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Maximiliano Marquevich, Xavier Farriol, Francisco Medina, and Daniel Montané *

Department of Chemical Engineering, ETSEQ, Rovira i Virgili University, Avinguda dels Paisos Catalans 26, 43007 Tarragona ( Catalunya), Spain

Received 21 May 2002; accepted 19 September 2002

Using catalytic steam reforming of biofuels to produce hydrogen for energy systems based on fuel cells is an option that may help to
reduce the net emissions of CO, into the atmosphere. Vegetable oils are some of the most interesting options because of their high
potential yield of hydrogen. They are, however, more difficult to reform than the light hydrocarbon feedstocks that are used for
producing hydrogen industrially by steam reforming. Catalysts prepared from hydrotalcite-like materials are promising for use in the
steam reforming of vegetable oils, since their catalytic activity is significantly higher than that of commercial catalysts for hydrocarbon
steam reforming. In this paper, a study is made of how the nickel content of HT-derived catalysts affects their activity for steam
reforming of sunflower oil. Three catalysts were prepared with Ni/Al atomic ratios of 1, 2, and 3, respectively. The samples were
characterized by various techniques to correlate their activity with the structural characteristics of the catalysts: X-ray diffraction (XRD),
BET, thermogravimetric analysis (TGA), and hydrogen chemisorption. The results showed that the catalyst activity increased as the
nickel content in the material decreased. The support and its properties seemed to play a key role in the performance of the HT-derived
catalysts. This is probably because a decrease in the Ni content produces a better dispersion of the metal and higher BET areas, which
leads to a higher capacity for water adsorption. With the most active catalyst (Ni/Al of 1), 2.2mol H,/(g. h) was produced at 575°C,

2 bar, and a steam-to-carbon ratio of 3.
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1. Introduction

Using hydrogen as a fuel and energy carrier is one way of
creating an energy system that has less impact on the
environment, especially in terms of the emission of gases
linked to the greenhouse effect [1,2]. One problem with
this hypothetical hydrogen-based energy system is that the
technology involved in the production of hydrogen today
has a strong effect on the environment. Most hydrogen is
produced on an industrial scale from natural gas, LPG,
and naphtha by catalytic steam reforming, or from heavy
oil fractions by partial oxidation [3]. Consequently, since
hydrogen production is based on fossil fuels, it is a net
contributor to carbon dioxide emissions and the greenhouse
effect. For example, life-cycle inventory analysis of the
production of hydrogen in a steam reforming plant based
on natural gas with a capacity of 1.5 x 10° Nm?/day
shows that the amount of fossil CO,-equivalent released
into the atmosphere is 1374.5kg to produce 100kg of
hydrogen gas [4]. Clearly, unless hydrocarbon-based tech-
nology is upgraded to incorporate effective methods of
carbon sequestration [5], other options are needed. For
the near- and mid-term, generating hydrogen from renew-
able biomass may be the most practical and viable option
[6]. The rationale behind this approach is the fact that the
CO, released into the atmosphere when thermochemically
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converting biomass is offset by the uptake of CO, during
biomass growth, thus providing a potentially carbon-
neutral process. Although the contribution made by other
gases to global warming (e.g. methane and nitrous oxide
generated during biomass harvesting and processing)
must be taken into account, this biomass-based scenario
has potential as a sustainable process for producing
hydrogen. There are two ways of thermochemically con-
verting biomass to produce hydrogen: (i) gasification
followed by water-shift [7-10], and (ii) steam reforming of
biomass-derived liquids (biofuels), coupled with water-
shift to approach the stoichiometric yield of hydrogen.
Several biofuels have been studied: liquids from flash
pyrolysis of lignocellulosics (i.e. bio-oil) [11-16], bioethanol
[17-19], and vegetable oils [20-22]. We are currently
focusing our research on vegetable oils because they are a
promising feedstock for energy applications (bio-diesel)
[23-25]. We believe that vegetable oils are an interesting
feedstock for producing hydrogen because of their low
oxygen content and subsequent high potential yields of
hydrogen. Vegetable oils are formed by fatty acids of 16
to 20 carbon chains, which are more difficult to reform
than natural gas, LPG, or naphtha, the usual hydrocarbon
feedstocks for producing hydrogen by industrial steam
reforming. Therefore, steam reforming catalysts must
have good stability and high catalytic activity, and also be
adapted to organic molecules of high molecular weight.
Nickel-based hydrotalcite-like (HT) materials have
properties that make them suitable for preparing
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promising steam reforming catalysts. HT materials that
belong to the class of anionic clays have a brucite-like
Mg(OH), network in which an isomorphous substitution
of Mg”" by a trivalent element M>" occurs. The structure
of the hydrotalcite is very similar to that of brucite. In bru-
cite, each magnesium cation is octahedrally surrounded
by hydroxyls. The resulting octahedron shares edges to
form infinite sheets with no net charge. When Mg>"
jons are replaced by a trivalent ion (which, like AT,
does not have too different a radius), a positive charge is
generated in the brucite sheet. The positively charged
Mg-Al double hydroxide sheets (or layers) are charge-
balanced by the carbonate anions in the interlayer sections
of the clay structure. In the free space of this interlayer, the
water of crystallization also finds a place [26-30]. The HT
compounds are generally described by the empirical
formula [(M**),(M™),,(OH)y(, 1 " [(A¥), 0y H, 0,
where M>" and M>" are metal cations, A represents the
x-valent anion needed to compensate the net positive
charge, x is the charge of the anion, the m/(m + n) ratio
may vary from 0.17 to 0.33 depending on the particular
combination of di- and trivalent elements, and y is the
number of interlayer water molecules. HT compounds
easily decompose into a mixed oxide of the M*"M>**(0O)
type upon calcination. Further reduction of HT com-
pounds, or mixed oxides containing reducible cations,
yields supported metal catalysts. In these materials the
metallic function and the acid—base properties can be
tailored through such parameters as the nature and
number of the cations in the layers and the activation
conditions [31]. This class of supported metal catalysts
has been reported to have properties that are similar to
those of hydrogenation and steam reforming catalysts
[30,33-39]. We recently observed that, when steam
reforming sunflower oil, catalysts prepared from hydro-
talcite-like materials are approximately ten times more
active than commercial steam reforming catalysts
designed for hydrocarbon steam reforming [21,22].

