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Influence of the addition of promoters to steam reforming catalysts
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Abstract

The steam reforming of hydrocarbons may be catalyzed by several transition metals. The most frequently used catalysts are a-Al,O3
supported nickel-based catalysts, which are frequently modified by the addition of promoters such as Mg and Ca, in order to improve their
stability and selectivity. The mechanism of promotion was investigated using temperature programmed surface reaction (TPSR), diffuse
reflectance UV-vis spectroscopy (DRS) and temperature-programmed oxidation. The DRS spectra showed bands characteristic to NiO with
AP** and NiO with less interaction with the support. Temperature programmed surface reaction results showed that there is an increase in the
reforming activity by the presence of the promoters, without modification in the mechanism of reaction. The TPO results showed that the

addition of promoters caused an increase on the hydrogen content of the coke formed.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Synthesis gas is a fundamental feedstock for refining
processes, such as hydrotreating and hydrocracking, and for
petrochemical processes, such as the synthesis of methanol,
methanol to gasoline, and the synthesis of ammonia [1,2].
Synthesis gas is also a key feedstock for the hydrocarbon
synthesis via Fischer—Tropsch processes [3,4]. Natural gas
and other hydrocarbons are the dominant feedstock for the
production of synthesis gas because the investments are
about one-third of a coal based plant [5]. Furthermore,
environmental restrictions in the fuel market are opening a
window of opportunity for marketing synthetic fuels from
natural gas (GTL technology). Several governments are
imposing restrictions on gas flaring and ventilation, which
represents emissions of greenhouse gases and non-burned
hydrocarbons, contributing for global warming and ozone
depletion. Moreover, synthetic fuels are sulfur-free and have
a high performance fulfilling the new patterns for fuel
quality and level of pollutants [5].
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Synthesis gas manufacture stands for about 60% of the
investment of large-scale GTL plants [6]. In this way, the
optimization of synthesis gas manufacture is beneficial for
the economic viability of GTL plants. Steam reforming is
the main industrial process to produce synthesis gas, but it
produces a H,/CO ratio close to 3. The Fischer—Tropsch
synthesis requires a H,/CO ratio close to 2 [3], which may be
obtained by combining the steam reforming with partial
oxidation in the so called autothermal reforming [5]. In this
process, the required H,/CO ratio is obtained using low
steam-to-carbon ratios and high exit temperatures [5]. Under
these reaction conditions, deactivation of the catalyst due to
carbon deposition on its surface occurs.

Commercial catalysts for steam reforming are usually
supported Ni catalysts. Earth alkaline metals (Mg and Ca)
are frequently used in the catalyst formulations to improve
stability [7], and their effect was attributed to the increase of
the steam—carbon reaction and to the neutralization of the
acidity of the support, suppressing cracking and polymer-
ization reactions [7]. The suppression of carbon deposition
was also explained by nickel ensemble control [5]. In the
current work, we further investigated the effect of the
addition of Mg and Ca to steam reforming catalysts using
UV-vis diffuse reflectance spectroscopy (DRS), tempera-
ture programmed surface reaction (TPSR) and temperature
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programmed oxidation (TPO) besides probing the surface
with cyclohexane conversion.

2. Experimental
2.1. Catalyst preparation

The support used was a-Al,O5 (ALCOA 1.5 m%/g). Ni/a-
Al,Oj5 catalysts with 5, 10 and 20 wt.% were prepared by
incipient wetness impregnation, using Ni(NOj3),-6H,O as
precursor. After impregnation, the samples were dried at
120 °C and calcined at 650 °C for 6 h. A 20 wt.% Ni/a-
Al,O5 sample was also prepared by wet impregnation.
The drying and calcination procedures were the same as
those used for the samples prepared by incipient wetness.

Mg- and Ca-containing catalysts were prepared by
incipient wetness impregnation of a-Al,O; with
Mg(NO3),-6H,0 or Ca(NO3),-4H,O precursors, followed
by drying at 120 °C and calcination at 650 °C [8]. The
samples were then impregnated with the Ni(NOj3),-6H,O
aqueous solution, followed by the drying and calcination
procedures already cited. By this procedure, 5 wt.% MgO-
10 wt.% Ni/a-Al,03, 5 wt.% CaO-10 wt.% Ni/a-Al,O5 and
5 wt.% MgO-5 wt.%Ca0-10 wt.% Ni/a-Al,O5 catalysts
were obtained.

