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Studies on coke formation and coke species of nickel-based catalysts
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Three nickel-based catalyst systems, Ni/y—Al,O5, Ni/BaTiO;, and Ni-0.75wt%La-BaTiO;, were investigated for the CO,
reforming of CH,4. The temperature of CH, decomposition on catalyst Ni/y—Al,O5 is the lowest and the relative content of H, is
the highest; but the temperature of CH4 decomposition on catalyst Ni—0.75 wt% La—BaTiOj is the highest and the relative content
of H, is the lowest. The amount of carbon deposition via CH, decomposition decreases with the increase of rare earth La and the
temperature of decomposition also declines gradually. Different active coke species were formed on different catalysts. The higher
activity of coke species is, the easier the reaction with activated CO, is. The coke species were investigated by the XPS technique.
Several surface coke species existed on catalysts after the reaction. The surface species with the binding energy near 282 and
286 ev are the main coke species. These species resulted in the catalyst deactivation. By analyzing the coke on catalyst, it was
found the catalyst Ni—0.75wt% La—BaTiO3 suppressed the formation of coke species whose binding energy is near 282 and

286 ev.
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1. Introduction

The reaction of methane reforming with CO, has
gained increasing attention due to the importance of
synthesis gas as a major feedstock for fuel cells and
Fischer—Tropsch reaction and both natural gas and
CO, can affect the environment and energy resources
[1-3]. Most VIII group metals, such as Fe, Co, Ni
[4—6], are often used as active component for the
reforming reaction. But the catalyst deactivation is the
main hindrance for a catalyst to be considered for an
industrial application. Several factors can contribute
to catalyst deactivation in the synthesis gas process.
These include coke formation [7-10], poisoning and
transformation of active components, sintering and
recombination of active components [11,12]. Among
these, coke formation is the most detrimental factor
because it can result in the poisoning of active centers,
the clogging of the pores and even the pulverization of
catalysts [13]. Because of the high carbon content in
the feedstocks of the catalytic process, carbon dioxide
reforming of methane is much more prone to carbon
deposition.

Coke formation is a complicated physical and
chemical process. The common coke types are whisker-
like carbon, encapsulating carbon, and pyrolytic carbon.
And the three carbons have different reactive activities.
Different catalysts can produce different coke species.

There are three main reactions of carbon deposition in
syngas preparation:

2CO0 — C + CO2 AH298 =—171 KJ/mol (1)

CHy — C+2H, AHyg =75 KJ/mol (2)

CO+H; - C+H;O AHjg = —175.3 KJ/mol (3)

and some researchers [14—16] think the carbon deposi-
tion during the reforming of methane is due to either
equation (1) or (2).

Based on the mechanism of the reforming reaction
[17]: both CO, and CHy4 should be absorbed and acti-
vated before the relevant bonds are broken. Coke is
formed via the surface carbon polymerization that
occurs after the cleavage of C-H and C=0 bonds,
which requires many coordination numbers or big active
groups on catalysts surface. It has been proven that
active group needed for the reaction of carbon deposi-
tion is bigger than that of hydrogen conversion. As
proposed by Rostrup—Nielsen [18], the number of the
active ensemble size necessary for the conversion from
hydrocarbon to carbon monoxide and hydrogen is 12,
while for coke formation the number is 16. Therefore,
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controlling the active ensemble size can enhance the
ability of resistance to carbon deposition. Thus, any
substance or method that can decrease CH, dehydro-
genation activity and increase the activity of CO, for
eliminating coke or improve and maintain dispersed
degree of catalytic active component will achieve the
ultimate objective of suppressing coke formation.