In this paper we report on the catalytic properties of
hydrotalcite-like precursors with different Ni*t/AI**
atomic ratios for the production of hydrogen from sun-
flower oil. The process conditions are similar to those
of steam reforming naphtha. We conducted a systematic
study to determine how the reforming temperature,
the steam-to-carbon ratio, and, more specifically, the
amount of nickel in the catalyst affected the activity of
the material. The samples were characterized by different

techniques in order to correlate the activity with the
structural characteristics of the catalysts.

2. Experimental

2.1. Catalyst preparation

Three hydrotalcite-like materials with nominal Ni**/
A" atomic ratios of 1, 2, and 3 were prepared and
labeled, respectively, as HT_1, HT_2, and HT_3. They
were obtained by co-precipitation at room temperature
from two aqueous solutions at constant pH = 9.0 £ 0.2.
One solution contained appropriate amounts of
Ni(NO3),-6H,O0 and AI(NO;);-9H,0, and the other was
an aqueous solution of NaOH (1M) and NaHCO;
(1M). The solutions were mixed in a glass reaction
vessel (500 cm?) initially containing 100 mL of deionized
water. The addition was performed drop by drop under
vigorous magnetic stirring. After complete precipitation,
the gel was treated for 2 h at 80 °C. Then the gel was recov-
ered by filtration and washed several times with distilled
water. The solid was then dried in an oven at 100 °C for
72h. The Ni/Al content in the co-precipitate was deter-
mined by EDAX (energy dispersive analysis using X-
rays) and atomic absorption spectroscopy. The results
obtained from both techniques were in good agreement
and are given in table 1. A sample of the solid was
heated at 1°C/min in air to 400 °C, and was calcinated
at this temperature for 4h. The calcinated solid was
pelletized and reduced at 600°C in a nitrogen stream
with 20% of hydrogen to obtain Cat 1, Cat 2, and
Cat_3 from HT_1, HT 2, and HT_3, respectively. The
degree of reduction of the sample was determined from
the consumption of hydrogen.

2.2. BET area

BET surface areas were calculated from the nitrogen
adsorption isotherms at 77K using a Micromeritics
ASAP 2000 surface analyzer, and a value of 0.164 nm?
for the cross-section of the nitrogen molecule.

