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The production of hydrogen from ethanol steam reforming with Cu-Ni catalysts supported on MgO- and
CaO-modified silica has been studied. Two promoting effects have been found: reduction of the metallic
Cu-Ni particles size and strengthening of the metal-supportinteraction. Moreover, Mg- and Ca-promoted
catalysts favour the formation of defective carbon, which is more reactive and thermodynamically easier
to be removed during the ethanol steam reforming process. Consequently, higher hydrogen production
and lower coke formation are achieved when Cu-Ni catalysts are supported on Mg- or Ca-modified
silica in comparison to unmodified Cu-Ni/SiO, catalyst. The highest hydrogen selectivity (84.8 mol%) is
reached with a Cu-Ni/Mg-SiO, catalyst containing 10 wt% Mg, while the incorporation of 10 wt% Ca into
Cu-Ni/SiO, catalyst reduces considerably the amount of coke deposited from 58.4 to 26.3 wt%, after 3 h

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The environmental problems associated with the intensive
use of fossil fuels are increasingly demanding the development
of sustainable energy systems. In this sense, hydrogen can be
considered as future clean energy vector while produced from
renewable resources. Among the potential available alternatives,
ethanol steam reforming is a good candidate since it can be pro-
duced from biomass (like agricultural wastes) [1]. Moreover, it can
be distributed in a logistic net similar to the conventional petrol
stations since ethanol is a non-toxic liquid with safe handling,
transportation and storage.

Hydrogen production through ethanol steam reforming is an
efficient process [2], which can be represented as follows:

CH3;CH,OH + 3H,0 — 2C0, +6H,  (AH° = +347.4k]/mol)

The overall reaction involves several steps such as ethanol dehy-
drogenation and/or dehydration, which produce acetaldehyde or
ethylene as intermediate products, respectively. Decarbonylation
or steam reforming of these intermediates generates hydrogen,
together with methane and carbon monoxide. Next, methane can
go through steam reforming reaction producing carbon monox-
ide and hydrogen, while the carbon monoxide generated in the
aforementioned steps can be transformed into carbon dioxide
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through the water-gas shift reaction, generating more hydrogen.
Moreover, coke can be formed from some intermediate products
[3.4].

Cu-Ni supported catalysts have been described in the literature
because of their high activity on ethanol steam reforming [2,5-8].
Besides the Cu-Ni active phase, catalytic support plays also an
important role since it should favour: (i) metal stability, (ii) ethanol
dehydrogenation to acetaldehyde instead of alcohol dehydration to
ethylene, and (iii) water activation by the mobility of OH groups to
help the reaction with the CHxO,, fragments adsorbed on the metal
particles [7-11].

However, the main drawback of Cu-Ni catalyst is that it can
be deactivated easily because of coke deposition, and/or metal
particle sintering during the reaction. In this sense, Ni reforming
catalysts like Ni/Al,03, have been modified through the incorpo-
ration of basic alkaline and earth alkaline oxides elements since
the acidity of the support is detrimental to coke formation [12-17].
In a similar way, the amount of deposited coke on Cu-Ni/SBA-15
was significantly reduced throughout the modification of SBA-15
mesostructured silica support with Caand Mg oxides [18]. Although
it is reasonable to think that CaO and MgO incorporation will
not only reduce coke amount, but also modify the nature of coke
deposited on Ni steam reforming catalysts [15], this has not been
deeply reported in the literature yet. For this reason, the aim of this
work is the modification of Cu-Ni/SiO, catalyst by CaO and MgO
to improve their performance on ethanol steam reforming, relat-
ing not only the amount but also the type of coke formed with the
catalyst properties.
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2. Experimental
2.1. Catalysts preparation