2. Experimental
2.1. Preparation of the catalyst

Catalysts Ni/BaTiO; and Ni-La/BaTiO; were pre-
pared according to a reference method [19], catalysts
Ni/y—-Al,O3, Ni-0.75wt%La—BaTiO3; and Ni — BaTiO;
were prepared according to a reference method [20].
Catalyst Ni /La—BaTiO;(Ba/La = 1/0.002) was pre-
pared by a sol-gel method. In brief, when a homoge-
neous and transparent solution was formed, measured
volume solution of Ba(Ac), and La(Ac); were dropped
into the prepared solution, then the homogeneous mix-
ture was heated in a water bath to start the process of sol
formation and transformation of sol into gel, the dried
gel was calcined at 973 K for 3 h to yield the La,O3—
BaO-TiO,, Ni /La-BaTiO; was prepared by wet
impregnation of aqueous solution of Ni(Ac), onto
La,03;—BaO-TiO, for 24 h. After drying, the sample was
calcined in air at 923 K for 3 h.

The content of nickel was found to be 5.0wt%.

2.2. Temperature programmed hydrogenation (TPH )
experiments of coke formation on the catalyst
surface

Coke formation on a catalyst surface can be char-
acterized by the TPH technique. In this study the TPH
experiments were carried out by purging the catalyst
with argon for a period of time after the catalyst was
reduced by hydrogen, and then by coking on catalyst
with pure methane. After that, the catalyst was purged
with argon again to room temperature until the
baseline became straight. The TPH experiments were
performed with a heating rate of 10 k/min in pure
hydrogen. Such experiments can determine the amount
and activity of coke formation on catalyst surface.

2.3. X-ray photoelectron spectra

The XPS measurements were carried out to investi-
gate the oxidation state variation of catalyst element and
binding state of species. The XPS spectra were obtained
with American PERKIN ELEMER PHI-1600 ESCA
system: target, MgKo; voltage, 15 KV; power, 300 W;
analysis area, 0.8 mm?; vacuum room, 2 x 107'° Torr;
resolution, 0.7 eV; sensitivity, 80 Kcp; sample depth,
20-50 A; electrify energy, 187.85 ¢V, 29.35 ¢V; calibra-
tion, (Cls = 284.6 eV).

3. Results and discussion

3.1. Characterization of coke formation on the catalyst
surface

3.1.1. Coke formation from reaction of methane decom-
position

Methane decomposition spectra of different catalysts
are shown in figure 1. The profiles show that the tem-
perature of methane decomposition is the lowest on
catalyst Ni/y—Al,O5 and the relative content of hydro-
gen is the highest. However, the temperature is the
highest on catalyst Ni—0.75wt%La—BaTiO3 [20] and
the relative content of hydrogen is the lowest. Based on
the comparison of the two catalysts, Ni/y—Al,O5; with
Ni/BaTiOs, it is clear that the structure and the char-
acteristics of the supports are critical to carbon deposi-
tion resistance and stability. From curves 2 and 3 it is
found that carbon deposition via further methane
decomposition occurs readily on catalyst Ni/BaTiOs.
This observation indicates that the preparation meth-
ods, promoters present, and supports used are all linked
to coke formation to a great extent.

3.1.2. TPH of coke formation of different La contents
supported on catalysts

TPH experiments were performed to further investi-
gate the influence of different promoter contents on
catalytic activity and the resistance to carbon deposi-
tion. The findings are shown in figure 2. As can be seen
in figure 2, the amount of carbon deposition reduces
with the increase of rare earth La; the methane genera-
tion temperature is between 500 and 600 °C; the tem-
perature decreases with the increase of rare earth La; the
initial generation temperature is about 480 °C. The
upper results (Figure 2) show that addition of the rare
earth La will affect the activity of coke formation on
catalyst surface, and thus affecting the amount of coke
formation.

