Ni metal and support, and the
structures of carbon deposits formed on the two locations have significantly different
structures. However, there is no significant structural difference between carbon deposits
formed during hexane and benzene reforming. Results from both reactions support a
proposed carbon deposition mechanism, i.e., carbon is formed on the metal first, and then
partially dehydrogenated hydrocarbons migrate over to the support to form coke on the
support;
(3) Hexane forms much more carbon deposit than benzene, and carbon deposition
locations are quite different for the two fuels as well. In benzene reforming, more carbon
is deposited on the metal while in hexane reforming it is on the contrary. Since higher
thermodynamic stability of benzene than hexane leads to the slower carbon formation on
Ni during reforming reaction, formation of carbon on support becomes also slower. This
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allows Ni in benzene reforming to maintain its carbon gasification capability and form
less carbon deposit than hexane reforming.
(4) The sulfur species formed on the catalyst are the same for benzene and hexane
reforming, i.e., Ni sulfide and sulfate. Benzene is highly adsorptive on Ni, which leads to
delayed sulfur poisoning. Delayed sulfur poisoning in benzene reforming slows down
carbon deposition on Ni, and subsequent carbon formation on support also becomes
slower. Due to more severe sulfur poisoning in hexane reforming, which significantly
hinder carbon gasification on metal, carbon deposition rate in hexane reforming is even
more accelerated.

Future work
The surprising finding that catalyst deactivation in benzene reforming is slower
than in hexane reforming will lead to new research opportunities. Future work can be
done to further understand the catalyst deactivation mechanisms, and use the new
knowledge to improve steam reforming reaction for hydrogen production.
(1) Steam reforming of hydrocarbons with higher carbon number and with
different structures (linear, branched, unsaturated, aromatic, etc.) is of interest to further
investigate the affinity of hydrocarbon to Ni metal, and how it affects catalyst
deactivation;
(2) By simulation, new catalyst formulation may be identified to selectively
enhance the reaction between certain type(s) of hydrocarbon and the metal(s) (addition of
different metals);
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(3) By introducing a new function to the steam reforming catalyst to convert less
reactive hydrocarbons to more reactive hydrocarbons, new concept and new process for
hydrogen production may be realized.
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Appendix ReaxFF reactive force field
A.1. ReaxFF Reactive force field method (in courtesy of Sung-yup Kim of ME)
Molecular dynamics simulations are performed by using ReaxFF reactive force
field. The ReaxFF force field was developed to bridge the gap between quantum
chemical (QC) and empirical force field (EFF) based computational chemical methods.
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Figure A-1. Position of ReaxFF in the computational chemical hierarchy

While QC methods are applicable to all the chemical systems, its expensive
computational cost limits its capability. On the other hand, ReaxFF allows us to model
large systems (up to 4000 atoms on a single processor, > 106 atoms on a parallel
environment) at a low computational cost while still maintaining close to quantum
mechanical (QM) accuracy. Whereas traditional force fields are unable to model
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chemical reactions because of the requirement of breaking and forming bonds, ReaxFF
avoids explicit bonds in favor of bond orders, which allows for continuous bond
formation/breaking. ReaxFF aims to be as general as possible and has been parameterized
and tested for, amongst others, hydrocarbon reactions[41], transition-metal-catalyzed
nanotube formation[96], and high- energy materials[97]. The parameters used within this
force field are developed by fitting against experimental and QM calculations.
In the ReaxFF method, the forces are derived from a general energy expression
Esystem  Ebond  Eover  Eunder  Elp  Eval  EvdWaals  Ecoulomb

(2.1)

