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In the present work, the catalytic behaviour in the dry reforming of methane on Ni-based Silicalite-1 type
catalyst was studied. The Silicalite-1 support has been synthesized in order to check the role of the silanol
groups on the overall catalyst performance: methane and carbon dioxide conversion, hydrogen/carbon
monoxide ratio and coke deposition. The population of defect groups on the Silicalite-1 surface was

modified by aging of the gel, thermal treatment, ionic exchange and silylation procedure. Among these
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treatments, the silylation of the support surface leads to the formation of smaller and more reducible
Ni-oxide species that not only improve the CH4 and CO, conversion but also reduce the deactivation of
the catalyst due to coke deposition and the obtained H,/CO value is 1.04.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Conversion of methane using carbon dioxide into useful prod-
ucts is an important research area due to the current purpose of
carbon-containing emission.

The Syngas (CO and Hj), produced through the following cat-
alytic processes: partial oxidation, steam reforming, dry reforming
and oxy-reforming processes [1], represent a very versatile inter-
mediate in several synthetic routes, leading to ultra-clean liquid
fuels and valuable raw chemicals from alternative sources to
petroleum.

In this regards, the dry reforming is an attractive way to con-
sume CO,, since it offers some advantages, with respect to steam
reforming and the partial oxidation of methane, such as a suitable
H,/CO ratio, close to 1, for the synthesis of liquid hydrocarbons
and, from an environmental point of view, it is attractive due to the
reduction of carbon dioxide and methane emissions (both green-
house effect gases) [2-4]. During the past decades, many efforts
have been focused on the development of catalysts able to convert
methane with high activity and, especially, with high resistance
to coking. In fact, major obstacles encountered in the application
of hydrocarbons reforming is the fast catalyst deactivation which
is mainly due to coke accumulation and sintering of both support
and active metal particles. It has been proven that supported noble
metals, such as Rh, Ru, Pt, are characterized by high activity, selec-
tivity and high resistance to coke formation [5,6]. Nevertheless,
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considerations of high cost and limited availability of noble metals
make the development of a nickel-based catalyst more resistant to
coke formation. Therefore one of the strategies to improve the cok-
ing resistance is focused on the type of the support. The effect of
different supports on catalytic behaviour and coke deposition has
been investigated by many research groups [7-15].

Generally speaking, suitable supports have to be resistant to
temperature applied and they have to maintain the metal dis-
persion of the catalyst during reaction. Zeolites may have good
potentiality as metal supports in the dry reforming methane, due
to their interesting properties, such as high surface area, specific
micropore structure, affinity to CO,. Some type of zeolites have
been tested as active metal support in dry reforming of methane
and it has been observed that the nature of zeolites support influ-
ences in significant way the overall performance of the catalyst
[16-20]. Moreover, in many different reactions, both activity and
selectivity of zeolites can be affect by the presence of weakly acid
silanol groups [21]. While, in the dry reforming of methane, a
lower concentration of Lewis acid sites and the presence of a basic
strength on this kind of support improve the catalyst activities and
limit the coke depositions [22,23].

Among the pentasil zeolites, Silicalite-1 is an all-silica zeolite
with the MFI structure with low acidity and high thermal stability
and then it could be a potential support for metals to apply as cat-
alyst in the dry reforming of methane. One of the main peculiarity
of Silicalite-1 is the presence of a large amount of defects groups,
up to 32 per unit cell, in the as-made form [24]. This amount can
be opportunely modulated by different treatments.

In the present work we report the results, in the methane
reforming reaction with CO,, on the activity, selectivity and coke
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Table 1

Molar gel composition, post-synthesis treatments, number of defective sites and unit cell symmetry of samples.

