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Abstract

NiMgAl mixed oxides obtained by thermal decomposition of layered double hydroxides have been studied in the reaction of hydrocarbon steam
reforming for producing hydrogen. The effect of synthesis parameters such as method of introduction of active species, amount of components and
thermal treatments (calcination and reduction) on structure and reactivity of these materials has been elucidated. Samples have been characterized
by N, adsorption (BET), X-ray diffraction (XRD), temperature programmed reduction (TPR) and elemental analysis. Synthesis parameters have an
important influence on metal-support interaction, when stronger are metal-support interactions more favourable is the catalyst structure for
obtaining highly and finely dispersed nickel particles. Catalyst performance was strongly related to the nickel particle size. The support and its
properties seem to play a key role in the performance of the hydrotalcite-derived catalysts.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

During the last three decades there are growing concerns
about the shortage in energy supply in the world [1-3]. In order
to solve this problem, hydrogen offers a potentially non-
polluting and efficient fuel for today’s rising energy demands
with the development of fuel cell technology [4—6]. However,
hydrogen must to be produced through conversion of hydrogen-
rich energy carriers [7,8]. So, in the transition period before
renewable sources of hydrogen can be developed, production of
hydrogen from fossil fuels remains an important technology.
For the transition to a hydrogen economy, it is important the
development of an effective and efficient fuel processing
technology from existing liquid fuels such as gasoline and
diesel [9-11].

Hydrocarbon steam reforming is an important process for
hydrogen production. Steam reforming process transforms a
liquid hydrocarbon stream into a gaseous mixture constituted
by CO,, CO, CH, and H,. The main reactions that take place are
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the following ones:

CH, +nH,0 — nCO + (n+1/2m)H, AH >0 (1)
CO + 3H, < CH;+H,0  AH= —206kJ/mol )
CO + H,0 < CO,+H,  AH= —41.2kJ/mol 3)

Steam reforming reaction takes place on the surface of a
solid catalyst. For this process usually nickel supported
catalysts are used. Water adsorbs preferentially on the catalysts
support, formulated to allow mobility for oxygen species,
originated from water dissociation, adsorbed on its surface,
while hydrocarbon molecules adsorb preferentially on the
metal surface (metallic nickel), and the steam reforming
reaction takes place at the metal-support interface [12-16].

The low-cost and long-proven performance of Ni-based
catalysts, therefore, warrants the efforts to optimize these
catalysts for more demanding steam reforming applications
[17-20]. Current research efforts have focused on catalyst
development to improve activity, selectivity and stability under
a realistic range of operating conditions. Generally, excess
steam/carbon ratios of 4-6 are used to prevent coke formation
but minimal water input is necessary to be considered to
provide a higher hydrogen concentration.
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Carbon formation, which is the main disadvantage of steam
reforming process, is a kinetic issue; it will depend on the relative
rate of the possible carbon species reaction alternatives [21].
Process could take place through a mechanism or another one and
it will depend on hydrocarbon type, operation conditions, and
catalyst characteristics, which can play an important role in
increasing selectivity towards the preferred reaction. To prevent
carbon deposits, catalyst characteristics can influence [22] by
increasing water adsorption-dissociation rate on the catalyst and
gasification rate with respect to the C-C scission.

Catalyst characteristics are determined by their physical-
chemistry, structural and textural properties, as they are: active
area, metal particle size, metal dispersion and reducibility. These
properties depend on metal-support interaction, and they could
be established on different stages of catalyst synthesis. For
example, varying precursor material composition, preparation
method and/or heat treatments (calcination, reduction) [23-26].

Mixed oxides obtained by layered double hydroxides
(LDHs) thermal decomposition [27-30] offer the opportunity
to control the active site nature and its environment, as well as
catalyst texture and stability. Thermal treatments lead to
synergetic effects between the elements in mixed oxide
structures, and after appropriate activation treatment, give rise
to well dispersed metal particles like a supported metal
catalysts, with the possibility of controlling metal-support
interaction during the synthesis stages.

In the present work, we have studied nickel mixed oxide
obtained by means of thermal decomposition of LDHs, and the
behaviour of these materials on hydrocarbon steam reforming
reaction. This work reports synthesis, physicochemical
characterization and catalytic testing of three-element mixed
oxides obtained by different preparation procedures and
varying several synthesis parameters. The synthesis parameters
studied are Al/Mg ratio, calcination and reduction temperature
and method of nickel introduction on the structure (co-
precipitation with magnesium and aluminium or impregnation
on Al-Mg support). We have studied the effect of synthesis
parameters on structure and reactivity of these materials in the
mentioned reaction.