2.3. Hydrogen chemisorption

The hydrogen chemisorption was measured with a
Micromeritics ASAP 2010C instrument equipped with

Table 1
Chemical composition of the hydrotalcite-like precursors

Compound Formula Composition after calcination at 400 °C
(wt%)

HT_1 Nig 93 Al; (OH);.96(NO3)0 0s(CO3)g67 % 2.7 H,O 46.7 Ni, 21.5 Al, 31.8 O

HT_ 2 Nij o1 Alj (OH)g.02(NO3).04(CO3)p.45 % 2.5 HO 58.6 Ni, 13.5 Al, 27.9 O

HT_3 Nij Al (OH)7,64(NO3)9,06(CO3).47 X 2.4 H,O 64.0 Ni, 9.8 Al, 26.2 O
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a turbomolecular pump. Samples had previously been
reduced under the same conditions in which the catalyst
had been prepared. After reduction, the hydrogen on the
nickel surface was removed with 30 mL/min of He for
30min at 410 °C. The sample was subsequently cooled
to 30°C under the same He stream. The chemisorbed
hydrogen was analyzed at 30°C. The surface of the
nickel atoms was calculated assuming a stoichiometry
of one hydrogen molecule adsorbed for every two surface
nickel atoms and an atomic cross-sectional area of
6.49 x 1072 m? per Ni atom.

24. X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) patterns of the
catalysts were obtained with a Siemens D5000 diffract-
ometer using nickel-filtered CuK« radiation. Structural
evolutions during thermal treatment in air and under a
reducing atmosphere were monitored in situ with a
high-temperature XRD attachment. The patterns were
recorded over a range of 260 angles from 5 to 85°, and
compared to the X-ray powder references to confirm
phase identities. Particle size for the oxidic and reduced
phases was calculated with the Scherrer equation applied
to the more intense diffraction lines.

2.5. Thermal analysis

The thermogravimetric (TG) analyses were carried
out on a Perkin-Elmer TGA 7 microbalance with an
accuracy of 1pg and equipped with a 0—-1000 °C pro-
grammable temperature furnace. Samples of 25mg
were heated at 5°C/min up to 900°C in a flow of dry
helium (80 mL/min). The nature of the gases evolved
during the thermal decomposition process was moni-
tored with a QTMD FISONS mass spectrometer.

2.6. Reactor set-up

Experiments were performed in a tubular reactor,
which has been described in detail elsewhere [22]. The
unit consisted of a catalytic packed-bed reactor, con-
structed with a 12.7mm (1/2in.) o.d. 316-L stainless
steel tube, mounted inside an electric furnace. Tempera-
tures in the catalytic bed were measured with three
0.5mm o.d. thermocouples (type K), placed at different
heights inside a 3.18 mm (1/8in.) o.d. 316-L stainless
steel sheath along the center of the reactor. The first
thermocouple (TI 02) measured the temperature at the
beginning of the bed, the second (TI 03) at half the
height of the bed, and the last (TI 04) at the outlet to
the bed. For each experiment, the differences in tem-
perature between these three measurements never
exceeded 10°C. The catalytic bed was therefore con-
sidered to operate isothermally and the average tem-
perature of the bed was used as the temperature of the
catalyst. Water and sunflower oil were pumped at

room temperature by two electronic metering pumps
and vaporized in preheaters before they entered the
reactor. Nitrogen was mixed with steam in the preheater
and used as carrier gas and internal standard for gas
analysis by gas chromatography. Non-converted frac-
tions were recovered in a system of condensers and
cold traps. The catalyst was grounded and sieved to the
range 0.20-0.30mm, and 0.8 g of catalyst was loaded
into the reactor. The catalyst was diluted with approxi-
mately 12 g of tabular a-alumina T-60 (ALCOA) of the
same size so that the endothermic character of the
reaction would not produce any excessive gradients in
the catalyst bed.

2.7. Product analysis

The gas composition of the product was determined
with an on-line HP 5890A gas chromatograph equipped
with a Carboxen 1000 packed-bed column (mesh 60/80,
1.5mlongand 3.18 mm (1/8 in.) 0.d.), and a thermal con-
ductivity detector. A pneumatic 10-way valve (VALCO
A-4C10UWT) was used to inject the sample through a
1 mL sample loop, and helium was used as the reference
gas. This configuration allowed hydrogen, nitrogen,
methane, carbon dioxide, carbon monoxide, acetylene,
ethylene, ethane, and a CJ peak to be separated simulta-
neously in an analysis that ran for 20 min. The organic
phase of the liquid condensed at the reactor outlet was
measured and analyzed. The elemental composition
was obtained with a Carlo Erba EA1108 analyzer and
its main components were determined by GC-MS.