Sample Molar gel composition/post-synthesis treatments Aging of the synthesis gel Nr. SiOH/u.c. Symmetry of unit cell?
H-S1 0.08Na;0-008TPABr-1Si0,-20H,0 Yes 5 M
H-S2 0.08Na;0-0.08TPABr-1Si0,-20H,0 8 M
S-HMDS-1 Sample H-S1 after silylation procedure 1.3 0]
S-HMDS-2 Sample H-S2 after silylation procedure 1.1 0]

2 M, monoclinic; O, orthorhombic.

deposition of Ni-based Silicalite-1 catalysts, obtained by different
treatments in order to affect the support surface. The amount of
defect groups on the Silicalite-1 surface, used as Ni-support, has
been modified by different routes: aging of the gel, thermal treat-
ment, ionic exchange and silylation procedure. The catalysts have
been characterized by XRD, SEM, TPR, Thermogravimetricand NMR
analyses. Particularly, the Si chemical neighbourhood of the catalyst
has been studied by 29Si NMR and, after the silylation treatment,
by 13C NMR analysis, while the nickel species obtained by catalyst
reduction have been studied by TPR analysis.

2. Experimental
2.1. Catalysts preparation

All samples are prepared by hydrothermal synthesis starting
from a gel with a molar composition reported in Table 1.

Particularly, 2.1 g of TPABr (98% Fluka) was dissolved in 20 g of
distilled water. A solution of 0.6 g NaOH (97% Carlo Erba) in 16.2 g
of distilled water was added. Finally, 6 g of the silica source, BDH
(precipitated Silica gel), were added to the resulting solution under
stirring for 1.5 h at room temperature. After mixing of the reagents,
the gel of the H-S1 sample was aged at 303K for 5 days and suc-
cessively the reaction mixture was transferred into a Teflon lined
stainless steel autoclave and heated, in static conditions, at 443 K
for 24 h. For the H-S2 sample, after mixing of the reagents, the gel
was directly transferred into the autoclave and heated, in static
conditions, always at 443 K for 24 h.

The solid product was obtained by vacuum filtration, washed
with distilled water and dried at 373 K. All samples were calcined
(in air at 723 K) in order to eliminate the template.

The calcined samples were submitted to an ionic exchange, by an
ammonium salt (NH4NO3 solution) at pH=10.5, following strictly
the procedure describe by Kitamura et al. [25], and, then, were sub-
mitted to a second thermal treatment (always at 723 K) in order to
have the H-form of the catalyst (the final sample code is H-S1 and H-
S2). As further post-synthesis treatment, the above mentioned and
activated samples were submitted to the following silylation pro-
cedure. The samples were vacuum dried at 393 K and, then, 10 ml of
toluene with hexamethyldisilazane (HMDS, as organo-silane) were
added to 1 g of zeolite. The mixture was stirred for 2 h at 333 K. The
HMDS/solid ratio was 0.02 for all treatments. The final solution was
filtered, washed with toluene and acetone. The solid was vacuum
dried at 393 K for 2 h. The silylation reactionis reported in Scheme 1.

The Ni-based catalysts were prepared by the incipient wet
impregnation of the prepared supports, with a nickel content
of 5wt%. The Nickel source was the nickel nitrate hexahydrate
(Sigma-Aldrich). After impregnation, the catalysts were dried
overnight at 383 K and reduced at 673K in H, with a flow rate of
20cm3 min~! for 1 h.

2.2. Catalyst characterization

Phase identification of prepared catalysts was carried out
recording X-ray diffractograms, using CuK, radiation in 26 = 5-40°

range (Philips PW 1730/10 generator equipped with a PW 1050/70
vertical goniometer, A =1.5404A).

The morphology, crystals’ dimension and habit of the crys-
talline phase of the products were examined on a scanning electron
microscope (SEM, FEI model Inspect). N, adsorption-desorption
isotherms were measured in order to examine the porous prop-
erties of each sample. The measurements were carried out
in Micromeritics ASAP 2020 instruments. Before the analysis,
all samples were pre-treated in vacuum condition at 473K
for 12 h.