2. Experimental
2.1. Catalysts synthesis

Several materials LDH-type have been prepared by the
precipitation method. Two solutions are prepared [31]. The acid
solution contains nitrates of magnesium, nickel and aluminium
with a desired [AI**/(Ni** + Mg?* + AI*")] ratio and with a
total concentration of (Ni** + Mg”* + AI’*) = 1.5 M. Whereas
the basic solution is obtained mixing suitable amounts of NaOH
with Na,COj that allow to maintain the relation [CO327/
(Ni** + Mg?* + AI**)] =0.66 and a pH of synthesis of 13.
Solutions are added simultaneously into a bottle with
mechanical agitation during 4 h. The obtained gel ages in
propylene bottles at 333 K during 12 h, then the solid is filtered
and washed with distilled water until the pH reaches neutral
value (pH 7). Finally, the LDH material is dried at 333 K during

14 h and calcined in air up to 923 K during 6 h obtaining a

mixed oxide Ni/Mg/Al. Supported metal catalysts suitable for

steam reforming reaction are obtained from these precursors

after reduction step. The activation of the materials is realized

with a mixture 20% molar H, on N, to 1073 K during 1 h.
Synthesis parameters studied are:

- Al/Mg ratio: Al/(Al + Mg) =0-1,

- calcination temperature: 298-1173 K,

- reduction temperature: 773-1073 K,

- nickel incorporation method: co-precipitation with magne-
sium and aluminium or impregnation on Al-Mg support.

In order to study the synthesis parameter effects on catalytic
characteristics of these materials, different series of samples
have been prepared. In each one we have varied only one of the
parameters.

As base material, named 15-HT, we have considered that one
synthesized with the following parameter values:

- nickel content: 15 wt.%,

- cation ratio: Al/(Al + Mg + Ni) =0.25,

- calcination temperature: 7. = 923 K,

- reduction temperature: 7, = 973 K,

- nickel incorporation method: co-precipitation with magne-
sium and aluminium.

To determine aluminium/magnesium ratio effect on catalytic
activity several catalysts have been prepared varying Al/
(Al + Mg) between 0 and 1. These catalysts have been named
X-HT-Y, where X indicates nominal nickel content (wt.%) and Y
indicates Al/(Al + Mg) ratio.

To determine calcination temperature effect on catalytic
activity several catalysts have been prepared varying calcina-
tion temperature between 723 and 1173 K. These catalysts have
been named X-HT-cY, where X indicates nickel content (wt.%)
and Y indicates calcination temperature (K).

To determine reduction temperature effect on catalytic
activity several catalysts have been prepared varying reduction
temperature between 873 and 1073 K. These catalysts have
been named X-HT-rY, where X indicates nickel content (wt.%)
and Y indicates reduction temperature (K).

To determine nickel incorporation method effect on catalytic
activity: on one hand, several catalysts have been prepared by
co-precipitation with different nickel content (5-20 wt.%) and
the rest of variables as base catalyst; on the other hand, several
catalysts have been prepared by impregnation different nickel
contents on a magnesium/aluminium support prepared with the
same parameters as base catalyst. These catalysts have been
named X-HT-y, where X indicates nominal nickel content
(wt.%) and y indicates nickel incorporation method (co-
precipitation y = p, impregnation y = 1i).

2.2. Catalysts characterization

The materials (calcined, reduced and used for catalytic
measurements samples) have been characterized by several
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techniques in order to correlate catalytic activity results with
their structural properties.

Chemical composition of calcined samples was deter-
mined by atomic absorption spectrophotometry using a
Varian Spectra A-10 Plus apparatus. Samples were first
dissolved in acid solutions (a mixture of HCl and HNOs), and
diluted to concentrations within the detection range of the
instrument.

N, adsorption isotherms were obtained for calcined samples
at 77K over all range of relative pressures, using a
Micromeritics ASAP 2000 automatic device on samples
previously out gassed at 423 K for 12 h. BET specific areas
were calculated from these isotherms using the BET method.

X-ray powder diffractograms were recorded for calcined,
reduced and used samples, following the step-scanning
procedure (step size 0.02°, 26 scanning from 5° to 70°) using
a Phillips X’pert diffractometer (monochromatized Cu Ko
radiation, A =0.15418 nm). The average particle size for
different phases present on each state of the sample (calcined,
reduced or used) was estimated by Scherrer equation [32] using
the most intense reflexion (nickel oxide: 26 = 43.3° of calcined
samples diffractograms, and metallic nickel: 20=51° of
reduced samples diffractograms).