Catalysts containing 2 wt% Cu, 7 wt% Ni and different Ca and Mg
loadings, ranging from 0 to 20 wt%, were prepared by incipient wet-
ness impregnation of commercial amorphous silica (Ineos) using
aqueous solutions of nitrates (Cu(NO3),-3H,0 and Ni(NOs),-6H,0
from Scharlab, Mg(NOs3),-6H,0 and Ca(NOs3),-6H,0 from Aldrich)
as metal precursors. The corresponding alkaline-earth element
was impregnated on silica prior to the Cu-Ni phase. The modi-
fied supports were then calcined at 550°C, temperature selected
from TG and XRD analyses (performed as described in Section 2.2)
for being high enough to lead to total decomposition of the Mg
and Ca precursors. After this, simultaneous addition of copper and
nickel precursors was carried out, as described elsewhere [7,8], fol-
lowed by drying overnight and subsequent calcination at 400 °C for
15h with a heating rate of 1.8 °Cmin~1. Finally, the catalysts were
reduced in the fixed-bed reactor used for catalytic tests under flow-
ing pure hydrogen (30 N mLmin~')at 600 °C for 4.5 h with a heating
rate of 2°Cmin~1.

Samples were denoted as CuNi/Mx-S, where “CuNi” indicates
the presence of the Cu-Ni phase in the catalyst, “M” represents the
alkaline-earth element in the sample, “X” is the nominal content of
the element in the support and “S” refers to the amorphous silica
support. Besides, a CuNi/SiO, catalyst (2 wt% Cu and 7 wt% Ni) was
also prepared as a reference catalyst.

2.2. Characterization of supports and fresh catalysts

Characterization of these materials was performed by TGA,
ICP-AES, N, adsorption-desorption, XRD, TPR and TEM. Physico-
chemical changes taking place in the samples as a consequence of
temperature were recorded by TGA in airflow (100mLmin~!) on
a Mettler Toledo TGA/DSC1 thermobalance, with a heating rate of
5°Cmin~! up to 800 °C. Chemical composition was determined by
ICP-AES technique using a Varian VISTA-PRO AX spectrophotome-
ter. Previously, solid samples were dissolved by acidic digestion.
Textural properties were measured by N, adsorption-desorption
using a Micromeritics TRISTAR 3000 sorptometer. Prior to the
adsorption, samples were outgassed under vacuum at 250°C for
10h. Surface areas were calculated according to BET method.
Species identification (according to JCPDS index) and mean metallic
crystallites size determination (from the Scherrer equation) were
performed by powder XRD analyses on a Philips X’PERT PRO diffrac-
tometer, using Cu K, radiation. The diffractometer is equipped
with a high-temperature chamber in order to analyse samples
in situ at different temperatures. Diffractograms were recorded
at 20=0.020° increment step and 2 s collection time. Reduction
properties of the calcined samples were determined by TPR mea-
surements, performed on a Micromeritics AUTOCHEM 2910 equip-
ment under 10% H, in Ar flow (35 mL min—!) with a heating rate of
5°Cmin~! from 25 to 800°C. Samples were previously degasified
under dry Ar flow (35mLmin~1) at calcination temperature. Size
and morphology of the supported active phase could be observed
by TEM. Micrographs were acquired on a Phillips TECNAI 20 micro-
scope equipped with LaBg filament, an accelerating voltage of
200kV and the possibility to perform elemental microanalysis by
energy dispersive X-ray spectroscopy (EDXS). Samples were pre-
pared by powder dispersion of the material, finely divided, in ace-
tone and subsequent deposition on a gold grid with carbon support.

2.3. Catalytic tests

Catalytic tests on ethanol steam reforming were carried out into
a fixed-bed reactor connected to an on-line gas chromatograph,

as described elsewhere [7,8]. Previously, the calcined catalyst
diluted in silicon carbide (catalyst/SiC weight ratio 1:5), was in situ
reduced under hydrogen flow at 600°C for 4.5h with a heating
rate of 2°Cmin~!. After activation, catalytic tests were performed
for 180 min at atmospheric pressure and 600°C, feeding a lig-
uid water/ethanol mixture (molar ratio: 3.7) at space velocity
WHSV =12.7 h~1, which was vaporized and then diluted with nitro-
gen flow (30 mLmin~1).