Temperature programmed reduction (TPR) was carried out on
Chemisorb Micromeritics 2750, to monitor the reduction of metal
oxide, under a flux of 50 cc/min of H, /Ar (10 vol.%).

The thermoanalytical measurements were performed on the
automatic TG/DTA instrument (SHIMATZU) under air flow of
50 cc/min, with heating rate of 5°Cmin~!.

Solid state 29Si NMR and 13C NMR analysis was used to study
the Si chemical neighbourhood of the Silicalite-1 surface before
nickel deposition. NMR measurements were performed on a Bruker
Avance 500 spectrometer. For 29Si (99.4 MHz), at 6 us (8=7/6)
pulse was used with a repetition time of 40s, while for 13C
(125MHz), at 4ps (@=m/2), pulse was used with a 5ms con-
tact time for 'H-13C cross polarization and a repetition time
of 4s.

For FT-IR measurements, powder samples were pressed into
thin, self-supporting wafers. Spectra were collected at a resolu-
tion of 2cm~1, on a Bruker FT-IR Equinox 55 spectrophotometer
equipped with a MCT detecto. Pre-treatments were carried out
using a standard vacuum frame, in an IR cell equipped with KBr
windows: in order to remove water and other atmospheric con-
taminants, wafers were outgassed for 1h at 423 K.

High resolution transmission electron microscopy (HRTEM)
investigation was carried out using a JEOL 2010F instrument
equipped with a field emission gun, which allowed to achieve a
point-to-point resolution of 0.19 nm and a resolution of 0.14 nm
between lines, and a Philips CM12 electron microscopy provided
with a high resolution camera.
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Scheme 1. Silylation reaction of the support surface.
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Fig. 1. XRD patterns of H-S1 and S-HMDS-1 (a) and H-S2 and S-HMDS-2 (b) samples.

2.3. Catalytic tests

The CO, reforming reaction of CH4 was carried out in a contin-
uous flow quartz tube reactor, at 1atm and 973 K, with a constant
stoichiometric mixture of CH4 and CO, feed and a total flow rate
of 100 ml/min. 0.2 g of catalyst were used for each catalytic test.
The reaction data were monitored after 30 min on stream for 10 h.
Reaction products were analyzed by on-line gas chromatograph
(GC Agilent 6590) having FID and TCD detectors and four columns
(Alumina, Porapak Q, Haysep, Molecular Sieves (MS 5A)), for the
separation and detection of gas on outlet current on stream.

The conversion of methane and carbon dioxide in the reforming
reaction were defined as follows:

_ [CHy4lin — [CHylout

X = e,

_ [COZ]in — [Cozlout

A o

where [CHy];, and [CO,];, are the concentrations of the reactants
in the introduced feed and [CH4]out and [CO3]out are concentra-
tions of the same compounds in the effluents. In addition, the molar
ratio H,:CO was obtained from the product gas composition. No
by-products were observed in all experiments.

3. Results and discussion
3.1. Catalysts physical-chemical properties

By X-ray powder diffraction the typical Silicalite-1 pattern can
be observed, for all synthesized catalysts. Particularly, after the
first activation procedure (calcination/ionic-exchange/calcination)
all samples possess a monoclinic symmetry. After the silylation pro-
cedure, the samples modify the unit cell towards an orthorhombic
symmetry. In Fig. 1 the XRD patterns of the samples before and
after silylation procedure have been reported. First of all we notice
a crystallinity loss, but this value is very low for both samples (ca.
154+2%).