Nickel area has been estimated (Eq. (4)) by means of a
proposed equation on literature [33] that considers nickel
particle size, nickel content on the sample and reduction degree
reached on the activation stage.

4
ANi _ 5x 10 XN105N1 (4)
Ynidni

where Ap;: nickel active area (mz/gcat); Xni: nickel content of
the sample (gni/gcar); Oni: reached reduction degree (gn;°/gni);
ni: nickel specific density, 8.9 g/cm?; dy;: nickel particle size
(A) and 5 x 10*: geometric factor taking into account nickel
particle geometry.

Ni° metal dispersion can be estimated using equation (5)
proposed on the literature [34], which has into account Ni°
particle size and assumes spherical geometry of the metal
particles with uniform site density.

971

D—
dni

®)

where D: nickel metal dispersion (%) and dy;: nickel particle
size (z&).

The reducibility of the calcined samples was studied by
temperature-programmed reduction in Micromeritics Auto-
chem 2910 equipment, using a thermal conductivity detector in
order to determine H, consumption. From temperature
programmed reduction (TPR) curves, temperature at which a
maximum in the curve appears (nickel reduction temperature),
has been used like a nickel-support interaction degree
measurement, being it more intense when higher is that
temperature. Reduction degree has been estimated comparing
temperature programmed reduction curves corresponding to
calcined and reduced samples.

Coke formation on samples during activity tests has been
determined by elemental analysis in an Elemental Analyzer
CE1110, model CHNS.

2.3. Catalytic activity measurements

Steam reforming reaction study is carried out in a down-flow
fixed-bed catalytic system, designed for this purpose, which
allows comparing different catalysts and reaction conditions,
with the aim of optimizing hydrogen production.

Hydrocarbon feed is composed by a mixture of n-heptane
and n-hexane (in a weight ratio C;/Cq=2) simulating a
naphtha. Water and hydrocarbon feed are introduced mixed
with a proportion of nitrogen and hydrogen. Nitrogen is used as
carrier gas and as internal pattern for gas analysis. Hydrogen is
used to avoid nickel oxidation on reduced samples. Molar
proportion of reactant mixture is hydrocarbon/H,O/H,/N,: 4/
82/10/2.

Activity tests were performed using 0.25 g of catalyst (0.25—
0.42 mm particle size) diluted with SiC (0.42-0.60 mm particle
size) at a volume ratio of 1:10 to avoid adverse thermal effects.

The samples in their reduced form are tested in the naphtha
steam reforming process. Operation conditions studied are:
P =Pum, T=823 K, S/C =3H,0 mol/atom C, W/F =2 g.,-h/
hydrocarbon mol, G, ;HSV = 225,160 h™'. Prior to reaction
the catalysts were reduced in situ with 20 vol.% H,/N, mixture.

The catalyst bed is placed in a stainless-steel reactor
(di=10mm, 1=400mm) with several coaxially centred
thermocouples. During the reaction the temperature in the
catalyst bed is maintained and controlled by means of three
independent heating zones with the corresponding temperature
controllers.

The reaction products are analyzed on-line by gas
chromatography. The gas chromatograph is constituted by
two independent channels, equipped each one of them with a
thermal conductivity detector. First channel allows to separate
CO,, CO, CH4 and Ny; and the second one allows separate
hydrogen from the rest of constituents.

In order to compare catalytic activity for different catalysts,
several tests have been made at the same operation conditions
(pressure, temperature, steam/carbon ratio and contact time)
and we have measured hydrocarbon conversion at the 45 min of
reaction time. From hydrocarbon conversion we have
calculated nickel intrinsic activity defined as mol of hydro-
carbon converted per hour and per nickel surface in square
meter (Eq. (6)), and we have compared intrinsic activity for all
synthesized catalysts.

. N .. hydrocarbon mol converted
nickel intrinsic activity =

2,
my; - hour

__ Xwe (6)
(W/F) - Axi
where: Xyc: hydrocarbon conversion (%); W/F': contact time
(gcarh /hydrocarbon mol); Ay;: nickel active area (mzlgcm).
In order to compare catalyst resistance to carbon deposition
we have compared the carbon content present on used samples
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analyzed by elemental analysis of different samples exposed at
reaction conditions during the same period of time (8 h).

We have studied intrinsic activity and carbon deposition
resistance as catalytic characteristics presented by these
materials, since selectivity to different products is determined
by thermodynamic equilibrium between gaseous species
according to operation conditions at which this process takes
place (pressure, temperature, steam/carbon ratio and space
velocity) and it was studied in a previous work [35].