The partial contributions in Eq. (2.1) include bond energies ( Ebond ), energy
contributions to penalize over-coordination and (optionally) stabilize under-coordination
of atoms ( Eover and Eunder ), lone-pair energies ( Elp ), valence angle energies ( Eval ) and
terms to handle non-bonded Coulomb ( Ecoulomb ) and van der Waals ( EvdWaals ) interaction
energies. All terms except the last two include bond-order dependence and depend on the
local environment of each atom. The bond-orders are given by a general relationship
between bond-order and inter-atomic distance. The bond-order expression includes a set
of parameters that are adjusted to fit, e.g., the volume–energy relations (equations of state
or EOS) for crystals with four, six and eight coordination. The bond-order is then
calculated directly from the instantaneous inter-atomic distances, which are continuously
updated during dynamics. The Coulomb energy ( Ecoulomb ) of the system is calculated
using a geometry dependent charge distribution determined using the electronegativity
equalization method (EEM), in which individual atomic charges vary in time. This
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feature allows ReaxFF to describe charge transfer in chemical reactions. All other nonbonded interactions (short-range Pauli repulsion and long-range dispersion) are included
in the van der Waals term ( EvdWaals ). The non bond-order dependent terms ( Ecoulomb and

EvdWaals ) are screened by a taper function and shielded to avoid excessive repulsion at
short distances. For a more detailed description of the ReaxFF method, see van Duin et al.
and Chenoweth et al. The Ti-O-H force field presented in this thesis has the same O/H
parameters as recently published ReaxFF descriptions for Zn/O/H, Fe/O/H, and Si/O/H
and proteins making it straightforward to integrate these potentials.

A.2. Energy description of ReaxFF (in courtesy of Sung-Yup Kim of ME)
A.2.1. Bond order and Bond Energy (𝑬𝒃𝒐𝒏𝒅 )
ReaxFF assumes that bond order is a function of inter atomic distance between
two atoms and is obtained using equation (2.2). When it comes to bond orders, ReaxFF
distinguishes between contributions from sigma bond, pi bond and double pi bond.
𝑝

′
𝐵𝑂𝑖𝑗

𝑟𝑖𝑗𝜋 𝑏𝑜,4
𝑟𝑖𝑗 𝑝𝑏𝑜,2
= 𝑒𝑥𝑝 [𝑝𝑏𝑜,1 ( )
] + 𝑒𝑥𝑝 [𝑝𝑏𝑜,3 ( )
]
𝑟0
𝑟0
𝑝
𝑟𝑖𝑗𝜋𝜋 𝑏𝑜,6
+ 𝑒𝑥𝑝 [𝑝𝑏𝑜,5 (
)
](2.2)
𝑟0

𝑝𝑏𝑜,𝑖 ,i =1 to 6 are force field parameters and are optimized against experimental
and quantum data. The first term of the equation is sigma bond, the second term
corresponds to first pi bond and third term refers to second pi bond. From this
uncorrected bond order, uncorrected over coordination is calculated for each atom which
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is further used in getting the corrected bond order, 𝐵𝑂𝑖𝑗 . The corrected bond orders are
used for calculating bond energy which is given by equation (2.3).
𝑝𝑏𝑒2

𝜎
𝜎
𝜋
𝜋𝜋
𝐸𝑏𝑜𝑛𝑑 =  −𝐷𝑒−𝜎 . 𝐵𝑂𝑖𝑗
. 𝑒𝑥𝑝[𝑝𝑏𝑒1 (1 − (𝐵𝑂𝑖𝑗
)
)  −  𝐷𝑒𝜋 𝐵𝑂𝑖𝑗
−  𝐷𝑒𝜋𝜋 𝐵𝑂𝑖𝑗
]
(2.3)
where, 𝑝𝑏𝑒1 , 𝑝𝑏𝑒2 ,𝐷𝑒𝜋 , 𝐷𝑒𝜋𝜋 are force field parameters

A.2.2. Lone Pair Energy (𝑬𝒍𝒑 )
Lone pair is the difference between the total number of electrons in outer shell
and the sum of bond orders around the atomic center. The lone pair energy penalty is
given by
𝐸𝑙𝑝 = 

𝑝𝑙𝑝2 ∆𝑙𝑝
𝑖

(2.4)
1 + exp(−75 × ∆𝑙𝑝
)
𝑖
Where ∆𝑙𝑝
is
the
number
of
lone
pairs
and
𝒑𝒍𝒑𝟐 is the force field parameter.
𝑖