The main point to highlight is the unit cell evolution: from dou-
ble reflection peaks, for calcined samples, to a single reflection
peak at 20 =24.4 (ascribable to the orthorhombic symmetry), for
silylated samples. We suggest that the (CH3)3SiO methyl groups
on the catalyst surface promote a structural rearrangement from
monoclinic towards orthorhombic symmetry. In order to better
investigate this aspect, the Si chemical neighbourhood has been
investigated by 29Si and 13C NMR analysis. By the 29Si NMR spectra
all samples show lines in the range of —90 to —120ppm, cor-
responding to different Si environments in the zeolite structure
[24]. The signals above —110, can be assigned to Q* silicon species
[Si(OSi)4] in distinct crystallographic positions of the MFI structure;
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Fig. 2. 2°Si NMR spectra of H-S2 sample before (a) and after (b) silylation (S-HMDS-2).

the lines between —104 and —101 ppm are attributed to Q3 silanol
or single hydroxyl groups [HOSi(OSi)3 ], while the chemical shift at
—93 ppm can be attributed to Q? species or geminal groups [24].
This latter is absent in our samples and the silanol defective sites
(Q3) represent a small percentage of total silicon atoms present in
the MFI lattice. As a matter of the fact we measured a maximum of 8
defective sites per unit cell (with respect to the 32 theoretical defec-
tive sites in the as made Silicalite-1 cell) for the sample prepared
without aging of the gel, H-S2 sample (see Table 1). Differently, for
the sample obtained by the aging time of the starting gel, the H-S1

sample, only five defective sites per unit cell have been detected. All
these defective sites for both the samples are Q3 species. The combi-
nation of FT-IR and NMR techniques lead to a better comprehension
of the hydroxyl population in the zeolitic framework of the H-S sup-
ports. In fact, the FT-IR technique is able to identify the different
isolated, nests and terminal silanols. Particularly, in the evaluation
of OH stretching signals (spectra not reported) a band is detected
at 3727 cm!, assigned to H-bonded silanols in terminal position,
and a broad band, with maximum at ca. 3450 cm~!, is ascribable to
H-bonded silanols inside chains and silanols nests [26].
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Table 2
Main textural properties and crystals’ dimension of the prepared samples.

Sample BET? (m?/g) Viic (cc/g) Crystals’ dimension
(wm)

H-S1 330 0.14 1/2.5

S-HMDS-1 320 0.11 -

Ni-H-S1 300 0.13 -

Ni-S-HMDS-1 300 0.11 -

H-S2 325 0.22 10

S-HMDS-2 315 0.20 -

Ni-H-S2 300 0.15 -

Ni-S-HMDS-2 300 0.13 -

2 Standard error + 2%.
b Measured by SEM technique.

Concerning the symmetry of the unit cell, the 22Si NMR spectra
for H-S and S-HMD samples clearly show the difference between
the silylated and not silylated structure: the intensity of lines at
the chemical shifts around —114/—120 ppm is higher for the sily-
lated sample, indicating a more rigid silicon-framework due to
the presence of the organo-silane groups (see Fig. 2 for repre-
sentative sample H-S2) [24]. Finally, the '3C NMR spectra show a
typical line at —1 ppm, for both silylated samples (S-HMDS-1 and S-
HMDS-2), corresponding to the (CH3 )3SiO adsorbed species (results
not shown), as a further proof that the catalyst silylation surface
occurred.

As we could expect, after the silylation treatment, the amount
of silanol groups (Q3) strongly decreases: from 8 to 1.1 (of Si-OH
per unit cell) for the sample S-HMDS-2, from 5 to 1.3 for sample
S-HMDS-1 (see Table 1).

In Table 2 the main physical properties of the samples after sily-
lation and metal impregnation and the crystals’ dimension of the
supports are reported.

The crystals’ dimension of H-S supports ranges from 1 to 2.5 pm
for sample prepared with aging of the synthesis gel (H-S1), while
bigger crystals’ dimension can be obtained for support prepared
without aging of the synthesis gel (H-S2).

The loss of BET surface area of the samples, after post-synthesis
treatments, has been limited. This aspect is understandable if one
considers that both the groups of the organo-silane and the metal
can occlude the pore mouth of the zeolite channels. For all Silicalite-
1 samples, the N, adsorption isotherm profiles after reduction do
not change significantly and all isotherms are of type I (results not
shown). This indicates that in all samples the zeolite structure is
preserved, as also confirmed by the stability of microporous volume
value (Table 2) and by the XRD patterns reported in Fig. 3 for sample
H-S2 (as representative sample) after the different treatments and
activation procedures.