3. Results and discussion

In order to correlate activity results with structural
characteristics of the catalysts we must take into account several
mechanism considerations. Reaction mechanism, proposed by
Rostrup Nielsen [16—19], establishes that hydrocarbon mole-
cules are adsorbed on a dual site on catalyst surface where nickel
selectively attacks terminal carbon of the chain by means of
successive a-scission steps. Water adsorbs preferentially on the
catalysts support, that must be formulated to allow mobility for
oxygen species (which proceed from water dissociation)
adsorbed on its surface, and the steam reforming reaction takes
place, preferentially, at the metal-support interface. The C,
species formed can react with oxygen species coming from water
adsorption-dissociation and spill-over from support to nickel
active sites [16], or remain adsorbed on the active sites where
they would be transformed according to one of the possible
carbon formation routes. We can outline this sequence:

Hydrocarbon adsorption-dissociation:

CH,+2x - CH,— x2 4+ (m—2z)/2H, @)
C-Ca-scission:

CH, — x2+4+nx — C,_H/ — %2 + CH, —*n ®)
Steam adsorption-dissociation:

H,0 + sup — H,O — sup )

H,O + sup — H,O—sup
H,0--sup «— OH—sup + H—sup

O—sup + Hj + sup

Spill-over of oxygen species:

H — sup + * - OH — * 4 sup (11.a)
O—-—u +*—0—x+ sup (11.b)
CHx—*n + OH—* — CO + (x+1)/2 H2 + (n+1)* (12.2)

CHx=*n + O=* — CO +x/2 H2 + (n+1)* (12.b)

Cﬂx—*n
C—*n — [Ni, C] =" whisker” (whisker carbon) (13)

(gum carbon) (14)

/N

C—* =”gum”

*: represents active sites; *2: represents adsorption sites acting
at the same time and sup: indicates adsorption sites on support
surface.

Therefore, the most important factors related to the catalyst
structure influence on the activity of a steam reforming
catalyst are metal area, metal particle size, metal-support
interface length, support area and its ability to adsorb and
activate water.

Designing a catalyst for preventing carbon formation [35]
implies the synthesis of a material with a suitable combination
of textural properties (dispersion, form and metallic particle
size, specific area and proportion of different superficial
metallic planes, support characteristics) to get recombination of
C, species with oxygen species coming from the water
dissociation (reaction (12)) at the same rate at which they have
been formed from C-Ca-scission (reaction (8)), and thus to
avoid C; species remaining on active sites sufficient time to
form coke.

In a previous work [35] we have studied nickel content
influence on catalytic properties of several materials.
Catalysts with low nickel content show stronger metal—
support interaction, greater nickel dispersion, lower nickel
particle size, greater support surface area, greater magnesium
content (which leads to a higher capacity for water
adsorption-dissociation and oxygen species mobility). All
these characteristics produce materials with better resistance
to carbon deposition. In Fig. 1 is shown intrinsic activity for
samples studied in the previous work. We can observe that
the optimum nickel content is 20%. In Fig. 2 we can
see nickel content effect on carbon resistance. This figure
shows carbon content on samples after 8 h reaction versus
nickel content. Carbon content deposited during reaction is
greater for samples with higher nickel content. Catalysts with
higher nickel content favour reaction (8) more than oxygen
species mobility, and catalysts with lower nickel content
facilitate oxygen species mobility more than reaction (8).
Catalysts with low nickel content could be promoted with
several elements in order to improve their activity. In the
same manner, catalysts with high nickel content could be
promoted in order to improve their resistance to carbon
deposition.

6,
£
= 5 . ¢ T=773K
E B T=823K
=]
4 4 =
g AT=873K
(1]
z
S 3
(%]
°
£,
=
[=]
L
T
S 17
2
B
= 0 T T T T T T |
0 10 20 30 40 50 60 70

Ni (wt. %)

Fig. 1. Nickel content effect on intrinsic activity expressed per m> of nickel in
the catalyst (P = Py, W/F =2 g.,h/hydrocarbon mol, S/C = 3H,0 mol/carb-
mon atom, T = 823 K, G,HSV = 225,160 h™ ).
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Fig. 2. Nickel content effect on carbon resistance. Carbon content of samples
used in reaction during 8 h.
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Fig. 3. X-ray diffraction of calcined samples for materials with different Al/Mg
ratio ((*) peaks correspondent to mixed oxide phase and () peaks correspon-
dent to alumina phase).