2.8. Vegetable oil

This study used a sample of commercial refined sun-
flower oil. The elemental composition of the oil was
determined with a Carlo Erba EA1108 analyzer. The
weight percentages of the oil components were
75.94+0.3 for carbon, 12.1 +0.2 for hydrogen, and
12.0 £+ 0.4 for oxygen, which corresponds to an average
formula of C18H34'402'1 .

3. Results and discussion

The dominant parameters for the steam reforming
reaction are the catalyst temperature, the molar steam-
to-carbon (S/C) ratio, and the amount of feed processed
per unit of catalyst, measured as space velocity. In our
work we adjusted the space velocity to values that were
high enough for the oil not to be completely converted.
The range of catalyst temperature we investigated was
from 515 to 615°C and the S/C ratios were 3, 6, and 9.
In these conditions the cracking of the oil was minimized
and less than 7% of the fatty acids of the oil were
degraded by cracking [22]. Table 2 shows the remaining
experimental conditions for the steam reforming of
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Table 2
Steam reforming of sunflower oil: operating conditions, product gas flow rate, and gas composition. All experiments were conducted at a sunflower oil flow
rate of 0.4 g/min, a carrier gas (N,) flow rate of 0.26-0.29 L/min, and a catalyst load of 0.8 g+ 12 g of a-alumina

Run  Catalyst S/C Temperature (°C) Reactor  Time on Gas Gas composition (%)
no. ratio pressure stream flow rate

(mol/mol)  Furnace Average (bar) (min) (L/min)* H, CcO CO, CH; C,H, GCH,; GCH¢ Ci
201 Cat_l 9 650 577 2.83 60 1.80 68.5 45 242 27 0.0 0.0 0.0 0.0
202 600 547 2.67 63 1.20 709 2.0 260 09 0.0 0.1 0.1 0.0
203 550 514 2.53 41 0.62 718 0.8 27.0 0.2 0.0 0.1 0.1 0.0
198 6 650 589 2.12 58 2.10 67.9 5.1 24.1 2.7 0.0 0.1 0.1 0.0
199 600 551 2.09 60 1.28 70.0 32 252 1.5 0.0 0.1 0.1 0.0
200 550 521 1.96 60 0.73 714 13 266 04 0.0 0.1 0.1 0.0
233 3 650 610 1.53 60 1.81 65.6 10.0 20.6 3.6 0.0 0.2 0.1 0.0
234 600 580 1.43 60 1.38 68.1 56 235 26 0.0 0.1 0.1 0.0
206 550 536 1.24 60 0.55 704 22 262 09 0.1 0.1 0.1 0.0
217 Cat_2 9 650 587 2.22 60 1.46 69.5 42 243 1.7 0.0 0.1 0.0 0.0
180 600 553 1.49 100 0.93 717 20 257 04 0.0 0.1 0.1 0.0
218 600 552 2.11 60 091 713 19 260 0.6 0.0 0.1 0.0 0.0
181 550 516 1.39 100 0.46 721 0.8 268 0.1 0.0 0.1 0.1 0.0
219 550 515 1.95 60 0.50 718 0.7 271 02 0.0 0.1 0.0 0.0
214 6 650 589 1.67 60 1.56 675 64 231 28 0.0 0.1 0.0 0.0
215 600 556 1.60 60 1.05 69.5 34 251 1.8 0.0 0.1 0.1 0.0
216 550 524 1.47 60 0.60 71.3 1.4 267 04 0.0 0.1 0.0 0.0
220 3 650 606 1.22 60 1.42 66.6 9.0 21.1 3.0 0.0 0.2 0.1 0.0
221 600 571 1.04 60 0.94 689 46 242 1.7 0.3 0.2 0.1 0.0
222 550 535 0.82 60 0.51 708 2.0 262 0.7 0.1 0.2 0.1 0.0
192 Cat_3 9 650 597 1.78 62 1.32 70.7 3.8 243 09 0.0 0.2 0.1 0.0
193 600 558 1.67 61 0.79 712 19 261 05 0.1 0.2 0.1 0.0
194 550 519 1.57 60 0.41 723 0.8 265 02 0.0 0.1 0.1 0.0
189 6 650 600 1.32 60 1.47 69.0 58 233 1.6 0.1 0.1 0.1 0.0
190 600 564 1.25 60 0.97 710 29 250 0.8 0.1 0.1 0.1 0.0
191 550 528 1.14 60 0.54 719 13 263 03 0.0 0.1 0.1 0.0
195 3 650 613 0.78 60 1.07 66.0 10.6 197 3.0 0.2 0.3 0.3 0.0
196 600 580 0.74 66 0.71 682 57 232 23 0.1 0.3 0.2 0.0
197 550 539 0.66 60 0.39 712 19 257 0.7 0.1 0.2 0.1 0.0