Finally, the morphology of the Silicalite-1 crystals are not mod-
ified by silylation, nickel impregnation and reduction, as can be
observed by the SEM images reported in Fig. 4, for represen-
tative sample H-S2 after the different treatments. The rounded

Ni-S-HMDS-2
after reduction

ﬂ I n Ni-H-S2 after reduction

5 10 15 20 25 30 35 40
2 Theta

Fig. 3. XRD patterns of activated samples: Ni-H-S2 and Ni-HMDS-2 after reduction.

1] HY
AM 30.00 k

Fig. 4. SEM images of the sample H-S2 (a), Ni-H-S2 after nickel reduction (b) and
Ni-S-HMDS-2 after nickel reduction.

morphology of the crystals, in fact, can be observabed in all three
SEM images.

In order to determine the behaviour of nickel metal, during the
reduction treatment, and to investigate the final metal-support
interactions, TPR measurements were carried out.
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Table 3

TPR analysis results of activated samples.
Catalyst Ty (K) Aq (%) T3 (K) Az (%) T3 (K) As (%)
Ni-H-S1 573 78 611 10 803 12
Ni-H-52 578 68 618 6 802 23
Ni-S-HMDS-1 548-5682 92 - - - -
Ni-S-HMDS-2 583-6132 93 - - - -
2 The range of temperature indicates a broad peak with shoulder.

In Table 3 the reduction temperature and the relative reduction Table 4 ) )
peaks areas of nickel species are reported, for each catalyst. CH, and CO; conversion value and H,/CO ratio for tested samples.

The reduction temperatures have been assigned as follow- Sample CH,4 conversion (%) CO; conversion (%) H,/CO
ing: the first peak at lower temperature (T7) is attributed to the Ni-H-S1 62 84 123
reduction of NiO species segregated by weak interactions with Ni-H-52 63 30 1.15
the support or in the external surface, the second peak (T) is Ni-S-HMDS-1 74 83 1.04

Ni-S-HMDS-2 77 84 1.05

attributed to NiO-like species located inside the zeolite channels,
finally, at higher temperature it is possible to observe a third peak
(T3) ascribable to the nickel particles that strongly interact with
the support, probably forming nickel silicates during the activation
treatment. All these peaks can be observed in the TPR profiles of
the Ni metal impregnated on the not-silylated samples: Ni-H-S1
and Ni-H-S2. The species involving weak interaction represent the
highest amount in both Ni-H-S1 (78%) and Ni-H-S2 (68%) samples.
The species in the zeolitic channel are only 10% (for Ni-H-S1) and
6% (for Ni-H-S2). The Ni particles interacting strongly with the sup-
port are 12% for Ni-H-S1, while quite high amount is obtained for
Ni-H-S2 (23%).

For the silylated samples we detected only the peak at lower
temperature indicating only the presence of the NiO species,
weakly bonded to the support: 92% for Ni-S-HMDS-1 and 93% for
Ni-S-HMDS-2. Moreover, the TPR profiles, similar for both not-
silylated catalysts, show a broad shoulder peak in the positions of
lower temperature, indicating a wide typology of weak interaction
between nickel oxide and support.

In the TPR profiles of the catalysts, the amount of H, consump-
tion was also determined.

The highest amount of H, consumption for the reduction of
nickel silicates was observed for sample Ni-H-S2, suggesting that
the formation of nickel silicates is strongly related to the presence
of defect groups.

3.2. Catalytic activity

The activity and stability of the catalysts were studied in the
reaction of methane reforming by CO, performed at 973 K with
equimolar ratio feed. In Fig. 5 are reported the CH4 and CO, con-
versions as a function of the time on stream.