2.2. UV—vis diffuse reflectance spectroscopy

The samples were characterized at room temperature in a
VARIAN-Cary 500 UV-vis spectrophotometer equipped
with a diffuse reflectance accessory (Harrick). In order to
separate the contribution of the support, the reflectance
R(X) of the sample was made proportional to the reflectance
of a-Al,O3, and the Kubelka—Munk function F(R) was
calculated.

2.3. Temperature programmed surface reaction

TPSR experiments were performed in a multipurpose
unit coupled to a Balzers Omnistar quadrupole mass
spectrometer. The samples (27 mg) were previously dried
at 150 °C for 30 min under He flow (30 mL/min), followed
by reduction under H, flow at 800 °C, for 2 h and cooled in
He to room temperature. The sample was then submitted to a
reactant mixture containing pure H,, CH,, He and H,O in a
volumetric ratio of 32:27:33:8, at a flow rate of 200 mL/min
and the temperature was raised to 800 °C at a heating rate of
20 °C/min. The feed composition was similar to one used in
reference [9].

2.4. Temperature programmed oxidation
TPO experiments were performed in the same multi-

purpose unit used for the previous technique. The samples
(200 mg) were previously dried at 150 °C for 30 min, under

He flow (30 mL/min), followed by reduction under H, at
800 °C, for 2 h, and treatment under CH, flow for 60 min at
800 °C. The samples were cooled to room temperature,
followed by an increase of temperature under O,/He
(30 mL/min) flow in a rate of 10 °C/min to 800 °C.

2.5. H, and CO chemisorption

H, and CO chemisorption uptakes were measured by
using pulses of a mixture containing 5%H, in Ar and
10%CO in He, respectively, at room temperature. This
experiment was performed on the same apparatus described
to the TPR measurements and the samples were submitted to
the same pretreatment used in TPSR experiments.

2.6. Cyclohexane conversion

Cyclohexane conversion was performed at 10° Pa in a
flow microreactor. The samples (100 mg) were previously
dried at 150 °C for 30 min under N, flow (30 mL/min)
and reduced at 500 °C under H, flow (30 mL/min). The
reactant mixture was obtained by bubbling hydrogen
through a saturator containing cyclohexane at 12 °C
(Hy/C¢H > = 13.6). The temperature was kept at 320 °C
and the conversion was kept below 10%. The effluent gas
phase was analyzed by an on-line gas chromatograph (HP
5890) equipped with a flame ionization detector and an HP-
Innowax capillary column. Under these conditions, there
was no significant deactivation of the catalysts and there
were no diffusional or thermodynamic limitations.

3. Results
3.1. UV—-vis diffuse reflectance spectroscopy

DRS profiles for the catalysts with and without promoters
are shown in Figs. 1 and 2. The presence of nickel aluminate
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Fig. 1. UV-vis DRS profiles of catalysts: (a) 5% Ni/a-Al,O3; (b) 10% Ni/
a-AlLO3; (c) 20% Ni/a-Al,O3 (wet impregnation); (d) 20% Ni/a-Al,O3.
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Fig. 2. UV-vis DRS profiles of catalysts: (a) 10% Ni/a-Al,O3; (b) 5%
MgO-10% Ni/a-Al,O3; (¢) 5%Ca0O-10% Ni/a-Al,Os; (d) 5% MgO-
5%Ca0-10% Ni/a-Al,O;.

was not detected in any of the prepared catalysts, due to the
calcination temperature of the samples. Two bands around
235 and 305 nm were observed for all the samples. Bands in
this range for Ni catalyst are usually ascribed to charge
transfer of octahedral Ni** species [10]. From previous
temperature-programmed reduction studies [11,12], we may
explain the occurrence of these two bands: the first by the
formation of NiO with AI** ions incorporated due to the
dissolution of a-Al,O3 during the impregnation step, and the
second to NiO with less interaction with the support, for
catalysts with and without promoters.

3.2. H, and CO chemisorption

H; and CO chemisorption uptakes are shown in Table 1.
Dispersions were not calculated as reduction degrees of Ni
catalysts are not known. The H, and CO uptakes were
relatively low, as typically observed for high content Ni
catalysts. These low values were also due to the low surface
area of the used support (1.5m?%g) and to the high
calcination and reduction temperatures employed. This
way, it is quite difficult to obtain trends from these results,
but the addition of Mg seemed to increase H, and CO
uptakes.