Reactants conversion and products selectivity were calculated
as follows:

Freactant,in - Freactant,out

Xreactant (%) = x 100

F reactant,in

FHzproduced

SH, (%) =

= x 100
3x (Fethanol,in - ethanol,out) + (Fwater,in - Fwater,out)

F; rbon-containing product
Si carbon-containing product(%) = ———= £ x 100
tearbon-contaiiing produd n; x (Fethanol,in - ethanol,out)
F;in and F; o are the molar flow rate of the i species at the inlet and
at the outlet of the reactor, respectively, and n; is the stoichiometric
factor between the carbon-containing products and ethanol.

2.4. Characterization of used catalysts

Carbon deposited during reaction on used catalysts was evalu-
ated by TGA on a Mettler Toledo TGA/DSC1 thermobalance under
airflow (100 mLmin~') with a heating rate of 5°Cmin~! up to
1000 °C. The value of coke deposition is given as

Caep (Wt%) = —coke 100

Mysed catalyst
Meoke 1S the mass of coke deposited on the catalyst, calculated from
the weight loss measured by TGA in the range of temperatures cor-
responding to carbonaceous matter combustion (see Section 3.3),
and Myged catalyst iS the mass of catalyst calculated from the weight
remaining after the TG analysis, considering the dilution of the
catalyst into SiC.

Used catalysts were also characterized by XRD using the above-
mentioned methods to determine metal sintering and coke nature.
In order to analyse the morphology of carbon deposits formed on
used catalysts, scanning electron microscopy (SEM) was performed
on a Phillips XL30 Environmental Scanning Electron Microscope
equipped with a tungsten filament and an accelerating voltage
of 15kV. Moreover, the structure of carbon deposits was stud-
ied by Raman spectroscopy on a HORIBA Jobin Yvon LabRAM
HR spectrometer equipped with an OLYMPUS BX41 microscope
(50x magnification) and a thermoelectrically cooled CCD detector
(—80°C). The samples were excited with the 632.8 nm He-Ne line
and the spectra acquisition consisted of five accumulations of 30s.

3. Results and discussion

3.1. Characterization of the Mg- and Ca-modified Cu-Ni/SiO,
catalysts

Table 1 summarizes the physicochemical properties of the pre-
pared supports and the corresponding catalysts used in this work.
Regarding calcined supports, the incorporation of Ca or Mg consid-
erably reduces silica textural properties as the loading is increased.
This effect is more pronounced in the case of Ca addition, as
observed elsewhere for SBA-15 based supports [18], which may
be related to more support surface covering due to lower den-
sity of CaO in comparison to MgO. As expected, the incorporation
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Table 1

Physicochemical properties of Mg- and Ca-modified calcined supports and reduced catalysts.
Sample Cu? (Wt%) Ni? (wt%) Mg or Ca? (wWt%) Sger (M2g~1) Vpore” (cm® g=1) DporeS (nm) Dy;4 (nm)
SiO; = = 0.0 273 1.58 325 =
Mg10-S - - 104 186 1.38 30.2 -
Mg20-S - - 18.2 156 0.94 26.1 -
Cal10-S - - 9.3 160 0.96 27.0 -
Ca20-S - - 20.2 127 0.70 243 -
CuNi/S 2.0 6.5 0.0 228 1.27 26.3 20.1
CuNi/Mg10-S 2.0 7.5 9.4 140 0.69 23.7 4.6
CuNi/Mg20-S 2.0 6.5 16.6 120 0.47 17.5 6.0
CuNi/Ca10-S 1.8 6.6 8.5 123 0.56 239 6.2
CuNi/Ca20-S 1.8 6.8 18.5 116 0.45 15.5 8.2

2 ICP-AES measurements.

b Determined at P/Po=0.98.

