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Abstract

This paper reports the effect of selective tin addition to nickel catalysts via a controlled technique (surface organometallic
chemistry on metals, SOMC/M), and the performance of the resulting systems in methane reforming processes: partial
oxidation (POM), CQ reforming (R) and mixedCO, + O,) reforming (MR), with particular emphasis on their resistance
to coke formation. It is demonstrated that SOMC/M techniques allow to obtain well-defined bimetallic phases in a controlled
way. It is found that there is a range of tin concentrations (0.01-0.05 wt.%) for which the stability of the bimetallic catalysts
is markedly enhanced with respect to nickel catalyst, without affecting either the activity level or the selectivity to syngas.
These facts are explained in terms of a more demanding nature in size of the active sites needed for carbon formation reaction,
when compared to methane activation reaction to synthesis gas. © 2000 Elsevier Science B.V. All rights reserved.

Keywords:Synthesis gas; Methane reforming processes; Tin nickel catalysts; Surface organometallic chemistry

1. Introduction more attractive depending on factors such agQ®

ratio, product purity and feedstock availability (purity
The production of syngas from natural gas re- and cost, including oxygen).

forming has gained increased importance for fuel ~Whereas steam and GQeforming reactions are

cells, petroleum refining processes (hydrotreating and endothermic, requiring large energy input (in general a

hydrocracking), petrochemical industry (methanol, combustion furnace), POM is exothermic and is more

ammonia and oxoalcohols), hydrocarbons via Fischer energy efficient. Besides, the absence of the furnace

Tropsch, etc. [1-3]. While most syngas is obtained avoids the generation of pollutant gases (N@O,

by the traditional methane steam reforming process, SO; and CQ). Due to the exothermic nature of POM

some other routes like partial oxidation (POM), £0 of methane, local hotspots are usually formed [4-6].

reforming and mixed reformingCO, + O,) may be CO, reforming (R), on the other hand, is an interesting
reaction because of the consumption of both reactives

_— (CO, and CH), which are critical for the greenhouse
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the temperature, critical for POM reaction, with the Tin is recognized as stability promoter against coke
possibility of obtaining H/CO ratios between 1 and 2.  formation in many processes, like paraffin dehydro-
Ni-based catalytic systems are industrially used in genation and naphtha aromatization [26]. Recently,
the conventional process of steam reforming. In the the important effect of tin addition has been demon-
case of POM, R and MR reactions, high selectivity strated toward stability promotion in syngas obtention
to Hy and CO with excellent methane conversion has by CO, R process using PtSn catalysts [27]. In the
been reported on supported transition metal catalyst, case of Ni-based catalysts, very few literature citations
particularly Ni catalysts [1,7-12]. are found in relation to the effect of tin addition. Choi
In relation to the mechanism of POM reaction, there et al. [28], working with SnNi catalysts (atomic ratio
have been proposed a one-step (or direct transforma-Sn/Ni ~ 0.05) prepared by impregnation of SnpCl
tion) and a two-step mechanisms [8,13,14]. This last and an inorganic Ni precursor, found that the activity

one consists of a first step in which the total combus-

of the catalyst was very low in the GQOR reaction,

tion of part of the methane occurs and a second step inindicating a poisoning effect of Sn over Ni.

which the remaining methane reacts with the combus-
tion products in a classical reforming. For R reaction,
a mechanism involving dissociation of G@nd CH,
is suggested [14-17].

The analysis of the stability of the active phase is
a very important subject related to POM, R and MR

In this paper, we report the effect of selective tin
addition on nickel catalysts via a controlled tech-
nigue, surface organometallic chemistry on metals
(SOMC/M), on their performance in POM, R and MR
reactions, with particular emphasis on the resistance to
coke formation. The preparation technique employed

processes, because operating conditions are thermodeads to a specific reaction of tin with supported tran-

dynamically favorable to carbon formation (tempera-
tures above 60, low O/C and H/C ratios) and
sintering of Ni particles (high temperatures, presence
of steam) [1,18-22]. With respect to the deactivation
by sintering, several contributions mentioned in lit-

erature denote the effect of the nature of the support

and/or the use of promoters to inhibit this mechanism.
The deactivation by coke formation on Ni-based
catalysts is surely the most important deactivation

sition metals, as it was previously demonstrated [29].

