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Abstract

A mesoporous-type catalytic support was synthesized through the modification of a
smectite with polyvinyl alcohol (PVA) and microwaves. Texture and micro-
morphology of the support was determined. Several techniques were employed in order
to describe the chemical environment of active species on the surface. NiO particle sizes
were dependent on the structural site of reducible species. High stable Ni-Ce catalysts
(calcined at 800 °C) were evaluated in the CO2 reforming of methane reaction at 700 °C
(WHSV =96 L g—1 h—1, without dilution gas and pre-reduction). The catalysts have
presented CH4 conversions between 40 and 65%, CO2 conversion between 35 and 65%
and H2/CO ratios between 0.2 and 0.4.
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1 Introduction

For several decades modified clay minerals have been used as functional materials in
catalytic reactions as supports and/or catalysts, not only for their low cost and high
availability but also because of their particular physicochemical properties. The final
textural and morphological properties of the material can be modified by choosing and
changing different synthesis parameters as the nature of the mineral and the modifying
species, the particle size, heat treatment, among others [1-8].



Clay modification allows obtaining nanocomposites with open and rigid structures
through the modification of the interlayer space of the structure. Specifically, the micro-
structural morphology of modified clays is a matter of vital importance in the textural
properties of the material. The modification process of clay minerals can be oriented to
generate a face to face-type layered ordering as in the case of pillared clays or edge to
face or edge to face type aggregates in associations known as delaminated clays [9-11].

The interest in delaminated clays lies in that these materials present meso- and macro-
porosity, which extends their catalytic and adsorbent applications with high selectivity
of shape for species and molecules of great size. The wide distribution of pore sizes that
the delaminated structures have helps the disposition of well dispersed and distributed
active phases on the surface [12-15]. However, microstructural and spectroscopic
characterization of these nanomaterials is not widely described in literature.

Delamination methods are usually of the mechanical type [16-19]; these methods help
the breaking down of grain and the exfoliation of the mineral. In the specific case of the
exposure to microwaves the fragmentation of crystalline aggregates of greater size can
be promoted and the increase of the diffusion of cationic species to the interlayer space
of the mineral can be favored. The exposure to great microwave powers can cause the
dispersion of layer due to the diminution of the size of the aggregates [4].

The use of non-ionic surfactants allows the modulation of the porosity of modified clay
minerals by means of methods in which the size of pore is controlled by the organic
molecule [9]. It has been reported that depending on the nature of clay and polymer and
the method of synthesis, the making up of the surfactants and the structure of clay
minerals can be achieved in different ways [9, 14, 20, 21].

Some authors have reported the use of modified clay minerals with different types of
surfactants as mesoporous catalytic supports in CO2 reforming of methane which
presented excellent results [22, 23]. There was a relationship between the catalytic
activity and the mesoporous area of the support indicating that an increase is showed
when the area is greater.

We have reported the use of a delaminated natural smectite using PVA and microwaves
as Ni and Ce support for the production of syngas through the dry reforming of methane
[24, 25]. Catalysts with several Ce compositions and calcined at 500 and 800 °C were
tested in catalytic experiments at 30 L g—1 h—1 varying the temperature and using
diluent gas. Also, the catalysts calcined at 800 °C were tested at 700 °C and 60 L g—1
h—1 for 100 h using diluent gas. The Ce-promoted catalysts showed very high
performance in syngas production without considerable level of deactivation.
Characterization of these catalysts by X-ray diffraction (XRD) and temperature
programmed reduction (H2-TPR) was previously obtained.

However, some conclusions about the porous nature of the support and the type of
reducible Ni species in the catalysts needed stronger spectroscopic evidence in order to
confirm the hypotheses in the published papers. Valuable and complementary non-



reported information about the morphological, micro-structural, textural and chemical
characteristics of the delaminated support and the catalysts are presented and discussed
in this work.