¢ Calculated through the maximum of the BJH pore size distribution.
4 Calculated from XRD measurements.

of the Cu-Ni phase also diminishes the textural properties of the
corresponding supports.

Fig. 1 shows XRD patterns of the reduced Cu-Ni catalysts sup-
ported on Ca- or Mg-modified silica. Diffractograms show only
peaks corresponding to cubic Ni (JCPDS 04-0850), at 20 =44.5,51.8
and 76.3°. Reflections corresponding to Cu cannot be distinguished
because of the low loading in the samples, which leads to a dilution
effect of Cuinto Ni phase, as previously discussed [8]. MgO and CaO
are highly dispersed after the Cu-Ni phase incorporation, as neither
MgO nor CaO peaks are observed in the catalysts diffractograms. In
comparison to the pattern corresponding to CuNi/S catalyst, peaks
become significantly smaller and wider for samples containing Mg
or Ca. This indicates the presence of smaller Ni crystallites over
Mg- and Ca-modified silica and therefore the dispersion of Cu-Ni
phase on the silica surface has been improved. Regarding mean
crystallites size calculated by Debye-Scherrer equation, CuNi/S
unpromoted catalyst has relatively large Ni crystallites (20.1 nm),
while they are significantly smaller in modified samples (Table 1).
This effect is slightly more pronounced in the case of Mg-modified
catalysts in comparison to Ca-promoted ones, which may be due
to higher surface area available in the support (see Table 1) to
accommodate the Cu-Ni phase. On the other hand, an increase of
alkaline-earth content leads to slightly larger Ni crystallites, which

Fig. 1. XRD diffractograms of reduced Mg- and Ca-modified CuNi/SiO, catalysts.
For comparative purposes, diffractograms have been normalized to the maximum
intensity of CuNi/S profile.

may be also explained by a decrease of the support surface area as
alkaline-earth loading increases.

The above-mentioned differences in metallic crystals size could
be verified by TEM. Fig. 2 shows the micrographs corresponding
to the reduced catalysts. On CuNi/S sample (Fig. 2a), metallic parti-
cles (dark zones) within a wide range of sizes, between 5 and 70 nm,
can be found. However, promoted catalysts (Fig. 2b-e) show metal-
lic particles significantly smaller, ranging from 2 to 10 nm, which
agrees with the dispersing effect of Mg and Ca observed by XRD.
EDXS analysis (not shown here) proved the presence of both Cuand
Ni within each metallic particle, as previously reported [8,18,19],
which explains the different values of metal particles size observed
by TEM in comparison to those calculated from XRD.

Fig. 3 shows the hydrogen TPR profiles of the Cu-Ni catalysts.
Fig. 3a shows the hydrogen TPR profiles of the Cu-Ni catalysts.
Sample supported on bare silica, CuNi/S, shows a peak with max-
imum at 209°C and a shoulder at lower temperatures. While
Cu/SiO,, catalysts are characterized by one peak around 190-230°C,
corresponding to the reduction of bulk CuO particles to Cu®,
and Ni/SiO, catalysts present one characteristic reduction peak
around 310-410°C, due to the reduction of bulk NiO particles
to Ni Cu-Ni/SiO, catalysts typically show one reduction zone
between 200 and 260°C. This has been ascribed to superposi-
tion of a low temperature peak corresponding to CuO particles
reduction and a higher temperature peak attributed to NiO par-
ticles reduction, as the presence of Cu significantly decreases NiO
reduction temperature [7,20-23]. So, the CuNi/S sample profile cor-
responds to the reduction of CuO and NiO particles with weak
metal-support interaction. For this kind of catalysts, however,
higher interaction between CuZ* or Ni%* and SiO,, associated to
reduction peaks at higher temperature, has also been reported
in literature [20,24-26]. On the other side, Mg and Ca-promoted
Ni-Cu/SiO, catalysts present two reduction zones. The first one,
below 350°C, corresponds to the reduction of CuO-NiO parti-
cles with low metal-support interaction (similar to that found on
CuNi/S sample), and the second one, from 350 to 700 °C, may be
related with the reduction of CuO-NiO phase strongly interacting
with the support. Table 2 shows the contribution of each reduction

Table 2
Area contribution of reduction zones below and over 350 °C to the catalysts H,-TPR
profiles.