3.1. Aluminium/magnesium ratio influence

On Table 1 we can see nominal composition (wt.%) of
samples prepared in order to study aluminium/magnesium ratio

Table 1
Composition (percentage in weight) for materials with different Al/Mg ratio

15-HT-0,6

15-HT-0,8

15-HT-0,4

15-HT-0,2

counts

15-HT-0

T T T 4 T ¥ T T 1
400 600 800 1000 1200

T(K)

Fig. 4. Temperature programmed reduction (TPR) of calcined samples for
materials with different Al/Mg ratio.

effect for different nickel content. In Figs. 3 and 4 appear
characterization results correspondent to calcined samples
prepared with different aluminium/magnesium ratio. Fig. 3
shows X-ray diffraction (XRD) pattern of calcined samples
correspondent to the series 15-HT-X, in that figure we observe
how peaks width decreases as magnesium content increases. In
X-ray diffraction pattern correspondent to the material before
calcination, only samples with Al/(Al + Mg) ratio between 0.2
and 0.4 showed peaks correspondent to layered double
hydroxide structure, the other ones showed a mixture of
phases. Fig. 4 shows TPR curves for calcined samples
correspondent to the samples. From the metal-support
interaction elucidated by temperature reduction shown in
TPR curves we can conclude that thermal stability of Ni-Mg-Al
materials increases with the increasing Mg/Al ratio, [34] until
Al/(Al + Mg) ratio between 0.2 and 0.4, then decreases a little.
On Table 2 we can see how nickel reduction temperature
increases with magnesium content until a determined value
since it reduction temperature decreases, indicating stronger
interaction with the support when greater is the magnesium
content, showing a maximum for Al/(Al + Mg) ratio between
0.2 and 0.4. Finally, the same table, shows how specific surface
area increases with aluminium content, showing a maximum
for Al/(Al + Mg) ratio 0.8.

Table 2
Sample Percentage in weight (%) Molar ratio BET area and nickel reduction temperature for materials with different AI/Mg
i
Ni Mg Al 0 AI(AL + Al/ rato

Mg + Ni) (Al + Mg) Sample BET area (m%/ Seat) Tinax rea (K)
15-HT-0.0 15.2 51.0 0.0 33.8 0.00 0.00 15-HT-0.0 99 1055
15-HT-0.2 14.7 36.1 10.1 39.1 0.18 0.20 15-HT-0.2 196 1083
15-HT-0.4 15.0 27.5 20.1 375 0.35 0.40 15-HT-0.4 234 1091
15-HT-0.6 14.8 16.5 27.1 41.5 0.52 0.60 15-HT-0.6 256 1023
15-HT-0.8 153 8.3 37.2 39.2 0.70 0.80 15-HT-0.8 295 970
15-HT-1.0 15.1 0.0 425 424 0.86 1.00 15-HT-1.0 287 883
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Table 3

Estimated nickel particle size, nickel dispersion, reduction degree and nickel active area for materials with different Al/Mg ratio

Sample dy; (nm) Dispersion (%) Reduction degree (%) Active area (mzNi/gcal)
15-HT-0.0 12.0 8.1 61 4.3

15-HT-0.2 10.4 9.3 60 49

15-HT-0.4 10.7 9.1 63 5.0

15-HT-0.6 12.0 8.1 67 4.7

15-HT-0.8 15.0 6.5 80 4.5

15-HT-1.0 19.7 49 98 4.2

Table 4

Estimated nickel particle size, nickel dispersion, reduction degree and nickel active area for materials reduced with different temperature

Sample dni (nm) Dispersion (%) Reduction degree (%) Active area (mzNi/ng)
15-HT-1773 9.8 9.9 43 3.7
15-HT-r873 10.1 9.6 52 44
15-HT-r973 104 9.3 60 4.9
15-HT-r1073 11.9 8.2 67 4.7

Reduced samples characterization results are presented on
Table 3. In this table we can see how nickel particles size
increases with aluminium content. This table we can observe
that nickel dispersion shows a maximum between Al/
(Al + Mg) = 0.2-0.4. Reduction degree reached for different
samples after the same activation treatment is shown in this
table too. Reduction degree increases with aluminium content
due to the minor interaction degree of nickel with aluminium
support. Finally, we can see how nickel active area shows a
maximum between 0.2 and 0.4 Al/(Al + Mg) ratio.

Therefore, Al/(Al + Mg) ratio between 0.2 and 0.4 seems to
be the best proportion to obtain the optimum textural properties
of the material. We have to remark the benefits of layered double
hydroxide structure formation during catalysts synthesis.