2. Experimental

The supported Ni catalysts with a content of 2%
(w/w) Ni were prepared by impregnation of Ni—acetyl-
acetonate as precursor compound in a benzenic so-
lution at 60 C. The support employed wasAl,03

mechanism in the processes of methane transforma-prepared in the laboratory according to Marturano
tion to syngas. To suppress carbon deposition, severalet al. [30], modified by impregnation with AI(N£)s-
strategies have been proposed. The use of support9H,0, so as to obtain 1% (w/w) Al in the solidy =

having basic properties (CaO, MgO, 4@g) notably
improves the resistance to coke formation due to the
gasification of superficial carbon species [15,23,24].
Industry employs partly sulfur-poisoned nickel cata-
lysts [25], taking advantage of the fact that the dissoci-
ation of CH, is influenced by the nature of the ensem-
bles of the active sites, in order to strongly diminish
the rate of carbon formation. Similar effects to those
obtained with sulfur, could be obtained alloying nickel
with copper. When copper concentration is small, it is
observed an increase in the rate of carbon formation
and for CUNi > 0.10 this rate decreases, but it is
not possible to eliminate carbon formation [17]. As it

105m?g~L, vy = 0.21cnPg~Y). The support was
calcined in air at 600C before use. After the impreg-
nation step, the solids were dried at 1@0for 2 h and
then calcined in flowing air at 75C for 4 h.

Tin modified systems were prepared by reaction be-
tween Ni catalysts (pre-reduced during 2 h in flowing
H> at 700C) and a solution of SnBuin n-heptane
at 90°C under flowing H. The solids obtained after
this procedure could still have some butyl groups
grafted to the surface. Then, they were washed sev-
eral times withn-heptane at room temperature and
dried in flowing Ar at 100C for 2 h. The bimetallic
catalysts (SnNi) were finally obtained by activation in

can be seen, the development of new stable supportedflowing H, at 500C. The contents of tin were in the

nickel catalysts is of great interest due to their practi-
cal application in methane conversion processes.

range 0-0.1, expressed as/SiP" atomic ratio. The
size distribution of metallic particles was determined
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by transmission electron microscopy (TEM) using a 3. Results and discussion
Jeol 2010 instrument. To estimate the mean particle
size (@av), the particles were considered spherical  Table 1 shows the characteristics of SnNi samples
and the second moment of the distribution was em- prepared by reaction between SnBand Nik-Al,03
ployed. Temperature-programmed reduction (TPR) of using techniques derived from SOMC/M, which per-
the catalysts was performed by means of a conven- mit to obtain bimetallic catalysts with variable com-
tional equipment using a programmable furnace and position in a controlled way. Catalysts with very low
the response was measured using a thermal conducti—Sn/NibUIk atomic ratios are obtained from Sn concen-
vity detector. The composition of the feed flow was trations varying between 0 and 0.4 wt.% on supported
Hz/N2 = 1/9 and the heating rate was “XDmin—1 Ni (2wt.% Ni). The SnNisU"fa€ atomic ratio col-
from room temperature to 1000. umn arises from considering the dispersion values
The operating conditions for catalytic tests were estimated from the Ni mean particle size determined
atmospheric pressure, temperature between 500 andby TEM for Ni/a-Al2O3 and from the application of
900°C, and the following feed compositions: for POM, the expression proposed by Brunelle et al. [31]. TEM

N2/CHy/O2 = 11/2/1; for R, Np/CHy/CO; = results show that the mean particle sizég)X for
6/1/1 and for MR, N/CH4/02/COp = 22/4/1.5/1. SnNi samples are slightly higher than the ones of the
For all the studied reactions, the ratig©= 1 and monometallic catalyst, and this would be in agreement