Sample Low temperature High temperature
zone area (%) zone area (%)

CuNi/S 100.0 0.0

CuNi/Mg10-S 14.9 85.1

CuNi/Mg20-S 16.7 83.3

CuNi/Ca10-S 20.0 80.0

CuNi/Ca20-S 21.9 78.1
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Fig. 2. TEM images of Mg and Ca-modified CuNi/SiO, catalysts: (a) CuNi/S, (b) CuNi/Mg10-S, (c¢) CuNi/Mg20-S, (d) CuNi/Ca10-S and (e) CuNi/Ca20-S.

zone to the profiles total area. It can be observed how the area
under the low temperature reduction zone decreases while the
area under the high temperature reduction zone increases upon
the incorporation of Mg and Ca, which accounts for the smaller
Ni crystallites formed in the modified catalysts, as observed by
XRD. According to maximum reduction temperatures, strengthen-
ing of the metal-support interaction by calcium is slightly higher
than in the case of magnesium, which may be due to the stronger
basicity of CaO [27]. However, Mg-promoted samples show lower
proportion of Cu-Ni phase weakly interacting with the support
(reduction temperature bellow 350°C), which coincides with the
smaller mean Ni crystallites size in Table 1. On the other hand,

when the alkaline-earth content is increased from 10 to 20 wt%,
metal-support interaction becomes weaker, probably as a conse-
quence of an excessive amount covering the silica surface. A similar
trend has been observed for Ni catalysts supported on alumina
[17,28].

3.2. Catalytic results on ethanol steam reforming

Catalytic activity and selectivity in the ethanol steam reform-
ing, as well as carbon percentage deposited after 3h of time on
stream, are shown in Table 3. All the catalysts reach almost com-
plete ethanol conversion. Compared to the CuNi/S sample, both
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Table 3

Catalytic results on ethanol steam reforming over Mg- and Ca-modified CuNi/SiO; catalysts (T=600 °C, atmospheric pressure, Ry, o/eron = 3.7 mol/mol, WHSV=12.7 h~!, time

on stream=3h).

Catalyst Conversion (mol%) Selectivity (mol%) Caep (WE%)
EtOH H,0 H, CO, co CHy

CuNi/S 99.9 36.3 69.9 49.9 17.4 32.7 58.4

CuNi/Mg10-S 100.0 46.7 84.8 55.7 28.1 16.2 344

CuNi/Mg20-S 99.9 41.6 80.8 489 29.6 215 36.1

CuNi/Ca10-S 99.9 435 78.1 52.6 253 22.1 26.3

CuNi/Ca20-S 99.9 37.6 74.9 47.3 27.1 25.6 323

Mg- and Ca-modified Cu-Ni catalysts achieve higher water conver-
sion, although this is more pronounced in the case of Mg addition.
Regarding products distribution, lower methane selectivity is found
for Mg- and Ca-modified catalysts. This is indicative of higher
activity in the methane steam reforming step within the reaction
pathway [7], since according to the literature [10], the hydrocarbon
or ethanol activation occurs more readily on small metallic par-
ticles, present onto Ca- and Mg-modified silica, than on big ones
found in CuNi/S catalyst. Therefore, higher hydrogen selectivity is
reached on promoted samples, but carbon monoxide selectivity
also increases, which indicates that these catalysts are also active
in the reverse water-gas shift reaction, expected to occur at the
present conditions [29].