In this paper, we also want to report, the interesting result of catalytic testing using a
very high spatial velocity (96 L g—1 h—1) with the same reported catalysts calcined at
800 °C. In this case, no diluent gas and no reduction treatment (before not reported in
this catalytic system) were used which is so important at an industrial level.

2 Experimental Part
2.1 Synthesis of the Support

A delaminated-type smectite support was synthesized like reported elsewhere [24, 25].
A pillared clay synthesized by traditional Al-method and calcined at 500 °C was used
for comparison [1-8, 24, 25].

2.2 Synthesis of the Catalysts

The catalysts were synthesized by wet impregnation of delaminated-type support using
Ni(NO3)2:6H20 and Ce(NO3)3-6H20 as precursors. The solids were calcined at 800
°C for 4 h (10 °C min—1). Catalysts with 10% wt. of Ni and 0, 3 and 10% wt. of Ce
were obtained which were called XCeDC, where X corresponds to the nominal load of
Ce.

2.3 Characterization

The N2-sorptometry analyses were performed in an ASAP 2010 MICROMERITICS
equipment at 77 K with previous degassing of the sample at 150 °C for 4 h. The BET
Model (0.02 < P/P0 < 0.12 for type I isotherms and 0.05 < P/P0O < 0.35 for type IV
isotherms) were used for determining the superficial areas. The microporous areas and
volumes were determined from t curves using the De Boer’s method (in the range of
statistical thickness of 3.5 A <t< 5.0 A). The BJH method was employed for the pore
distribution determination.

The scanning electron micrographs (SEM) were taken using a FEI-QUANTA 200
equipment. The transmission electron micrographs (TEM) were taken with a PHILIPS
CM200 microscope operated at 200 kV. Both instruments were equipped with an
electron dispersive spectroscopy (EDS) nano-sonde.

X-ray photoelectron spectroscopy (XPS) was carried out in a PHYSYCAL
ELECTRONICS MODEL 5600ci spectrometer equipped with a hemispheric analyzer
and multi-channel detector. Polychromatic radiation from the Al-Standard (350 W, 15.0
kV) source was used for the high-resolution analysis. All reported binding energies
were corrected using the C1s signal in 284.5 eV as internal standard. The acquisition
and the processing of data were carried out with the Multipak 6.0 Software. The
elemental molar fractions were calculated from the normalized areas after the



subtraction of the baseline, using sensibility and transmission factors given by the
instrument. Bulk composition was obtained by Inductively Couple Plasma Spectroscopy
(ICPS) with a TJA IRIS 1000 Radial ICP-AES equipment.

Coke after reaction was quantified by thermogravimetric analysis (TGA). A TA-
INSTRUMENTS 2950 equipment with a precision of +0.001 mg was used. The tests
were carried out under air atmosphere at 100 mL min—1 and 10 °C min—1.

Apparent activation energies in Ni reduction were determined by the Kissinger’s
method cited by Jankovic et al. [26]. Several Temperature-Programmed Reduction
profiles (TPR) varying the rates of temperature () were performed and maximum
temperatures of reduction (Tmax) were determined. From a plot of In(f/T2max) versus
1/Tmax and fitting to a straight line, the apparent activation energy Ea can be calculated
from the intercept and slope, respectively, according to following expression (Eq. 1):

Lng/T2=InAR/Ea—Ea/RTmax

2.4 Catalytic Experiments

The Ni-Ce catalysts supported on the delaminated clay were tested in the CO2
reforming of methane reaction. The catalytic experiments were carried out in a fixed
bed quartz reactor (6 mm of diameter) at 700 °C using 50 mg of the solid in powder
(150 um). The reactor was fed with a 40/40 CH4/CO2 mixture with a total flow of 80
mL min—1 without diluent gas (96 L g—1 h—1). The temperature was raised at the rate of
10 °C min—1 in He flow and the reacting agents were injected at 700 °C. The catalyst
was not pre-reduced. The exit gases were quantified with a quadrupole mass
spectrometer (ThermoONIX) connected on line. The quantity of H20O steam was
determined using a cold trap to the exit of gases [27].