#N,-free basis.

sunflower oil with our catalysts and the gas flow rate and
gas composition for each experiment. The activity of the
catalysts was monitored by the extent of oil conversion
and by the production of hydrogen, which was measured
in moles of hydrogen produced per mass of catalyst (in g)
and time (in h). Oil conversion was calculated from the
amount of carbon contained in the oil feed and the
amount converted to carbon-containing gases by
the steam reforming reactions (CO, CO,, and CHy).
The results for oil conversion and hydrogen production
are shown in figures 1 and 2, respectively, for the three
catalysts. As a general trend, higher temperatures
increased the reaction rate and more carbon from the
feed was converted to gas products (CO,, CO, CHy,
C,, and C7); C, and C§ were formed exclusively through
cracking [22] and were always present in very minor
amounts (<2% of feed). Depending on the combination
of catalyst and operating conditions, between 18 and
97% of the carbon contained in the oil was converted
to reforming products (CO,, CO, CH,). The concentra-
tion of hydrogen in the gas was around 70% for all the

experiments, even for different catalysts, reaction tem-
peratures, and S/C ratios, while the concentrations of
CO,, CO, and CH, were strongly dependent on the
reaction conditions.

From highest to lowest the activity of the catalysts was
Cat_1 > Cat_2 > Cat_3, regardless of the reaction tem-
perature and the steam-to-carbon ratio. Oil conversion
(figure 1) for the first catalyst (Cat_1) was similar at S/C
ratios of 6 and 9, but it was significantly lower at an S/C
ratio of 3. For instance, at a reforming temperature of
580 °C oil conversion was 0.53 at an S/C ratio of 3, but
around 0.95 at an S/C of 6 and 9. The activity of the
second catalyst (Cat_2) was lower than that of Cat_1 at
all the combinations of temperature and S/C ratio we
tested. It was also less active at an S/C of 3 and the oil
conversion at an S/C of 6 was consistently higher than at
an S/C of 9; at 590 °C oil conversion was 0.79 and 0.71
for S/C ratios of 6 and 9, respectively. Finally, Cat_3
was the least active of the three and its qualitative behavior
was equivalent to that of Cat_2: its lowest activity was at
an S/C ratio of 3 and the highest at 6. Trends were similar
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Figure 1. Oil conversion to gas products as a function of reforming tem-
perature for the three catalysts. Steam-to-carbon ratios: 3 (O), 6 (V), and
9 (O). Lines only indicate trends.

when the production of hydrogen was analyzed (figure 2).
For instance, at a catalyst temperature of 550 °C and an
S/C ratio of 6, hydrogen production values were 2.7, 1.9,
and 1.6mol H,/(g.h) for Cat_1, Cat 2, and Cat 3,
respectively. Moreover, Cat_1 had similar hydrogen pro-
ductions at S/C ratios of 9 and 6, but the reaction rate
decreased when the S/C ratio was lowered to 3. Cat_2
and Cat_3 had better hydrogen productions at an S/C
ratio of 6 than at an S/C ratio of 9. The different behaviors
of the catalysts must be due to their surface characteristics
and the mechanism of the steam reforming reaction.