approximately the samgch,; for MR reaction the with a specific interaction between nickel and tin.
feed composition was chosen so as to obtain autother- Fig. 1 presents TPR results, noticing that for nickel
mal conditions. The stability was evaluated in terms of monometallic catalyst, a principal peak of hydrogen
an activity coefficienticn,, which is the ratio between  consumption appears at about 8CQthis temperature
the rate value of Cld consumption corresponding to is higher than the one corresponding to the reduction
th on stream and the initial value. Catalysts were an- of bulk NiO that occurs at around 300. This is
alyzed in a thermogravimetric equipment (Shimadzu in agreement with a strong interaction between the
TG-50), measuring weight variation as a function of nickel precursor and the-Al,0O3 support modified
time, employing different feed flow compositions: by a layer of aluminum oxide [32]. In the case of
He/CHy, He/CH4/0,, He/CHy/CO,. Carbon de- SnNi systems, all bimetallic catalysts present a prin-
posits produced were quantified and characterized cipal peak of hydrogen consumption between 480
by temperature-programmed oxidation (TPO/TGA). and 500C, as can be seen in Fig. 1. The temperature
Samples of 0.010 g were analyzed, feeding with air at decrease of the order of 100 may be assigned to a
a flow-rate of 40crimin~1, and a heating program  modification in the interaction between nickel oxide

of 10°C min—! from room temperature to 85Q. and the support as consequence of a close relation
Table 1

Composition and characteristics of the employed catalysts

Catalyst Ni (wt.%3 Sn (wt.%} dav (NMY° SryNiPuke SryNjsurface H,d R (%)
Ni 2 0 16.7 0 0 290 85
SnNi 003 2 0.012 17.5 0.003 0.06 329 96
SnNi 005 2 0.02 ND 0.005 0.1 317 92
SnNi 01 2 0.04 ND 0.01 0.2 344 99
SnNi 025 2 0.1 ND 0.025 0.5 350 98
SnNi 05 2 0.2 18.5 0.05 1.0 378 100
SnNi 1 2 0.4 ND 0.1 2.0 ND NDf

aMeasured by atomic absorption.

b Mean particle size, measured by TEM.

CExpressed as atomic ratio.

dH, consumption gmolg—1) determined by TPR (for conditions, see the text).

€ Reduction degree estimated hyfnount of H consumption by TPR (theoretical amount of Ficonsumption for total reductiohx 100.
f Not determined.
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Table 2

Results of catalytic activity tests performed at 700 methane
conversion(Xc,%) measured after 1 h on stream (for experimen-
tal conditions, see the text)

Catalyst POM R

SnNi 05 XcH,% H,/CO XcH,% H,/CO
Ni 85 2.5 70 0.8
SnNi 003 84 2.5 73 0.9
SnNi 005 70 2.2 72 1.0
SnNi 01 68 2.6 67 1.0

SnNi 025 SnNi 025 5 N3 10 ND?
SnNi 05 4 NG 3 ND2
SnNi 1 4 \[n3 3 ND?

2Not determined.

w2
z
(=
—_

H, consumption (a.u.)
2
; |
S
W

0.04 wt.% (SnNi01) do not appreciably affect the cata-
Iytic activity. From this value up, as the tin content

increases, the activity decreases, and, for ratios of the
order of SnNi 025 sample or higher, a very important
SnNi 003 poisoning effect of tin is evidenced on the catalytic
activity.
All pre-reduced catalysts were submitted to TGA,
feeding the samples with a mixture of HeH, =
Ni 2/1, varying the temperature from room temperature
to 900°C. The diagrams presented a weight increase
produced by the carbon deposition originated in the

methane crackingCH; — C+ 2H). These as-
says give evidence of the activation of the methane
molecule on the catalytic active phase, which in the
Fig. 1. TPR profiles for the bimetallic SnNi and Ni studied cata- case of active catalysts for the R reactions, takes place
lysts. at temperatures around 6@ For samples contain-

ing higher tin concentrationsSryNi®" ~ 0.025),

the thermogravimetric diagrams showed no weight
between the corresponding nickel and tin oxides. variation as a function of the temperature, because
These results are in agreement with the ones obtainedthe bimetallic phase formed is not able to activate
by TEM. The higher hydrogen consumption observed the methane molecule. These results are in agree-
in Table 1 for bimetallic catalysts, derived from TPR ment with the ones of the reforming activity shown
experiments, are compatible with the total Sn@- in Table 2, demonstrating the poisoning effect of Sn.
duction that occurs below the reduction temperature  Conversion and selectivity results {/£O ratio)
of bulk SNGQ (approximately 700C) [33]. This also for POM, R and MR reactions are presented in
indicates a strong intimacy between both metals: the Table 3. These data correspond to the two catalysts
H» dissociation is produced on Ni particles and then with the highest activity levels, the monometallic Ni
the atomic hydrogen reduces the SnO and the bimetallic SnNi 003, pre-reduced in both