3 Results and Discussion

3.1 Characterization of the Delaminated-Type Support

Figure 1a shows the N2 adsorption isotherms for the delaminated-type support and the
starting and pillared clay for comparison. The porosity generation in the delaminated
and pillared solids, and the subsequent improvement in the adsorption capacity of
solids, is verified in the adsorption volumes which are considerably greater than those
obtained with the starting clay. The isotherms for each one of the solids are clearly
different indicating different pores structures for each material. The starting clay
presents a Il-type isotherm which is typical of solids with low porosity. The
delaminated clay shows a IV-type isotherm that is typical of mesoporous materials
while the pillared clay shows a I-type isothermal that is characteristic of microporous
solids [18, 28, 29].

Table 1 shows the textural parameters of the solids that were calculated using different
methods. The modified solids show an increase in the superficial areas with regards to
the starting mineral given the micro-morphology that generates a new pore structure.



The values of these areas are very similar for both solids; nevertheless, the superficial
area for the pillared clay is determined, in greater proportion, by the microporous area
(~90%) whereas for the delaminated clay the area corresponds predominantly to the
area of mesoporous (~74%). The foregoing is confirmed with the distributions of pore
size (see Fig. 1b) calculated by the BJH method, which indicate the pore formation of
greater size in the mesoporous region for the delaminated solid compared with the
pillared one. In the case of the delaminated-type support, we can see a multimodal
distribution indicating the heterogeneity of the pore sizes in this material.

The grain morphology of the pillared and delaminated solids was assessed by SEM (see
Fig. 2). The materials are made up of grains with flake-type morphology. Although
there are no flat aggregates (that suggest face to face organizations), many primary
aggregates seem to be formed by sheet groups which are compacted well. In the case of
the delaminated-type support (see Fig. 2c), it is possible to see greater exfoliation and
superficial erosion of the grains and lesser sizes of aggregates. It is probable that the
edge to face associations within the same aggregate (typical of delaminated structures)
encourage the breaking of morphological heterogeneous particles. In the same way, the
surfactant can avoid the cohesion and growth of primary particles that, in spite of
sintering during the calcination process, are smaller than in the case of the pillared solid

9.

The microstructure morphology of the solids was evaluated by TEM (see Fig. 3). Figure
3a shows face to face type layered morphology in bi-dimensional extensions that are
typical of pillared structures. On the contrary, it is possible to see for delaminated-type
support (see Fig. 3b), edge to edge and face to edge type structural organizations (House
of Cards) due to formation of meso- and macro-pores) [9, 13, 16].

In order to know the textural stability of delaminated-type support, the delaminated
material was calcined at several temperatures. Table 1 shows the textural parameters of
the delaminated mineral calcined at 700 and 800 °C. The calcination at higher
temperatures causes a decrease in the SBET of 15% at 700 °C and of 26% at 800 °C
which can be the product of closing some pores by thermal effects and/or the partial
sintering of primary aggregates of the material. However, the decrease in the texture
characteristics typical of the thermal treatment are not considerable and do not represent
great deteriorations of the solid for which the it can be described as a material with
relative high thermal stability [24, 25].

3.2 Characterization of Active Species Supported on Delaminated-type Clay

Surface characterization of catalysts was performed by XPS spectroscopy. The Ni2p3/2
spectra show binding energies from 855.4 to 855.8 eV and satellite at ~861 eV, and the
Ni2pl/2 spectra at 873 eV and satellite at ~879-880 eV. Ni is formed mainly as Ni2+
but the values of the binding energies are higher than those reported for NiO which
suggests that the NiO species have strong interactions with the surface. The Ce3d5/2
spectra indicate that the Ce is found mainly as Ce4+ as determined by the presence of
the satellite at ~916 eV (see Fig. 4).