Highest hydrogen selectivities (80.8-84.8 mol%) are reached
with Cu-Ni/Mg-SiO, catalysts, which is in accordance with the
lower methane selectivity and high water conversion. This com-
pletely agrees with the smaller Ni crystallites found in these
catalysts, as calculated from XRD (Table 1), and shows that incorpo-
ration of Mg to SiO, support leads to better dispersing effect of the
Cu-Ni active phase than incorporation of Ca. Moreover, as alkaline-
earth loading increases from 10 to 20 wt%, hydrogen selectivity
decreases as a consequence of lower metallic dispersion.

On the other hand, Table 3 shows relatively high coke depo-
sition (58.4wt%) on CuNi/S sample, while carbon formation was
significantly reduced in catalysts containing Mg and Ca. This may

Fig. 3. TPR profiles of calcined Mg- and Ca-modified CuNi/SiO, catalysts.

be attributed to both an increase in the basicity of the support,
which unfavours the formation of ethylene as intermediate product
(ahard precursor of coke), and an improvement of the Ni dispersion
(smaller Cu-Ni metallic particles), which negatively affects to the
formation mechanism of carbon nanofibres, typically found on this
kind of catalysts [10,30-33]. The strengthening of the interaction
between the Cu-Ni phase and the support must be also taken into
account, since this would prevent the formation of large ensem-
bles of Ni by sintering during reaction [30]. In this case, the lowest
carbon deposition was achieved with Ca-promoted samples, con-
cretely with the CuNi/Ca10-S catalyst (26.3 wt%), probably due to
the stronger basicity of CaO in comparison to MgO [33]. On the other
hand, an increase in alkaline-earth content from 10 to 20 wt% leads
to higher coke deposition, which may be related to an increase of
the metal particle size.

3.3. Characterization of coke deposits on Mg- and Ca-modified
Cu-Ni/SiO, catalysts

Fig. 4 shows SEM images of the used catalysts revealing that
the solid carbon product consists of nanofibres on the particles
of catalyst. Images showing particles with high amount of coke
were selected for the sake of clarity. The fact that no deactiva-
tion was observed during reaction agrees with the nanofibres being
the prevailing kind of coke. So, the morphology of the deposits
found on the different catalysts is similar. Comparing catalysts,
it seems that the carbon fibres on CuNi/S sample are wider than
those observed on the CuNi/Mg20-S and CuNi/Ca20-S catalysts,
which can be explained by the finding that the width of the nanofi-
bres is related to the metal particle size [34]. However, taking into
account the heterogeneity in size and shape of the nanofibres found
on each catalyst, it is difficult to point out more significant differ-
ences between the deposits formed on the different samples from
microscopy.

TG analyses of the used catalysts showed some differences con-
cerning stability of the carbon deposits formed during ethanol
steam reforming. Fig. 5 shows derivative thermograms, pointing
out the temperatures at which maximum carbonaceous matter
combustion rate takes place under oxidative conditions for each
used catalyst. All the samples show a wide DTG profile with peaks
maxima between 536 and 551°C, except for the used CuNi/S
catalyst, which presents also another peak around 588°C in a
wide DTG profile, suggesting the presence of more stable car-
bon deposits. Regarding promoted samples, although differences
are not so significant, the order of temperatures at which coke
combustion occurs is: CuNi/Ca10-S < CuNi/Ca20-S < CuNi/Mg10-
S <CuNi/Mg20-S. This fact may suggest a role of MgO and mainly of
Ca0 in catalyzing the combustion of the deposited carbon, accord-
ing to literature [33], although it may also be due to differences in
the nature of carbonaceous deposits. It is well known that amor-
phous carbon is more reactive, while graphitic carbon needs higher
temperature to be removed. According to Galetti et al. [35], peaks at
low temperature are ascribed to carbon on nickel surface, whereas
the peaks above 550°C are ascribed to coke deposits in the fila-
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Fig. 4. SEM images of used Mg and Ca-modified CuNi/SiO; catalysts: (a) CuNi/S, (b)
CuNi/Mg20-S and (c) CuNi/Ca20-S.