In Fig. 5 we can see aluminium/magnesium ratio effect on
catalytic activity. This figure shows a maximum of nickel
intrinsic activity for Al/(Al + Mg) ratio between 0.2 and 0.4.

hydrocarbon mol converted / mzNi /'h
w

0 T . T . !
0 0.2 04 06 08 1

Al/(Al+Mg)

Fig. 5. Aluminium/magnesium ratio effect on intrinsic activity (P = Py, W/
F =2 g.,wh/hydrocarbon mol, S/C =3H,0 mol/carbon atom, 7=823K,
GowHSV =225,160 h ).

This proportion seems to combine the best textural properties
and nickel dispersion, as we have concluded on Table 3, in this
table we have seen a maximum on nickel dispersion and on
nickel active area for this Al/(Al + Mg) ratio.

In Fig. 6 we can see aluminium/magnesium ratio effect on
carbon resistance, carbon resistance increases with magnesium
content due to the basicity provided for magnesium support.
The support and its properties seemed to play a key role in the
performance of the layered double hydroxide-derived catalysts.
Increasing magnesium content we obtain stronger metal—
support interaction, and increasing aluminium content we
obtain greater specific surface area. Therefore, there is an
optimum magnesium/aluminium ratio. We can relation carbon
resistance with nickel particle size shown on Table 3.

3.2. Reduction temperature influence

Base catalyst has been reduced with different reduction
temperature in order to study reduction temperature influence

504

404

30

204

carbon (wt.%)

104

0 T T T
0 02 04 06 0,8 1

Al/(Al+Mg)

Fig. 6. Aluminium/magnesium ratio effect on carbon resistance. Carbon con-
tent of samples used in reaction during 8 h.
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Fig. 7. X-ray diffraction of reduced samples for materials reduced with
different temperature ((*) peaks correspondent to mixed oxide phase and
() peaks correspondent to metallic nickel).

on catalyst structure and activity. Table 4 shows characteriza-
tion results of reduced samples by different reduction
temperature. In Fig. 7 we can see X-rays diffraction patterns
corresponding to reduced samples of the series 15-HT-rX.
Intensity correspondent to nickel oxide phase diminishes and
the one correspondent to nickel metallic phase increases as the
reduction temperature increases. On Table 4 we can see how
nickel particle size increases, and nickel dispersion decreases,
with reduction temperature. It would be due to the sintering
phenomena acting at high temperatures. And, as it is expected,
reduction degree increases with reduction temperature. Nickel
active area increases with reduction temperature due to the
increase observed on the reduction degree, but then it decreases
due to the nickel particle size increases.
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Fig. 8. Reduction temperature effect on intrinsic activity (P =Pum, W/
F =2 g.,wh/hydrocarbon  mol, S/C =3H,0 mol/carbon atom, 7=823K,
GiowHSV =225,160h1).

204

104

carbon (wt.%)

700 800 900 1000 1100
Treduction (K)

Fig. 9. Reduction temperature effect on carbon resistance. Carbon content of
samples used in reaction during 8 h.

In Fig. 8 we can see reduction temperature effect on nickel
intrinsic activity. This figure shows a maximum, nickel intrinsic
activity increases with reduction temperature until a value,
greater reduction temperatures does not offer greater activity
since it produces sintering of metallic nickel particles as we
have seen on Table 4.

In Fig. 9 we can see reduction temperature effect on carbon
resistance. It decreases with reduction temperature due to the
nickel particle size increment.

Increasing reduction temperature produces an increase on
nickel active area (Fig. 10), but metallic nickel particles size
increase too (Fig. 7), offering an increase on activity (until a
determined reduction temperature) but a decrease on carbon
resistance. Optimum reduction temperature is dependent of the
reducibility of the calcined materials, rationed with the metal—
support interaction.

Intensity

15-HT-c1173

15-HT-c1023
15-HT-c923

15-HT-c823
15-HT-c723

10 20 30 40 50 60 70

Fig. 10. X-ray diffraction of calcined samples for materials calcined at different
temperature ((*) peaks correspondent to mixed oxide phase and ((l) peaks
correspondent to NiMgAl espinela phase).
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Fig. 11. Temperature programmed reduction (TPR) of calcined samples for

materials calcined at different temperature.