After 1 h of reaction the catalytic performance of all tested cata-
lysts are stabilized and they remain almost constant during 10 h of
reaction, indicating that no or little deactivation occurs within this
period.

In Table 4 the final values of CH4 and CO, conversion and H,/CO
ratio, for all catalysts tested, have been reported.

Comparing the CO, and CH4 conversion value for samples Ni-H-
S1 and Ni-HS-2, we observe a lower value of the CO, conversion for
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Fig. 5. The CO, (®) and CH, (M) conversion values for the catalyst tested in the dry reforming of methane.
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the last sample but similar values of conversion of CH,4. By contrary,
for silylated samples, the CO, conversion values are similar, while
the CH4 conversion obtained by Ni-S-HMDS-2 is higher than that
obtained by Ni-S-HMDS-1 (77% versus 73%).

Moreover, comparing the gaps between the CO, and CH4 con-
version values of all samples (see Fig. 5), itis possible to observe that
this gap is higher for not-silylated samples (Ni-H-S) with respect to
the silylated ones (Ni-S-HMDS).

In order to explain the different values of CO, and CH4 con-
version of Ni supported catalyst we can be consider that the main
reaction of dry reforming of methane (1) was accompanied by sev-
eral secondary reactions (2)-(5), as following described:

CH,4 +COy = 2CO + 2H, (1)
CHs= C + 2H, (2)
2C0 = C + CO, (3)
CH4 +3C0O, = 4CO + 2H,0 (4)
H,0 + CO = Hy +CO; (5)

In the case of the reforming of an equimolecular mixture of CHy
and CO,, the CH4 and CO, conversions should be equal [27]. How-
ever, if the conversion of CO, is higher than that of CH4 means that
other reactions occur, such as the reverse water gas shift (5), as also
indicated by Bradford and Vannice [28], or the CO, complete dis-
sociation: CO, — CO+0 and CO — C+0, as reported by Wang and
Au [29].

Moreover, if the methane conversion proceeds following reac-
tion (1), the H,/CO ratio has to remain near unity, while when
carbon deposition occurs, this ratio is higher than 1, even if it

Amount of coke %

6
i 4.7
4.2 4
4 |
3
2 4
1 4
0 - T T T

Ni-H-S1

Ni-HMDS-51 Ni-H-52 Ni-HMDS-S2

Catalyst

Fig. 6. The amount of coke formed of spent catalysts after catalytic testing for 10h
(reaction conditions: T=973 K, CH4:CO, =1:1).

proceeds through either CH4 decomposition or Boudouard reaction
of CO formed (3).

The H,/CO ratio, so reported in Table 4, is nearer to unity for the
silylated samples.

Differently, between the not silylated catalysts, we observe the
difference in the H,/CO ratio: for Ni-H-S1 it is greater with respect
to unity (1.23) compared to the value obtained by Ni-H-S2 catalyst
(1.15). This is in agreement with a lower value of CO, conversion
for Ni-H-S2.

3.3. Carbon deposition on spent catalysts

It is generally known that the coke formation in the CO, reform-
ing of CH4 causes the catalyst deactivation. Thermogravimetric
analysis (TGA) was employed to estimate the amount of carbon

Fig. 7. SEM micrographs of spent catalysts: (A) sample Ni-H-S1, (B) sample Ni-H-S2, (C) Ni-S-HMDS-1, (D) Ni-S-HMDS-2.
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2000m |

Fig. 8. TEM images of spent catalyst (A) sample Ni-H-S1, (B) Ni-S-HMDS-1.

deposition. Fig. 6 shows the amount of coke formation on the dif-
ferent spent catalysts. The results show clearly that the carbon
deposition on spent Ni-HMDS-1 and Ni-HMDS-2 catalysts were
lower than those on Ni-H-S1 and Ni-H-S2.

For samples Ni-S-HMDS-1 and Ni-S-HMDS-2 the coke deposi-
tion follows a similar trend, also in agreement with the conversion
value of CO, and CH4 obtained for these two catalysts.