ment form with different degree of graphitization. Any possible
carbonate formation could not be detected by TGA. Decomposition
of CaCO3 and MgCO3 occurs around 655 and 430°C, respectively
[36]. At those temperatures, a peak should arise in the DTA profiles
if carbonates were present on the catalysts, but no peak or shoul-

Fig. 5. Derivative TGA of used Mg- and Ca-promoted CuNi/SiO; catalysts performed
under airflow.

der can be observed. This indicates that, in case of CO, adsorption
on the catalyst as carbonates, the amount is small enough to not
interfere with the TGA signal.

Fig. 6 compares the XRD patterns of used catalysts. A break
has been introduced between 20=30 and 40° in order to sim-
plify diffractograms, as only peaks corresponding to silicon carbide
(used to dilute catalysts during reaction) appeared in this range.
Due to dilution effect, XRD signal corresponding to the Ni phase
in these samples is much less intense in comparison to that of

Fig. 6. XRD diffractograms of used Mg- and Ca-promoted CuNi/SiO, catalysts.
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Fig. 7. Raman spectra of used Mg- and Ca-promoted CuNi/SiO, catalysts.

reduced samples (Fig. 1), resulting in noisy diffractograms. Intense
peaks corresponding to this SiC can still be observed at 20=41.3
and 45.2° (JCPDS 75-0254). Reflections corresponding to Cu or Ni
species cannot be properly distinguished, except for the CuNi/S
sample, where the main peak of metallic Ni at 20 =44.3° is observed
with Ni crystallites size of 24.1 nm (calculated from Scherrer equa-
tion). Compared to the Ni particle size found for the fresh sample
(20.1 nm, see Table 1), this evidences sintering of the metallic phase
during reaction, in accordance with the low metal-support inter-
action observed by TPR. On the other hand, the reflection (00 2) of
graphitic carbon at 260=26.5° (JCPDS: 41-1487) is also detected in
all the samples. This peak is very intense for CuNi/S sample indicat-
ing high formation of graphitic carbon in agreement with the TGA
results (Fig. 5).

Raman spectroscopy has shown to be a powerful tech-
nique for characterizing the structure of carbonaceous mate-
rials [9,35,37-40]. Thus, the Raman spectra in the range
1000-1800cm™! of the used samples are presented in Fig. 7. Two
bands centred at ca. 1330 and 1590cm~! are visible, which are
known as D-band and G-band, respectively. G-band is attributed
to the stretching mode of carbon sp? bonds of ordered graphite,
while the D-band is ascribed to the vibrations of carbon atoms with
dangling bonds in disordered carbonaceous species [35]. D-band
is more intense than G-band, indicating a predominance of disor-
dered carbon, such as amorphous or defective filamentous. Carbon
structures seem to be similar on all the catalysts, but some dif-
ferences in the relative intensity of the bands can be observed. A
quantitative characterization of the disordering degree of the car-
bonaceous materials can be made based on the integrated intensity
of the D- and G-bands though the calculation of the microcrys-
talline planar size (L,), i.e. the mean crystal domain size along the
basal planes of deposited carbon, by applying Tuinstra and Koenig’s
law: L, (nm)=4.4 Ig/Ip [41]. Larger L, value implies higher order-
ing degree of the carbonaceous materials. As it can be observed in
Table 4, L, is estimated to be 2.6 nm for CuNi/S sample, which is sim-
ilar to that previously reported for some Cu-Ni/SiO, catalysts [38].
However, the presence of alkaline-earth elements in the catalyst

Table 4
Raman spectroscopic parameters of carbonaceous species deposited on used Mg-
and Ca-promoted CuNi/SiO, catalysts.