Table 5
BET area for materials calcined at different temperature

Sample BET area (mzlgcm) Tmax red (K)
15-HT-c723 293 1020
15-HT-c823 265 1070
15-HT-c923 234 1083
15-HT-c1023 180 1095
15-HT-c1173 95 1094

3.3. Calcination temperature influence

Base catalyst has been calcined at different temperatures in
order to study the influence of this variable on catalyst structure
and activity. Figs. 10 and 11 show the characterization results
for samples prepared at different calcination temperatures.
Fig. 10 shows X-ray diffraction pattern of calcined samples
correspondent to the series 15-HT-cX, in that figure we observe
how peak width decreases as calcination temperature increases,
so NiO particle size increased with increasing calcination
temperature. Fig. 11 shows TPR curves for samples of 15-HT-
cX series, we can see how the maximum of reduction
temperature increases with calcination temperature until a
determined value, further calcination temperature do not
produce significant changes in the metal-support interaction.
Finally on Table 5 is shown BET area and nickel reduction
temperature values. BET area increases with calcination
temperature, then reaches a maximum and finally decreases

Table 6
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Fig. 12. Calcination temperature effect on intrinsic activity. (P = Py, W/

F =2 gyh/hydrocarbon  mol, S/C = 3H,0 mol/carbon atom, 7=823K,
GloLaIHSV = 225,160 hil).

with increasing calcination temperature. This result can be
explained due to the sintering of sample. Nickel reduction
temperature increases with calcination temperature, as we have
seen on Fig. 11, reaching a limit value at 923 K.

Table 6 shows the reduced samples characterization results.
Nickel particle size increases with calcination temperature like
NiO particle size is also greater with the calcination
temperature, as we have seen in Fig. 10. Therefore, nickel
dispersion decreases with calcination temperature in the same
sense in which nickel particle size increases. Reduction degree
decreases with calcination temperature, reaching a limit value
associated this fact with the metal—support interaction shown in
Fig. 11, and nickel reduction temperature shown on Table 5.
Finally, nickel active area increases with calcination tempera-
ture, reaches a maximum and then decreases with calcination
temperature due to the metal particle size increases, the nickel
dispersion decreases and the BET area decreases.

In Fig. 12 we can see the calcination temperature effect on
activity. First, nickel intrinsic activity increases due to the
increase of the BET area (Table 5) and the nickel active area
(Table 6), then it reaches a maximum and finally it decreases
with calcination temperature associated with the decrease in the
nickel active area and dispersion.

In Fig. 13 we can see the calcination temperature effect on
carbon resistance. Carbon resistance decreases with calcination
temperature associated with the decrease in the nickel active
area and dispersion and the increase of nickel particle size.

Estimated nickel particle size, nickel dispersion, reduction degree and nickel active area for materials calcined at different temperature

Sample dy; (nm) Dispersion (%) Reduction degree (%) Active area (mzNi/gcal)
15-HT-c723 9.5 10.2 80 7.1
15-HT-c823 9.8 9.9 70 6.0
15-HT-c923 10.4 9.3 60 49
15-HT-c1023 114 8.5 55 4.1
15-HT-c1173 22.3 44 60 2.3
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Fig. 13. Calcination temperature effect on carbon resistance. Carbon content of
samples used in reaction during 8 h.
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Fig. 14. X-ray diffraction of calcined samples for materials impregnated with
different nickel content ((*) peaks correspondent to mixed oxide phase).

There is optimum calcination temperature for obtaining the
maximum activity, increasing calcination temperature produces
a decrease on nickel active area and an increase on nickel particle
size, offering a decrease on activity and on carbon resistance.

3.4. Nickel incorporation method influence

We have studied the influence of nickel incorporation
method comparing samples prepared by precipitation [35] and
by impregnation methods.

Table 7
Composition (wt.%) for materials impregnated with different nickel content

Sample dni Dispersion Reduction Active area
(nm) (%) degree (%) (M i/ gead)
5-HT-i 12.6 7.7 63 1.4
10-HT-i 15.8 6.1 72 2.6
15-HT-i 18.6 52 83 3.8
20-HT-i 21.8 4.5 96 49
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Fig. 15. Temperature programmed reduction (TPR) of calcined samples for
materials impregnated with different nickel content.

In Table 7 we can see the composition of calcined samples
prepared by impregnation method and Fig. 14 shows X-ray
diffraction pattern of these samples. If we compare the peak
width for samples prepared by impregnation and precipitation,
we can observe that this is greater for samples prepared by
precipitation method [35]. Fig. 15 shows the curves of
temperature programmed reduction correspondent to samples
obtained by impregnation method. Nickel oxide is less
reducible when nickel content decreases, this result gives us
a qualitative measurement of nickel dispersion, since the most
dispersed particles show stronger interaction with the support
and usually they are less reducible.

In Table 7 is shown the nickel reduction temperature for
samples obtained by impregnation method. We can see, in this
figure, how nickel reduction temperature diminishes as nickel
content increases. These values are lower that the correspond-
ing samples prepared by precipitation [35] indicating greater
interaction metal-support on samples prepared by this method.
Finally, in this table is shown BET area, and it diminishes with
nickel content and it is greater for samples prepared by
precipitation method.