Table 1
CO and H, chemisorption uptakes on Ni catalysts after reduction at 800 °C

Catalyst H, irreversible  CO irreversible
chemisorption ~ chemisorption
(“‘mOl/gcal) ("LmOI/gCﬂI)

5% Ni/o-Al,O5 39 7.8

10% Ni/a-Al,O5 4.6 7.9

20% Ni/a-Al,04 22 7.2

20% Ni/a-Al,O3 (wet impregnation) 1.3 4.7

5% MgO-10% Ni/a-Al,05 8.2 19.3

5% CaO-10% Ni/o-Al,05 2.8 4.1

5% MgO-5% CaO-10% Ni/a-Al,O3 10.4 15.2
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Fig. 3. TPSR profiles for 5% Ni/a-Al,O5 catalyst.

3.3. Temperature programmed surface reaction

The profiles of temperature programmed surface reaction
for the 5% Ni/a-Al,O3 catalyst and for the 5%Ca0O/10%Ni/
a-Al,O3 are shown in Figs. 3 and 4, respectively, and are
representative of all catalysts. Similar reaction profiles were
observed in all cases, with initial reaction temperature
varying from 440 °C (for 5% Ni/a-Al,O5 catalyst) to 470 °C
(for 5%Ca0/10%Ni/a-Al,O5 catalyst). CO, formation was
not observed. Table 2 shows methane conversion estimated
at the end of TPSR experiments, obtained from the mass
spectrometer signals. The conversion of CH4 was close to
10% for catalysts containing only nickel, independently of
nickel content present in the samples. For catalysts
containing Ca and/or Mg, there was an increase in CHy
conversion leading to values to around 20%.

3.4. Temperature programmed oxidation

The CO, formation profiles obtained in the temperature
programmed oxidation experiments for the catalysts with
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Fig. 4. TPSR profiles for 5%Ca0/10% Ni/a-Al,0O5 catalyst.
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Table 2
CH,4 conversion at the end of TPSR experiments

Catalysts CH,4 conversion (%)
5% Ni/a-Al,O3 13
10% Ni/a-Al,O3 8
20% Ni/a-Al,O03 13
20% Ni/a-Al,O3 (wet impregnation) 10
5%MgO-10% Ni/a-Al,03 19
5%Ca0-10% Ni/a-Al,O3 19
5%MgO-5%Ca0-10% Ni/a-Al,O5 21

and without promoters are shown in Figs. 5 and 6, as follows.
The carbon oxidation began next to 500 °C for all catalysts,
and the highest temperature was between 600 and 650 °C,
varying with Ni content. The presence of water was not
identified for 5 and 10% Ni catalysts, confirming the
formation of unique type of coke. For the other catalysts, a
small amount of water was formed during the oxidation
experiment. On unpromoted Ni/Al,O5 catalysts, there was
the occurrence of a peak and a shoulder showing the
existence of two types of carbon deposited on catalysts
surface. For the promoted catalysts there was an increase in
the lower temperature peak (around 550 °C). Table 3 shows
the total quantities of CO, formed for the several catalysts.
The CO, formation increased with the addition of promoters
and as the Ni content increased.

A second temperature programmed oxidation experiment
was performed after the temperature programmed surface
reaction. Fig. 7 shows that the catalysts with 5 and 10 wt.%
nickel contents presented only one type of carbon formed,
being consistent with the same tendency observed in the
TPO experiment performed without TPSR occurrence.
Besides, Fig. 8 showed Mg addition lead to the formation of
a second type of coke with a higher content of H,, and that
was more easily oxidized.

Table 4 shows the total quantities of CO, formed during the
TPO experiments performed after the TPSR experiments, and
it can be noticed that the addition of promoters increased the
amount of coke formed in the conditions investigated.
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Fig. 5. TPO profiles obtained for the catalysts: (a) 5% Ni/a-Al,O5; (b) 10%
Ni/a-Al,O3; (¢) 20% Ni/a-Al,O3; (d) 20% Ni/a-Al,O5 (wet impregnation).
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Fig. 6. TPO profiles obtained for the catalysts: (a) 10% Ni/a-Al,O5; (b) 5%
MgO-10% Ni/a-Al,03; (¢) 5%Ca0-10% Ni/a-Al,O3; (d) 5% MgO—
5%Ca0-10% Ni/a-Al,O5.