By contrary, for the not-silylated catalysts, Ni-H-S1 and Ni-H-S2,
the lower amount of coke deposition obtained for Ni-HS-2 is proba-
bly due to the different amount of nickel silicates species identified
by TPR analysis for both samples. In fact, the area of the last peak
which identifies the nickel silicate species (see Table 3) is twice as
high for Ni-HS-2 catalyst with respect to the Ni-HS-1 sample.

Moreover, as also reported by Choi and Lee [30] for nickel on
silica surface, the presence of nickel silicate species contributes to
a slow deactivation. Based on this observation, it is possible to sug-
gest that the finely dispersed nickel species on the surface with
higher concentration of defect groups show a stronger metal sup-
port interaction and lead to formation of the nickel silicate species,
and thus resulting in a higher resistance to deactivation.

The different behaviours are also qualitatively observed by SEM
analysis. In Fig. 7 it is possible to highlight in the spent cata-
lyst the greater presence of filamentous coke in the not silylated
support samples (Ni-H-S1 and Ni-H-S2) instead of spongy agglom-
erates more detected on the silylated supports (Ni-S-HMDS-1,
Ni-S-HMDS-2).

The difference between the two carbon forms observed on
spent catalyst (filamentous and spongy agglomerates) has been
also suggested by the position of the exothermic peaks of carbon
combustion, detected by DTA analysis. Particularly, for not silylated
samples (containing mainly filamentous coke) the temperature of
combustion of structured coke is shifted to higher temperature,
with respect to the combustion peak for spongy agglomerates coke
deposited on silylated samples: from 850K for sample Ni-H-S1, to
905K for sample Ni-S-HMDS-1 (as representative samples).

OH OH OH
| - ‘ - ‘ Support without silylation

CH, CH, CH, CH,
CHy~ ‘1& - CH,3 CH; — %i ~CH;  CHy— %i ~CHy  CH;— %i - CH;
am ¢ a 7 e ¢ e 7

Support with silylation

Scheme 2. Proposed mechanism of Ni deposition on the silylated support surface.

This trend it also confirmed by TEM analysis showed in Fig. 8.
In sample Ni-H-S1 the coke deposit mostly consists of whisker car-
bon species (Fig. 8A). TEM image of the Ni-HMDS-1 highlights the
change in the morphology of carbon formed, in fact, few carbon
whiskers are detected and the deposits exhibit a shell-like mor-
phology.

Hence the silylation procedure of support before the nickel
impregnation determines different types of carbon deposition on
Ni-catalysts.

The carbon formation of whisker type on Ni catalyst needs an
ensemble of minimum 7 Ni atoms, formed by particles larger than
5 nm. Moreover, in these particles the C/Ni’s ratio must be between
10 and 20 [31]. The presence of organo-silanes on the support
surface during the Ni impregnation avoids the formation of large
Ni agglomerates, and favours a distribution of smaller and more
reducible Ni-oxide species, as proposed in Scheme 2.

4. Conclusion

In this study the influences of the external support surface on
the activity of the metal catalytic sites of a Ni-based catalyst, used in
the dry reforming of methane, has been correlated to the presence
of the silanol defect groups on the support surface.

High amount of silanol groups on the Silicalite-1 support surface
allows to obtain, during the metal activation, high amount of nickel
silicate species. This high amount preserves the catalyst from high
coke deposition but the H,/CO ratio is higher than unity.

Substituting the OH groups of the support with larger organo-
silane groups, before the nickel impregnation, the formation of high
reducible nickel oxide species occurs. This kind of catalytic sites
improves the overall catalytic performance of the Ni-based catalyst
in the dry reforming of methane: higher CH4 and CO, conversion,
H,/CO ratio nearer to unity and lower carbon deposition have been
obtained for Ni supported catalyst on silylated Silicalite-1 surface.
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