3.1.3. TPH experiments of methane decomposition
on different catalysts
The TPH spectra profiles are shown in figure 3. As
shown in figure 3 the height of peak indicates the
amount of coke formation. Obviously, the amount of
coke formation on the promoted catalysts is less than
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Figure 1. Amount of coke formation via methane decomposition on
different catalysts (1) Ni/y—A1,O5; (2) Ni/ BaTiOs; (3) Ni-0.75wt%La—
BaTiO3‘
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Relative yield of methane
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Figure 2. TPH of different rare earth La content (1) Ni/BaTiOs; (2)
Ni-0.1wt%La/BaTiOs; (3) Ni-0.5wt%La/BaTiO;; (4) Ni-1.0wt%La/
BaTiO3‘

that on the unprompted catalysts, which proves the
addition of rare earth promoter can suppress the coke
formation from further methane decomposition. At the
same time, the temperature indicates the activity of
surface carbon, the lower temperature shows the higher
activity of surface carbon, which further indicates that
different supports can produce different active coke
species.

As shown in figure 3, on different catalysts, the
amount of coke formation via methane decomposition is
not the same, and the formation temperature of meth-
ane on different catalysts is different, which is consistent
with the assumption that different active coke species
were formed on different surfaces of catalysts, the lower
the formation temperature of methane is, the higher the
activity of corresponding coke species is, which has been
proven previously by the other researchers [21].

3.1.4. TPRco, experiments of coke formation
on the catalyst surface
TPR experiments of using carbon dioxide to elimi-
nate coke were performed to further study the activity
of surface carbon. The results are shown in fig-
ure 4. The profiles show that the initial formation
temperature of carbon monoxide is different, the order
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Figure 3. TPH of different catalysts (1) Ni/y—Al,Os; (2) Ni/ BaTiOs;
(3) Ni—1.5 wt%La/ BaTiOj3; (4) Ni/La—BaTiOs; (5) Ni-0.75 wt%La—
BaTiOs.
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Figure 4. TPRco, of different catalysts (1) Ni/y—AlL,O5; (2) Ni/
BaTiOs; (3) Ni—1.5 wt%La/BaTiO; (4) Ni/La—BaTiO;; (5) Ni-0.75
wt%La-BaTiOs.

is  Ni-0.75La—BaTiO; < Ni/La—BaTiO3 < Ni-1.5La/
BaTiO; < Ni/BaTiO; < Ni/y—Al,03, which shows dif-
ferent active coke species were formed on different
catalysts, the higher the activity of coke species is, the
easier the reaction with active CO, is. Therefore,
eliminating coke reaction can occur at a lower tem-
perature, thus the coke on catalyst surface was elimi-
nated rapidly, which can prolong the life of catalysts.

3.2. XPS analysis of coke species

To further probe the essential mechanism of coke
formation on catalysts, besides the origin of coke for-
mation, we were interested in the structure and charac-
teristics of the coke formed on the catalyst surface.
Therefore, we studied the catalyst with coke formation
at molecular level. XPS experiments were performed to
investigate the coke species. All binding energy values
are referenced to Cy,, as shown in figures 5-8.

Lu et al. [22] studied the catalyst system of Co/y—
Al,O3 by the XPS technique. The results showed that
there existed three coke species on the surface of
catalyst: carbonization, polluted carbon, and surface
carbonate, respectively.
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Figure 5. Cls binding energy on catalyst Ni/y—Al,O5 after reaction.
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Figure 6. Cls binding energy on catalyst Ni—0.75wt%La—BaTiO3
after reaction.
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Figure 7. Cls binding energy on catalyst Ni/BaTiO; after reaction.
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Figure 8. Cls binding energy on catalyst Ni-BaTiOj; after reaction.