3.5. Cyclohexane conversion

Table 5 displays the results obtained for the several
catalysts in the cyclohexane conversion. Turnover frequen-
cies (TOF) were calculated using CO chemisorption uptakes
obtained in the very same conditions as the pretreatment of
the samples for the reaction. The conversion of cyclohexane
proceeded through two reaction pathways, dehydrogenation
and hydrogenolysis. Essentially, the turnover frequency for
the dehydrogenation reaction was not modified by the
addition of the promoters. However, the hydrogenolysis was
suppressed when Mg was present in the catalyst, indicating a
modification of Ni particles.

4. Discussion
The obtained results indicate modification of Ni particles

by the presence of Mg. This modification takes place
probably during the reduction step, as the DRS-UV-vis
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Fig. 7. TPO profiles obtained for the catalysts after TPSR experiments: (a)
5% Ni/a-AlyO3; (b) 10% Ni/a-AlO3; (c) 20% Ni/a-Al,Os; (d) 20% Ni/a-
Al,O5 (wet impregnation).
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Table 3
Amount of CO, formed during TPO of coked Ni catalyst

Catalysts Amount of CO,
formed (mmol/g,)

5% Ni/o-Al,O5 0.35

10% Ni/a-Al,05 0.56

20% Ni/a-Al,05 0.82

20% Ni/a-Al,O3 (wet impregnation) 0.77

5%MgO-10% Ni/a-Al,04 1.5

5%Ca0-10% Ni/a-Al,04 1.3
5%MgO-5%Ca0-10% Ni/a-Al,O3 1.7

spectra of the several precursors, after calcinations, showed
similar results for promoted and non-promoted samples.

TPSR experiments showed only methane steam reform-
ing occurred in the conditions tested, and this was not
influenced by the presence of promoters. Wei and Iglesia
[13] reported recently that the rate-determining step for
methane conversions is the C—H bond activation, with the
kinetics following a first-order power-law model. Thus, the
increase in the conversion of methane observed during the
TPSR experiments is related to a higher amount of active
sites available for the reaction. This could be caused by an
increase in the exposed metal surface area and also by an
inhibition of metal surface blocking by coke deposits. This
way, for the non-promoted catalysts, chemisorption results
showed similar metal surface areas leading to similar final
conversions in the TPSR experiments. The chemisorption
results also indicated an increase in exposed metal area by
the addition of the promoters, however an effect on coke
formation could also be observed by the TPO experiments,
with the amount of coke observed being higher for the
promoted catalysts. Fig. 9 shows that coke formation during
the TPSR experiments correlates fairly well with the
conversion. The higher conversion of methane caused a
higher formation of coke, but in the presence of the
promoters the formed coke did not block the nickel surface
for the reaction.

Coke formation is inherent to the steam reforming
reaction. According to the literature [14], the methane
decomposition can produce three types of surface carbonac-
eous species. Methane dissociates on the nickel surface to
generate highly reactive carbon species (C,) [15]. The
carbidic carbon can be gasified or converted to a less active

Table 4

Amount of CO, formed during TPO performed after TPSR for Ni catalysts

Catalysts CO, formed
(mmol/g cat)

5% Ni/o-Al,O5 1.7

10% Ni/a-Al,O5 2.7

20% Ni/a-Al,04 4.7

20% Ni/a-Al,O3 (wet impregnation) 5.4

5%MgO-10% Ni/a-Al,O5 9.1

5%Ca0-10% Ni/a-Al,04 8.8

5%MgO-5%Ca0-10% Ni/a-Al,O3 11.6
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Fig. 8. TPO profiles obtained for the catalysts after TPSR: (a) 10% Ni/a-
AlyO3; (b) 5% MgO-10% Ni/a-Al,O3; (¢) 5%Ca0-10% Ni/a-Al,O3; (d)
5% MgO-5%Ca0-10% Ni/a-Al,O5.

Cg (amorphous carbon) by polymerization. Cg may be
gasified or may dissolve in the nickel crystallite, which leads
to the formation of a carbon whisker. A third type of carbon
species comprises the graphitic carbon (C,). These carbon
species show different reactivity towards oxidation and
hydrogenation. For example, carbidic carbon is hydro-
genated at temperatures below 323 K whereas graphitic
carbon is hydrogenable at temperatures higher than 673 K.
TPO experiments of carbonaceous species formed on Ni/
Ca0-Al,0O; exhibited two peaks at low (873 K) and high
(1000 K) temperatures [16]. The high temperature peak was
assigned to amorphous and/or graphite forms of carbon. The
low temperature peak of CO, was attributed to filamentous
carbon associated with dissolution of carbon into the bulk of
nickel crystallites. Zhang and Verykios [17] showed that the
stability of a 17 wt.% Ni/Al,O5; catalyst was improved by the
addition of CaO in the support. TPO analyses revealed that