Sample D-band G-band L, (nm)
position (cm~1) position (cm~1)

CuNi/S 1329 1596 2.62

CuNi/Mg10-S 1326 1590 2.27

CuNi/Mg20-S 1326 1592 2.31

CuNi/Ca10-S 1326 1588 2.10

CuNi/Ca20-S 1326 1592 2.10

promotes the formation of disordered carbon, attending to lower
L, values, mainly in the case of Ca in comparison to Mg, so that
it may be probably related to the higher basicity of Ca [33]. Thus,
these results are in complete agreement with those obtained by
TGA (Fig. 5), since the presence of a less ordered coke on promoted
catalysts, leaded to a lower carbon oxidation temperature.

Raman spectroscopy analyses of the samples recovered after
the TG analysis were also carried out, but no signal correspond-
ing to carbonaceous species was detected for any of the samples.
If remaining carbon was still present on the samples, the amount
cannot be detectable by Raman spectroscopy.

Summing up, according to SEM and XRD (Figs. 4 and 6), coke
formed on the different samples studied in this work shows fila-
mentous morphology and graphitic nature in all the cases, but with
different degree of ordering. Raman spectroscopy (Fig. 7) demon-
strates the presence of less ordered coke on Mg- and Ca-promoted
catalysts, which is known to be more reactive, in complete agree-
ment with the results obtained by TGA (Fig. 5). A reactive carbon
is easier to remove (for example, by gasification) during ethanol
steam reforming, so that coke deposition is can be decreased
with Ca and Mg-promoted catalysts. In fact, the order of temper-
atures for carbon removal obtained by TGA coincides with the
order of amount of carbon deposited: CuNi/Ca10-S <CuNi/Ca20-
S < CuNi/Mg10-S < CuNi/Mg20-S < CuNj/S.

Formation of less ordered carbon deposits by Mg- or Ca-
modification of CuNi/SiO, catalyst may be related to electronic
perturbations in the dispersed metallic phase by varying the nature
of the support, which has been reported to impact on carbon
fibres dimensions, morphology or lattice structure [42]. In addition,
ordered filamentous carbon mainly forms over faceted metal parti-
cles of definite shape, whose size is close to the diameter of carbon
filaments growing on them [34,42,43]. The smaller metal parti-
cles found in the promoted catalysts in comparison to the CuNi/S
sample, together with the higher metal-support interaction which
should diminish sintering, implies lower proportion of faceted par-
ticles [43]. This fact may hinder ordered graphite sheets growth
and results in narrower nanofibres (Fig. 4) with consequent higher
availability of edge sites, considered as a breakdown of symmetry
[42,44,45].

4. Conclusions

Incorporation of alkaline-earth elements (Mg and Ca) to the
silica support of Cu-Ni/SiO, catalysts has been performed and
resulting catalysts have been evaluated for hydrogen produc-
tion through ethanol steam reforming. Both Mg and Ca addition
improved the dispersion of the Cu-Ni metallic phase and strength-
ened metal-support interaction, as found from H,-TPR and XRD
analyses. Consequently, the catalytic behaviour was enhanced, so
that Mg- and Ca-modified Cu-Ni/SiO, catalysts exhibited high
reforming activity. Mg-promoted catalysts achieve the highest
hydrogen selectivity because of smaller Ni crystallites size, which
is one of the main factors affecting catalytic activity.

Moreover, coke resistance ability was also improved, as Ca and
Mg promote the formation of less ordered carbon, which is more
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reactive and easier to remove by gasification during ethanol steam
reforming. In this case, Ca-modified catalysts produce the lowest
carbon deposition. This may be related to both an increase of the
basicity of the catalysts and a reduction of active phase particle size,
since carbon formation occurs mainly when the metal clusters are
greater than a critical value. So, one can conclude that these factors
are particularly significant in the design of anti-carbon deposition
catalysts.
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