Table 1

Cls binding energy of coke species on catalysts surface

Catalysts

C; binding eEnergy (ev)

Contents (%)

Nl/",’*Aleg

Ni-0.75wt%La-BaTiO;

282.21 (34.85%)
286.48 (5.24%)
282.91 (22.41%)
286.87 (5.42%)

284.69 (41.34%)
288.63 (1.18%)
284.66 (61.97%)
288.92 (4.74%)

Ni/BaTiO3 284.75 (57.08%) 286.18 (29.98%)
287.67 (8.59%) 289.40 (3.09%)
Ni-BaTiO; 284.67 (56.80%) 286.19 (28.87%)

287.88 (8.92%)

290.15 (3.80%)

The results from table 1 show that several main coke
species exist on the surfaces of catalysts, i.e., carbon-
ization, polluted carbon, non-activated charcoal, and
surface carbonate which binding energy is about 282,
284, 286, and 288 ev, respectively. The surface coke
adjoining 282 and 286 ev is the main coke species, which
can result in the deactivation of catalysts. Compared to
the other two catalysts with the same support, catalyst
Ni—0.75wt%La—BaTiOs exhibits better resistance to
carbon deposition, (the total amount of deactivating
coke on Ni—0.75wt%La—BaTiOs, Ni/BaTiO; and Ni-
BaTiO5is 0.67, 5.96, and 7.20 [20], respectively.) because
it has strong anti-production ability of non-activated
charcoal and carbonization. Therefore, it has better
stability. By analyzing the surface coke species of the
three catalysts, it is found that catalyst Ni—0.75wt% La—
BaTiO; suppressed the production of the non-activated
coke species which has a binding energy in the vicinity of
286ev. By comparing catalyst Ni—0.75wt% La—BaTiO;
with Ni/y—Al,Os3, it shows that the coke species with a
binding energy near 282¢v was suppressed over catalyst
Ni-0.75wt% La-BaTiOs.

The coking-eliminating mechanism of CO, reforming
of CHy:

CHe—CORIME L opy 25— ¥ o cantivey—»C(non-active)
-CO
CO2 —  Qads
CO2
CHx+0ads (orOads)
CO+x/2Hz co

During the process, CO, will dissociate and produce
absorbed oxygen and gaseous CO, while CH,4 will be
activated and produces H, and CH,. The latter will
further react with oxygen coming from the dissociation
of CO, to produce CO. The oxygen vacancies in BaTi;.
Ni,O3_5 can speed up this process and the transfer of
surface absorbed oxygen, thus speeding up CO, activa-
tion and dissociation. Compared with other catalysts,
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catalyst Ni-0.75La—BaTiO3; has more oxygen vacancies
to speed up CO, activation and dissociation, thus before
CH, further decomposing to surface coke species,
CH, .45 has reacted with O,45 coming from CO, disso-
ciation and produced CH,O,qs, and further can react to
produce CO + x/2H,. Compared with catalyst Ni-
0.75La—BaTiOs, on catalysts Ni—1.5La/BaTiO3 and Ni/
La—BaTiOs3, CO, has lower active degree, so the amount
of carbon deposition is higher.

4. Conclusions

In summary, we have investigated methane decom-
position and coke formation on several catalyst surfaces
using the TPH, TPRco,, and XPS techniques.The
important physical and chemical characteristics of the
catalysts were characterized, and the results were cor-
related with the carbon deposition resistance and sta-
bility of the catalysts. To sum up the experimental
results and testing analysis, conclusions are as follow:

1. Characteristics of the support materials play an
important role in catalytic reaction although the support
itself has no catalytic activity. The existence of perov-
skite structure results in many oxygen defects. Accord-
ing to the mechanism of coke formation, the oxygen
defects are beneficial to the activation of CO, and to
some extent necessary for the eliminated with CO,.
Different supports can produce surface carbon of dif-
ferent activities.

2. The addition of a rare earth promoter on catalysts
Ni-1.5wt%La/BaTiO;, Ni/La-BaTiO; (Ba/La = 1/
0.002) and Ni—0.75wt%La—BaTiO; can reduce the
numbers of active groups that are responsible for coke
formation, and thus increasing electron density of active
component nickel atoms, which avails the absorption
and activity of CO,, thus strengthening the eliminating
coke activity of CO,, weakening carbon deposition
coming from methane further decomposition, thus
improving resistance to coke formation.
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