There is a positive shift in the Ni binding energies of the main peaks of the promoted
catalysts suggesting that the Ce modifies the electronic structure of Ni indicating that
there is a strong interaction between Ni and Ce which may explain the promoting effect
of Ce. Yang et al. [30] have indicated that oxygen vacancies in CeO2 formed in
reducing environments can release electrons that migrate from the CeO2 through Ni-
CeO2 interface increasing the electron density of Ni. So that, the electronic character of
Ni inhibits the migration of electrons from C—H c-bond in CH4 molecule to the Ni atom
which reduces the cracking of methane tendency. The atomic ratios (see Table 2)
indicate that the Ni and Ce are located mainly in the surface of the catalytic support
given the higher molar ratios on the surface compared to bulk.

The particle sizes of NiO and CeO2 were determined by the XRD Scherrer method after
the reduction of the catalyst at 700 °C (1 h/pure H2). The values determined for NiO
(Table 2) are between 13 and 14 nm which are between the values reported for similar
systems [22, 23]. In the case of the CeO2 sizes between 10 and 21 nm were determined,
which are greater when the content of Ce is increased. It was possible to establish, that
the Ce does not probably affect the particle size of Ni0 due to the fact that the
interactions of the NiO with the support are stronger than the NiO-CeO2 interactions
which is in agreement with XPS results.

In previous papers, we reported the characterization of the “under study” catalysts using
the H2-TPR technique; based on the profiles, we suggested the existence of two types of
Ni-species in the pores of support, the first type of species was included in the internal
porosity of the layers of the support which gives high stability and makes the reduction
process occurred at high temperatures between 820-850 °C. The second type of species
was related to species with lower interactions because of its location on the outside of
the layered aggregates [24, 25]. The activation energies of these two species were
determinate in this research, 92 + 5 kJ mol—1 was obtained for the first one and 170 kJ
mol—1 for the second one. Clearly, the chemical environment of Ni is very different for
both species.

In this paper, we proposed the use of TEM in order to relate the structural locations that
were raised from H2-TPR with possible differences in NiO particle sizes; we believed
that in those places where there are more interactions with surface, the particle size is
probably lower. Different micrographs of reduced 3CeDC catalyst were taken (see Fig.
5) try to find locations with apparent morphological differences in the support surface;
actually, we have found several sites where NiO-particle sizes are different. In Fig. 5a,
for example, large layered-packed crystals were observed, while in Fig. 5b the edge of a
particle that shows a thin and slim appearance from the top view of an apparent
interlayer spacing was observed. The determination of particle sizes in the case of Fig.
5a clearly indicated the existence of particles with sizes greater than in the case of the
micrograph Fig. 5b.



This result makes us raise the particles located in the internal porosity of the support are
smaller than those located abroad. If this hypothesis is true, the H2-TPR offers an
indirect tool to determine the particle size distribution in this type of solids.

It has been widely reported that the selectivity of the catalyst in dry reforming of
methane is particle size dependent and that coke is formed mainly in the larger particles
[22, 23]. We believe that the formation of coke on Ni/delaminated clay catalysts mainly
happens at the surface external of material and that the reforming reaction mainly
occurs in the internal porosity of the catalyst, coke growth will not generate breaking
pores.

3.3 Performance in dry reforming of methane

Figure 6 shows the CH4 (Fig. 6a) and CO2 conversion curves (Fig. 6b) according to the
time of the Ni-Ce catalysts supported on the mesoporous clay. The catalytic
experiments were carried out without dilution gas which represents a benefit
considering the scaling up of the process at industrial level.

In the curves, is possible to see that in the first moments of the reaction (first hour), the
conversion gradually increases until it reaches a stationary state which is due to the
reduction in situ of the catalyst that takes place due to the presence of gases like CH4,
H2 and CO. That behavior is more evident in the CH4 conversion curves (Fig. 6a).
During the reaction, the decomposition of the CH4 in the NiO particle forms H2 and
CHX-coke deposits the latter being the one that reduces the metal. It has been proposed
that if the formation of CHX species is encouraged in regards with its gasification
through the active oxygen species formed by the dissociation of CO2, the coke
formation will be predominant and the catalyst will be quickly deactivated [24, 25].