Table 2 shows the catalytic performances of the sys- cases, measured at 1 h on stream.

tems studied in this work for POM and R reactions, The H/CO ratio was slightly higher than 2 for
measured after 1 h on stream. In these experiments,POM, near to 1 for R and variable between 1 and
where the samples were pre-reduced in hydrogen flow 2 for MR. The possibility of controlling the $#CO
at 700C, itis observed that small Sn amounts of about ratio obtained from the R reaction is a very impor-

200 400 600
Temperature (°C)
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Table 3 100
Conversion of CH and selectivity (measured a0 ratio) for %
pre-reduced Ni and SnNi 003 catalysts, submitted to POM, R and
MR reactions (for experimental conditions, see the text) 80
Temperature Reaction  Ni SnNi 003 e 70
o) XcH,%  H/CO  Xcu,%  Ho/CO _5 60
4
650 POM 78 2.6 77 2.6 2 50 -
R 56 0.8 55 0.9 38 40
MR 42 15 48 15 3
© 30
700 POM 85 25 84 25
R 69 0.8 73 0.8 20
MR 60 14 64 14 10
750 POM 88 2.2 91 21
R 83 1.0 920 1.0 0 . ‘ ‘ ——
MR 76 1.4 80 1.4 400 500 600 700 800

Temperature (°C)

| —o—Ni —e—Ni —o— SnNi 003 —=— SnNi 003 |

tant characteristic taking into account the subsequent
application of the synthesis gas obtained. The cata- Fig. 2. Effect of reaction temperature on gebnversion for Ni and
lytic activity measured through conversion of gH  SnNi 003 fresh catalysts. POM reactiNz/CHa/Oz = 11/2/1).
(XCH4%) follows the order POM> R ~ MR for Ni Empty symbols: stepwise increase of temperature; full symbols:
. . stepwise decrease of temperature.

catalyst as well as for SnNi bimetallic catalysts.

When fresh catalysts are placed in the reactor in an
oxidized state, after the calcination step, Ni and SnNi the same tendency observed in the reduction peak
catalysts(Sn/Ni?"k < 0.025) provoke a typical cycle  temperatures determined by TPR (Fig. 1). The same
on the methane conversion as a function of sequen-behavior was obtained for MR reaction.
tial changes in temperature. The effect of sequential Cycles shown in Fig. 3 for R reaction show an
changes in reaction temperature on the conversion of ignition temperature around 700 for Ni and SnNi
methane and selectivity to syngas in the POM reaction 003 catalysts; this temperature is fairly below the
has been previously observed when using Rh- and temperatures corresponding to MR and POM reac-
Ni-supported catalysts [5,10]. For nickel catalysts, tions. These results show that oxygen competes with
when the temperature is below 8@approximately, methane in a stronger way than carbon dioxide in the
both conversion and selectivity do not increase appre- cracking reaction and in hydrogen generation.
ciably with stepwise increasing reaction temperature. The fact that the Ni catalyst and the SnNi 003
A further increase in reaction temperature results in bimetallic catalyst present the same behavior with re-
an abrupt increase in conversion. This phenomenon spect to sequential changes in temperature (Figs. 2
is related to alterations in the oxidation state of the and 3) and similar reactivity (Table 3) would indicate
metallic active phase. In the first step; i$ genera- that the reaction mechanism and the number of active
ted by methane cracking reaction (at temperatures sites for these reactions are not appreciably modified
around 800C) and then this b provokes NiO reduc-  for these Sn concentratioSn/Ni®“K < 0.025).
tion to metallic Ni, which is the actual active phase. In Fig. 4, thermogravimetric diagrams are presen-
The presence of ©seems to be responsible for the ted, corresponding to the treatment of fresh catalysts in
strong inhibition in the reduction of NiO and in this oxidized state, for heating and cooling processes when
way it prevents the lower ignition temperature. Fig. 2 the feeding mixture corresponds to that of the POM
presents the cycle for the case of POM reaction; as reaction. During the heating process, for Ni and SnNi
it can be observed, the ignition temperature is ap- 003 catalysts, an abrupt weight change occurs and it
proximately 70C higher for Ni than for SnNi 003. is considered that this is the activation temperature
The lower ignition temperature for SnNi 003 follows of methane. At this temperature, a weight decrease is
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Fig. 3. Effect of reaction temperature on gldonversion for Ni
and SnNi 003 fresh catalysts. R reactidtp/CHs/CO, = 6/1/1).
Empty symbols: stepwise increase of temperature; full symbols:
stepwise decrease of temperature.
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Fig. 4. Variation of sample weight (mg) as a function of temper-
ature (C) for Ni, SnNi 003 and SnNi 05 fresh samples. Feed
composition HECH,/CO, = 11/2/1 (each scale uni= 0.1 mg).
(—) heating process;«) cooling process.
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observed as a result of the metallic oxide reduction
and, immediately after that, a weight increase starts
due to methane cracking with carbon deposition. It
can be seen that the activation temperatures are quite
similar to the ones obtained in the cycles of Fig. 2.
During the cooling process, again for Ni and SnNi
003 samples, a weight increase is detected as a con-
sequence of the re-oxidation of the active phase. The
re-oxidation occurs at temperatures near’&l)@vhich
corresponds to the end of reactions whose cycles are
shown in Fig. 2.