Amount of CO, (mmol/g_,)
T

o+——r—r——r——r—r—7T—T+ "+ —"T"—T" 1"
0 2 4 6 8 10 12 14 16 18 20 22 24
Conversion of methane (%)

Fig. 9. Correlation between the final conversion of methane in TPSR
experiments and the amount of CO, formed during TPO experiments
performed after the TPSR for Ni catalysts.
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Table 5
CO chemisorption uptakes and TOF for cyclohexane conversion on sup-
ported Ni catalysts (7=373 K; Hy/CH = 13.2)

Catalyst CO irreversible TOF for TOF for
chemisorption  dehydrogenation hydrogenolysis
(wmol/gee) (s s
5% Ni/o-Al,O5 8.4 0.53 0.11
10% Ni/a-Al,O5 11.6 0.36 0.18
20% Ni/o-Al,05 22.8 0.17 0.11
20% Ni/o-Al,O5 19.1 0.16 0.13
(wet impregnation)
5% MgO-10% 4.6 0.43 0
Ni/a-AlyO3
5% CaO-10% 14.7 0.17 0.15
Ni/(X-Aleg,
5% MgO-5% 6.4 0.14 0
Ca0-10%
Ni/a-Al, O3

the improved stability of promoted catalyst was probably
due to the enhanced reactivity of carbon formed under
reforming reaction conditions.

Therefore, the TPO peak at low temperature could be
attributed to the oxidation of a more reactive carbon species
(Co)- The CO, formation at high temperature may be
ascribed to well crystalline graphite carbon. Similar TPO
peak assignments were reported by Swaan et al. [18] and by
Wang and Lu [19]. These results suggest that the addition of
promoters reduces the formation of a less reactive carbon
and hence improves the resistance to the carbon formation,
although the total amount of coke may be higher. Lodeng
et al. [20] showed that the addition of promoters increases
the initial coke formation rate, but for long deactivation
periods, the total quantity of coke formed is smaller for
promoted catalysts than for catalysts without promoters. In
our case, coking time was relatively short (60 min), what
explains this increase in coke formation in the presence of
promoters.

This promotional effect of Mg can be understood through
the size of nickel ensembles. The size of the ensemble is
closely related to carbon formation on the steam reforming
[5]. The formation of the whisker carbon precursor, Cg,
through polymerization/isomerization of C, requires twice
the number of sites necessary to dissociate methane to form
C, [15]. DFT studies showed that adsorbed atomic carbon is
more stable at steps than at terraces, with a graphene island
growing from the step [21]. There is a critical island size
above which the graphene is more stable than carbon atoms
adsorbed along the step, implying that the smaller the
ensemble size the more difficult is the deactivation by coke
formation [5]. Our cyclohexane conversion experiments
gave results very consistent to this hypothesis. The turnover
frequency for dehydrogenation route was not influenced by
the addition of the promoters, what is in agreement to the
structure-insensitivity of this pathway [22]. However, the
hydrogenolysis reaction was suppressed by the addition of
Mg. As the hydrogenolysis is a structure-sensitive reaction
[23], this result indicates that the presence of Mg reduces the

Ni ensemble particle size, probably by decoration of Ni
particles by Mg. This may explain the beneficial effect of
Mg to steam reforming catalysts, inhibiting the formation
of less reactive coke by bloking the steps necessary to
nucleation of graphene. In the case of Ca addition,
however, we have not observed a modification of Ni
particles, and its promotion properties are probably
explained by its property to enhance gasification of
adsorbed carbon.

5. Conclusions

The results showed that the presence of Ca and Mg favors
the steam methane reforming reaction, without changing the
reaction mechanism as shown by TPSR experiments. In
these catalysts, Ni is present as NiO with incorporation of
AI** ions originating from the dissolution of a-Al,O5 during
the impregnation step and as NiO with less interaction with
the support

The Mg addition caused the formation of coke more
easily oxidized and with higher hydrogen content, being able
to explain the beneficial effect of this promoter. The
temperature programmed oxidation profiles for catalysts
without promoters showed the formation of only one type of
coke in catalysts with 5 and 10% Ni contents and two types
of coke in the other catalysts. In the presence of promoters, a
small amount of water was formed with two types of carbon
deposited on catalyst surfaces. Conversion of cyclohexane
results demonstrated there is an ensemble effect with Mg
atoms dilution Ni particles what may explain the beneficial
effect of this promoter.
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