The conversion curves showed a beneficial effect of Ce in the catalytic activity of the
materials which is evident due to the great conversions of both, the CH4 as well as the
CO2 of the promoted catalysts. For the catalyst 0CeDC the conversions of CH4
oscillated between the 30 and 45%, whereas for CO2 the conversions were between 30
and 40%. The catalyst 3CeDC showed a slight increase in the conversion of both, CH4
as of CO2 with a percentage between 30 and 50%. Finally, the 10CeDC catalyst
presented the greatest conversions which were found around 60% for both reacting
agents.

Ni catalysts supported on modified clays with surfactants have been evaluated in the
reaction of CO2 reforming of methane using an equimolar mixture of the reacting
agents and without dilution gas (18 L g—1 h—1) with previous reduction of the catalyst
at 500 °C for 3 h. The authors reported conversions in the first hours of the reaction
between 85 and 95% of CH4 and CO2 at 750 °C using Ni catalysts (9% wt.) supported
on laponites modified with ZrO2 [22]. Ni catalysts (5% wt.) supported on laponites
modified with Al203 with conversions between 80 and 95% at 800 °C were reported
[23]. Ni catalysts (5% wt.) supported on clays modified by means of different synthesis
techniques using PVA and polythene oxide with initial conversions between 50 and



80% were reported [31]. The results set out in the present work are lower than ones
reported in literature and similar in some cases. However, WHSV are higher and the
reaction temperature is lower than those used in the above mentioned reports.

It is possible to see that under the used conditions the catalyst did not show deactivation
levels during the evaluated time. On the other hand, we were able to see of a qualitative
way the generation in excess of steam (formed by means of the Reverse Water Gas-
Shift reaction) and the low production of light hydrocarbon (ethane, ethylene and
propane) which could form due to the polymerization of the CH4 [32]. Ce-promoted
catalyst formed lower quantities of steam than no-promoted catalyst (see Table 2).

Table 2 shows the H2/CO ratio of the catalysts which present particularly low values if
the stoichiometry of the reaction is considered. The hydrogen consumption due to the in
situ reaction of the catalyst during the first hours of reaction, the formation of excess of
steam (see Table 2) and the gasification of the coke can explain the enrichment in CO of
the obtained output mixture [32].

Table 2 shows the particle sizes of Ni0 and CeO2 calculated by XRD which, compared
with the values before the reaction, do not evidence sintering. The foregoing statement
indicates that in the obtained catalytic support, the active and promotional species have
strong interactions that slow down processes of particle agglomeration which is of great
importance in the stability of this type of materials.

The amount of coke formed in each catalyst after 400 min of reaction was quantified by
means of TGA in air atmosphere (see Table 2). The catalysts promoted with Ce (3CeDC
and 10CeDC) present lower levels of coke formation than the OCeDC catalyst.
Nevertheless, an increase in the amount of promoter did not mean a proportional
decrease of the amount of coke formed. Thus, the catalyst with 3% wt. of Ce showed no
coke formation whereas the 10CeDC catalyst showed 33% wt. of coke. That result
indicates that the size of particle of the promoter, which is smaller in the case of the
3CeDC catalyst, has a remarkable effect in the properties of the Ce regarding the
formation of coke deposits in the catalyst [24, 25].

It has been reported that the next reactions (Eg. 2 and 3) have participation in the coke
elimination using Ce-promoted catalyst [33, 34]:

Ce203+C02—2Ce02+CO  (2)
2Ce02+C(coke)—Ce203+CO2  (3)

During the reforming process, the reactant CO first absorbs base centers, and then
dissociates on Ce203 by transferring electrons to CO, and forms CO and CeO2 (Eg. 1).
Then, CeO2 reacts with carbon deposited by CH4 dehydrogenation, and CeO2 changes
to Ce203 again (Eq. 2). When the CeO2 promoter in Ni-catalyst was reduced in situ,
oxides Ce203 and CeO2 might exist generating oxygen vacancies in fluorite structure.
It has been pointed out that the Ce, thanks to its storage and oxygen transport properties
through the anionic vacancies formed by the partial reduction of the CeO2, encourages



the adsorption of CO2 and its transport towards the metal-support interface facilitating
the gasification of the formed CHX species which results in a net decrease of the
formed coke (Table 2) [33, 34].