For SnNi 05 catalyst, on the other hand, the weight
change is only observed at temperatures around
900°C, which is probably due to the methane ther-
mal activation and not a consequence of a catalytic
effect. During the cooling process, the re-oxidation
of the bimetallic phase occurs at temperatures around
800°C. The reduction and the oxidation are produced
in a small temperature interval, always over 800
This explains the almost null activity levels of the
catalytic systems more tin concentrated under the
operating conditions interesting for this study.

As it was previously mentioned in Section 1, the
deactivation, both by sintering and by carbon forma-
tion is thermodynamically and kinetically promoted,
under the operating conditions corresponding to POM,
R and MR reactions, and therefore, the analysis of the
stability of the active phase is a very important fact.

Figs. 5a—c show the evolution of the activity co-
efficient acy, as a function of time for POM, MR
and R reactions for Ni and SnNi samples. A very
important aspect that arises from these figures is
that the presence of LOas reactive plays a funda-
mental role; as the ©concentration decreases, the
stability also decreases according to the sequence
POM > MR > R. In all cases, but especially for R
reaction, the bimetallic catalyst improves markedly
its stability. It is observed in Table 4 that tlgn,

Table 4

Stability results:acH, (measured after 24 h on stream at 70D
and wt.% C (measured by TPO/TGA) (for experimental conditions,
see the text)