A.2.3. Valence Angle Energy (𝑬𝒗𝒂𝒍)
Bond order dependent form is utilized for calculating valence angle energy. The
equilibrium angle Θ0 for Θikj used in equation (2.5) depends on the sum of Π-bond orders
around the central atom j Valence angle energy can be expressed by

𝐸𝑣𝑎𝑙 =  𝑓7 (𝐵𝑂𝑖𝑗 ) × 𝑓7 (𝐵𝑂𝑘𝑗 ) × 𝑓8 (∆𝑗 )

2

× {𝑝𝑣𝑎𝑙1 − 𝑝𝑣𝑎𝑙1 𝑒𝑥𝑝 [−𝑝𝑣𝑎𝑙2 (Θ0 (BO) − Θijk ) ]}

(2.5)

The exact functional forms of 𝑓7 and 𝑓8 can be found in ref [100] where 𝑝𝑣𝑎𝑙1 and
𝑝𝑣𝑎𝑙2 are force field parameters.
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A.2.4. Torsion Angle Energy (𝑬𝒕𝒐𝒓)
Torsion angle energy term is dependent on bond order like bond and angle energy
term. It disappears when BO approaches to 0. The torsion angle energy term is expressed
as follows.
1

1

𝐸𝑡𝑜𝑟 =  𝑓10 (𝐵𝑂𝑖𝑗 , 𝐵𝑂𝑗𝑘 , 𝐵𝑂𝑘𝑙 ) × 𝑠𝑖𝑛Θ𝑖𝑗𝑘 × 𝑠𝑖𝑛 ×  [2 𝑉1 . (1 + 𝑐𝑜𝑠𝜔𝑖𝑘𝑗𝑙 ) + 2 𝑉2 ×
2

1

𝜋
exp {𝑝𝑡𝑜𝑟1 (𝐵𝑂𝑗𝑘
− 1 + 𝑓11 (∆𝑗 , ∆𝑘 )) } (1 − 𝑐𝑜𝑠2𝜔𝑖𝑗𝑘𝑙 ) + 2 𝑉3 (1 + 𝑐𝑜𝑠3𝜔𝑖𝑗𝑘𝑙 )]

(2.6)

A.2.5. Van der Waals Interaction Energy (𝑬𝒗𝒅𝑾𝒂𝒂𝒍𝒔 )
To account for van der Waals interactions, distance-corrected Morse potential is
chosen. By considering the shielded interaction, excessively high repulsions between
bonded atoms and atoms sharing a valence angle are avoided.
𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠 = 𝑇𝑎𝑝 × 𝐷𝑖𝑗 × {𝑒𝑥𝑝 [𝛼𝑖𝑗 (1 −

𝑓13 (𝑟𝑖𝑗 )
)] − 2
𝑟𝑣𝑑𝑊

(

𝑓13 (𝑟𝑖𝑗 )
1
× 𝑒𝑥𝑝 [ 𝛼𝑖𝑗 (1 −
)]}
2
𝑟𝑣𝑑𝑊

2.7)

Where Tap is a taper term which eschews discontinuities when charged species
move in and out of the non-bonded cutoff radius.
1

𝑓13 (𝑟𝑖𝑗 ) =

𝑝
[𝑟𝑖𝑗 𝑣𝑑𝑊

1 𝑝𝑣𝑑𝑊 𝑝𝑣𝑑𝑊1
+( )
]
𝛾𝑤

(2.8)
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A.2.6. Coulomb Interaction Energy (𝑬𝒄𝒐𝒖𝒍𝒐𝒎𝒃 )
Coulomb interactions are calculated for each pair of atoms. A shielded Coulombpotential is used to adjust orbital overlap between atoms at close distance. The Electron
Equilibrium Method (EEM) is used for the calculation of atomic charges.
𝑞𝑖 𝑞𝑗

𝐸𝑐𝑜𝑢𝑙𝑜𝑚𝑏 = 𝑇𝑎𝑝. 𝐶.

1/3

[𝑟𝑖𝑗3

1 3
+ (𝛾 ) ]
𝑖𝑗

(2.9)
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