SEM technique was used to evaluate the formation of coke on the spent catalyst. Fig. 7
shows that the formation of carbon filaments is abundant on the crystalline packings.
The micrograph does not show that the filaments penetrate the layered-packing and
destroy crystalline pores. Nor is the growth of coke filaments observed in grain
dislocations breaking the cohesion of the particles and destroying the grain morphology.
This suggests that coke is formed mainly on the outer surface of the particle and not in
the interior of the pores which reinforces the hypothesis presented above.

4 Conclusions

A delaminated clay-type functional material was synthesized by means of the
modification of a natural mineral clay with PVA and microwaves radiation. The
material is made up by house of cards-type layered micro-organizations typical of
delaminated conformations that are mostly mesoporous. NiO particle sizes were
dependent of the structural site of reducible species. The solid can be used to support Ni
and Ce, and to obtain high stable catalysts in the reaction of CO2 reforming of methane.
The catalysts showed CH4 conversions between 40 and 65% and CO2 between 35 and
65% and H2/CO ratio between 0.2 and 0.4 at 700 °C using a 40/40 CH4/CQO2 feed at 96
L g—1 h—1. In these catalysts, Ce showed a beneficial effect in the activity and in the
decrease of coke formation during the reaction. The catalyst with 10% wt. of Ni and 3%
wt. of Ce presented no coke formation at all.
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Figure captions

Figure 1. N2 Adsorption: (a). Isotherms and (b). BJH pore size distribution
Figure 2. SEM images: (a) SC, (b) PC and (c) DC

Figure 3. TEM images: (a) PC and (b)DC. There is an enlargement on the right side of
each image

Figure 4. High resolution XPS spectra for catalysts: (a) Ni2p zone and (b) Ce3d zone

Figure 5. TEM images of different zones of 3CeDC reduced catalyst. EDX was
employed for Ni and CeO2 particles identification

Figure 6. Catalytic experiments (700 °C, 40/40 CH4/CO2 and 96 L g—1 h—1): (a) CH4
conversion and (b) CO2 conversion

Figure 7. SEM image of 3CeDC spent catalyst



Table 1

Table 1
Textural parameters of solids

Starting |Pillared Delaminated |Delaminated

Parameter clay clay clay (700 °C)
Seer (m?g™") 138 151 142 120
Vimopare 6 0046 0.037 (0.0041 0.0039
(m°g™)

Smicropore

megty P . N N
Vmesopoe 00765 0.0624  0.206 0.187
(m*g™)

Smesopore

megly * - -

8V/alues calculated from the t curves (De Boer Method)
bCalculated at P/P° = 0,96

CSmesopore = SgeT — Smicropore

Delaminated
(800 °C)

105

0.0039

14

0.198

91



Table 2

Table 2

Characterization of catalysts before and after reaction

Result 0CeDC 3CeDC 10CeDC
Ce/Ni? — 0.089 (0.125) 0.115 (0.393)
CelAl? — 0.639 (0.589) 0.765 (0.705)
Ni/Al? 0.934 (0.705) 0.987 (0.706) 0.850 (0.710)
BET area (m? g ') |84 83 72

Smesopore (M2 g™") 174 71 62

d Ni® (nm) 14 14 13

d CeOz (nm) — 10 21

d Ni® (nm)® 16 16 15

d CeOz (nm)° - 6 18

Coke (g(gnih)™1)° |0.110 0.000 0.087

H20 (g(gnih)™")  10.5256 0.4315 0.4135
H2/CO* 0.25 0.20 0.20

&XPS atomic ratios. Bulk atomic ratios in parenthesis
bAfter Reaction

‘Determined by TGA

dAverage values
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Figure 6
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Figure 7