Reaction Ni SnNi 003

acH, wt.% C acH, wt.% C
POM 0.95 0.03 0.96 0.03
R 0.52 3.75 0.87 0.12
MR 0.91 0.15 0.93 0.05
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Fig. 6. Rate of carbon formation for Ni, SnNi 003 and SnNi 005
catalysts. Feed composition: HeH,;/CO, = 6/1/1, temperature
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assay were cooled up to room temperature in He flow
and submitted to a TPO/TGA test whose diagrams are
shown in Fig. 7. Results from Figs. 6 and 7 show that
the carbon formation is strongly inhibited in the pres-
0 5 0 15 20 25 ence of very low Sn concentrations. The diagrams in
Time (h) Fig. 7 represent the derivatives of weight changes (by
ANi ® SnNi 003 . . g . .
© oxidation and ga_S|_f|cat|on of carbon) as a _fur_1ct|on qf
temperature, noticing that the carbon is eliminated in
Fig. 5. Stability of Ni and SnNi 003 catalysts submitted to POM  an oxidizing mixture between 550 and 6(D
reaction (a), MR reaction (b) and R reaction (c). The catalytic results presented here, activity and sta-
bility, show important aspects in the behavior of tin
modified catalysts. For the lower tin concentrations
coefficient measured at= 24 h passes from 0.52 to  studied(Sn/Ni®“k < 0.025), the carbon formation is
0.87, when the Ni catalyst is promoted by Sn. Table 4 almost completely inhibited, as it is observed in ther-
pointed out the percentages of carbon values deter-mogravimetric diagrams (Figs. 6 and 7) and in the sta-
mined by TPO/TGA for post-reaction samples; the bility curves (Fig. 5). On the other hand, the rate of
carbon content follows the order POM MR « R production of synthesis gas suffers only a little varia-
according to the stability sequence previously men- tion for these composition® < SryNi?“k < 0.025).
tioned; therefore, the deactivation observed may be The performance observed offers an interesting per-
surely assigned to carbon formation. spective for the use of these nickel-based catalysts
Taking into account these results, another series of modified by tin in the obtention of syngas from natu-
thermogravimetric experiments were designed using ral gas, especially via COreforming. The results
the feed corresponding to R reaction at 700n or- presented here can be interpreted in the light of the re-
der to analyze the rate of carbon formation (Fig. 6). action mechanisms suggested in the literature for the
Then, the coked samples coming from the previous R reactions.
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Fig. 7. Derivative of weight variation (mgmif) as a function of temperaturéQ) for Ni, SnNi 003 and SnNi 005 coked samples.

In relation to the mechanism of POM reaction, there this explanation seems to be contradictory with the
have been proposed a one-step (or direct transforma-differences observed in relation to the influence of tin
tion) and a two-step mechanisms, in which the total (0 < SryNi®“K < 0.025) on the methane to syngas
combustion of a part of the CHoccurs in the first and carbon formation reaction rates. Some other au-
step, and the rest of the GHeacts with the combus-  thors state that the mechanism of syngas reaction from
tion products in the second step. In our case, a schememethane requires the formation of partially dehydro-
based exclusively on a two-step mechanism would not genated specie€CH,,x > 0) [14,17]. Our results
be useful to explain the lower activity determined for can be analyzed on the basis of this kind of mecha-
R and MR reactions with respect to POM reaction. For nisms. Following is the reaction scheme presented by
R and MR reactions, the addition of GGhould pro- Qin et al. [14]:
duce an increment in the activity of MR reaction, but
this phenomenon is not observed in our experiments. (@ CHg +2S— CH3-S+ H-S
On the other hand, experiments carried out for POM (b) CH3—-S+ S — CH>—-S+ H-S
reaction as a function of residence time show that CO (¢) CHy-S+ S — CH-S+ H-S
and CQ are primary reaction products. Therefore, it (d) CH-S+S— C-S+H-S
is reasonable to suggest that our results are compat-
ible with the coexistence of two simultaneous, one- () CO,-S+ 2S— CO-S+ O-S
and two-step, mechanisms. f)y O»+25— 20-S

Some authors have proposed superficial carbon
species totally dehydrogenated, as intermediates in the (g) CH,—S+ O-S
conversion of methane to syngas [15,16,34,35]. This +(x - 1S
would mean that synthesis gas and carbon formation — CO-S+ xH-S } CO and H formation
reactions would pass through the same intermediates (hy CO-S-~CO+ S
coming from the cracking stage of methane. However, (i) 2H-S—H, +2S