This series of catalysts has also been characterized after
reduction treatment (Table 8). We can observe, in this table that
nickel particle size increases with nickel content and it is
smaller for those samples prepared by precipitation method.
Nickel dispersion and reduction degree follow the logical
tendency. Finally, we can observe how nickel active area
increases with nickel content and is greater for those samples
prepared by precipitation method.

Precipitation method for introducing nickel results in
stronger metal—support interaction than impregnation method.
By precipitation method we can produce, in a single stage, more
favourable catalyst structure for obtaining highly and finely
dispersed nickel particles than by impregnation one.
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Table 8

Estimated nickel particle size, nickel dispersion, reduction degree and nickel active area for materials impregnated with different nickel content

Sample Percentage in weight (%) Molar ratio BET area (mz/gcat) Tiax red (K)
Ni Mg Al (0] Al(Al + Mg + Ni) Al/(Al + Mg)

5-HT-i 5.0 29.5 10.9 54.6 0.24 0.25 213 1094

10-HT-i 10.0 28.0 10.3 51.7 0.23 0.25 180 1090

15-HT-i 15.0 26.4 9.7 48.8 0.21 0.25 152 1084

20-HT-i 20.0 24.9 9.2 45.9 0.20 0.25 151 1058

In Fig. 16 we can see nickel incorporation method
effect on catalytic activity, the catalysts prepared by
precipitation method showed higher nickel intrinsic activity
than those prepared by impregnation method, being the
difference most intense when greater is the nickel content on
the samples. It is due to higher nickel active area offered by
these samples.
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Fig. 16. Nickel incorporation method effect on intrinsic activity. (P = Py, W/
F =2 g.,wh/hydrocarbon mol, S/C=3H,0 mol/carbon atom, 7 =828K,
GowHSV = 225,160 h™1).
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Fig. 17. Nickel incorporation method effect on carbon resistance. Carbon
content of samples used in reaction during 8 h.

In Fig. 17 we can see the nickel incorporation method effect
on carbon resistance. Similar to the activity, samples obtained
by precipitation method showed better resistance to carbon
deposition than those prepared by impregnation, being the
difference most intense when greater is the nickel content on
the samples. It is due to smaller nickel particle size obtained on
samples prepared by precipitation method.

Catalyst performance is strongly related to the nickel
particle size. The smaller the Ni particle size, the resistance to
carbon deposition is enhanced. Large nickel crystallites favour
the adsorption of hydrocarbon (reactions (7) and (8)) respect to
the recombination with oxygen species (reactions (12)). Then,
the reactions forming carbon deposition as reactions (13) and
(14) are favoured leading to a severe catalyst deactivation [35].

4. Conclusions

Catalysts obtained by calcination/reduction of layered
double hydroxide-type materials characterized by highly
dispersed metallic crystallites stabilized inside a matrix with
high surface area, are suitable materials in naphtha steam
reforming reaction.

Synthesis parameters such as method of introduction of
active species, amount of components and thermal treatments
(calcination and reduction), could be optimized to obtain a
material which presents high catalytic activity and high
resistance to carbon formation. This material must contain
the adequate combination of the textural properties, the most
important factors related to the catalysts structure influence on
the activity and carbon resistance of a steam reforming catalysts
are metal area, metal particle size, metal-support interface
length, support area and its ability to adsorb water.

Increasing nickel content produces an increase on nickel
active area, but metallic nickel particles size increase too,
offering an increase on activity (until a determined nickel
content) but a decrease on carbon resistance.

The support and its properties seemed to play a key role in
the performance of the HT-derived catalysts. Increasing
magnesium content we obtain stronger metal—support interac-
tion, and increasing aluminium content we obtain greater
specific surface area. Therefore, there is an optimum
aluminium/magnesium ratio (Al/(Al + Mg) = 0.2-0.4).

Calcination temperature must be great enough to obtain
sufficient interaction degree but not too high in order to avoid
catalyst sintering.

Increasing reduction temperature produces an increase on
nickel active area, but metallic nickel particles size increase
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too, offering an increase on activity (until a determined
reduction temperature) but a decrease on carbon resistance.

Nickel incorporation by precipitation method offers more
highly and finely dispersed nickel particles than incorporation
by impregnation method.

Synthesis parameters have an important influence on metal—
support interaction, when stronger are metal—support interac-
tions more favourable is catalyst structure for obtaining better
catalysts. Catalyst performance is strongly related to the nickel
particle size and to the support and its properties.
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