CHg activation

O-S formation
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The scheme of reactions (a)—(i) allows to explain the 2 and 3 [36,37]. If this is the case, syngas formation
differences of behavior between POM, MR and R pro- would proceed on active sites composed of ensem-
cesses. Assuming as acceptable that the global activitybles of 3 or 4 Ni atoms, and so, the promoting ef-
is determined by the rate of GHactivation and by the  fect of tin atoms in intimate contact with nickel would
reaction between CH-S and O-S species, the differ- be similar to what is proposed by Rostrup-Nielsen
ence in reaction rates between POM and R processeq17,38] for the case of partly sulfur-poisoned nickel
is the route for supplying O-S ((f) versus (e)). The catalysts.
lesser contribution of O—S would be responsible forthe  Taking into account these interpretations, it may
lower reaction rate of R process, which allows the de- be concluded that carbon formation reaction is more
velopment of intermediate species that lead to the for- structure-sensitive than syngas formation reactions.
mation of carbon deposits in greater proportion. Under The high sensitivity of the synthesis gas and carbon
the operating conditions employed for the R reactions formation reactions to the Sn/Ni ratio evidences the
(T > 500°C), part of the adsorbed O atoms (O-S, importance of using a controlled methodology for
stage (f)) can be desorbed and transformed in atomicthe addition of promoter to assure the achievement
oxygen in the gas phag®-S— Ogas+ S). These O of very well-defined supported active phases. The
atoms are highly reactive and are able to produce the SOMC/M technique used in this work allows to ob-
methane oxidation to COand HO. Therefore, the tain bimetallic catalysts with very low Sn/Ni atomic
coexistence of both reaction mechanisms (one- andratios, having excellent stability with respect to the
two-step) for POM reaction may be explained with the carbon deposit without affecting the reactions of syn-
scheme proposed by Qin et al. thesis gas formation for the three studied processes
The stages (a)—(d) correspond to the activation of (POM, R and MR).
methane to carbon through successive C—H cracking
steps. These steps must take place on sites formed by
ensembles of several metallic atoms. If the C—S species4. Conclusions
are of the type C-Ni as proposed by Demicheli
et al. [21], seven Ni atoms are required per active e SnNi catalysts supported on a modifiadAl,0O3

site for carbon formation. Taking into account that
SnNi 003, SnNi 005 and SnNi 01 catalysts correspond
to superficial atomic ratios Sn/Ni of 6, 10 and 20%

(see Table 1), respectively, it is acceptable to suppose

that small amounts of tin deposited selectively on Ni

are enough to destroy many active sites for carbon e

formation. On the contrary, the formation of synthe-
sis gas passes through stage (g), where.-Hre-
acts with O-S species to give CO-S and H-S, which

were prepared using a controlled technique
(SOMC/M). This methodology allows to obtain
very well-defined active phases, with low iUk
values and a specific interaction between both
metals.

SnNi catalysts had a very high resistance to carbon
deposition for POM, MR and R reactions. For tin
concentrations below SN < 0.5 (SryNiPulk

< 0.025, SnNi phases show very good levels of

are finally desorbed to the gaseous phase as syngas activity and selectivity to syngas, similar to the
(CO+ Hyp). Since CH-S corresponds to a partially monometallic Ni catalysts.
dehydrogenated species£ 1, 2 or 3), the activation e Catalytic activity for SnNi catalyst€ < Sn/Ni
stage of methane also requires ensembles of several < 0.025 follows the sequence POM R = MR.
nickel atoms, but these ensembles are not necessarily These results would be compatible with the co-
of the same size as the ones needed for carbon forma- existence of two simultaneous mechanisms (one-
tion. This may explain why only concentrations of tin step and two-step) for POM reaction.

over SiYNi® ~ 0.025 (which implies a superficial e The differences in the behavior of syngas and
atomic concentration of 50% approximately in Sn, Ta-  carbon formation reactions in relation to Sn/Ni
ble 2), inhibit the formation of synthesis gas. Some ratio may be explained considering that carbon
recent papers suggest that for R reaction performed formation reaction is more structure-sensitive than
on Ni/Al,O3 catalysts, the number of hydrogen atoms  syngas formation reactions, which emphasizes the
contained in the superficial species G is between importance of using a controlled methodology for

bulk
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the addition of tin, to assure the achievement of
very well-defined active phases.

For SryNi®k atomic ratios under 0.025, ensem-
bles of Ni are still available for the dissociation of
CHg4 into CH, (x = 2, 3) intermediate species for
syngas formation, but not for the formation of C
species, which could dissolve in Ni crystals, giving
rise to the nucleation of whisker carbon.

R reaction shows the highest tendency to deactiva-
tion due to carbon deposition. The presence of O
strongly diminishes this tendency; therefore, it is
worth considering the addition of On the feeding
mixture of CQ reforming, as a way of improving
the stability of Ni-based catalysts.
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