It is commonly accepted that the mechanism of the
steam reforming process involves the organic molecule
being adsorbed onto the metal surface of the catalysts
(nickel), where it reacts with water molecules that are
adsorbed onto the alumina that supports the metal
particles (reaction 1). The primary reaction products
are hydrogen and carbon monoxide, which subsequently
react to form carbon dioxide and methane through the
water-shift (reaction 2) and the methanation (reaction
3) equilibrium reactions [40—44]. The adsorption of the
organic molecule onto the metal sites appears to be the
limiting step of the reaction process, and water molecules
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Figure 2. Hydrogen production as a function of reforming temperature for
the three catalysts. Steam-to-carbon ratios: 3 (O), 6 (V), and 9 (O). Lines
only indicate trends.

can also be adsorbed onto the metal surface and even
react with the organic adsorbed from the gas phase.

C,H,, O + (n — k)H,O — nCO + (n +m/2 — k)H,

(1)

CO + H,0 = CO, + H, 2)

CO + 3H, = CH, + H,0 (3)

C,H,,0; + (2n — k)H,O — nCO, + (2n + m/2 — k)H,
(4)

The overall steam reforming reaction of an organic
compound (C,H,,0,) is the combination of reactions
(1) and (2) and can be expressed according to reaction
(4), which gives the maximum hydrogen yield that can
be obtained stoichiometrically. Temperature did not
substantially affect the hydrogen mole fraction at
equilibrium in the range that we studied, but it had a
significant effect on the distribution of carbon among
CO, CO,, and CHy, as we have observed experimentally.
Higher temperatures tend to decrease the equilibrium
concentrations of methane and carbon dioxide and to
increase the concentration of carbon monoxide. In this
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Table 3
Characteristics of the Ni-based catalysts obtained by calcination of the
hydrotalcite-like precursors at 673 K and reduction at 873 K

Catalyst BET area  Metal area XRD phases detected
(m*/g) (m*/g)
Before reaction  After reaction
Cat_1 130.0 12.8 Ni (5.6) Ni (21.1), NiO
Cat_2 104.0 17.2 Ni (6.7) Ni (23.0), NiO
Cat_3 96.0 12.5 Ni (8.4) Ni (28.2), NiO

* Numbers in parentheses are particle sizes (in nm) calculated by the Sherrer
equation.

case, the hydrogen released by the disappearance of
methane was consumed when CO, was transformed
into CO, and the hydrogen concentration remained
almost constant.

The surface characteristics of the catalysts were
analyzed by XRD, BET surface, H, chemisorption,
and TGA. The values of the BET area, the metal surface,
the main phases detected by X-ray diffraction, and the
size of the nickel particles, before and after the reaction,
are reported in table 3. The most active catalyst, Cat_1,
had a metal area of 12.8m?/g, while Cat 2 had
17.2m2/g and Cat_3 12.5 mz/g. Although Cat_3 had
the highest nickel content it had the lowest metal area,
because of the lower dispersion of the metal. The diam-
eter of the nickel particles was found to be approxi-
mately 8.4nm for this catalyst, while it was 5.6 and
6.7nm for Cat_1 and Cat_2, respectively. The activity
of Cat_3 was lower than that of Cat_1 and Cat 2 and
this is consistent with the low metal area and nickel
dispersion. However, the metal area by itself does not
explain why the activity of Cat_1 (12.8 m?/g) is consider-
ably higher than that of Cat 2 (17.2m?/g). When the
values of the BET areas are considered it is observed
that this parameter increases together with the catalyst
activity. Cat_1 has a BET area of 130 m*/g, while those
of Cat_2 and Cat_3 are 104 and 96 m?/g, respectively.
As expected, the BET area of the catalyst increased as
the aluminum content rose and the amount of nickel
was lower. This trend is consistent with the reaction
mechanism: the higher the BET area is, the more water
is adsorbed on the catalyst surface, which can react
with the organic molecules adsorbed on the metal
active sites, and the reaction proceeds faster. The capa-
city for water adsorption was measured by TGA in an
inert atmosphere on samples of the catalyst used. The
samples were held at 300 °C for 1h before the analysis
to eliminate moisture, in such a way that only the
water molecules that were chemisorbed were kept in
the sample. Figure 3 shows the total weight loss as the
temperature was increased from 400 to 900 °C at a heat-
ing rate of 10°C/min. Cat_1 had a weight reduction of
9.5%, while Cat 2 and Cat_3 had values of 6.5%.
These results are in agreement with their BET areas
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Figure 3. Determination of water adsorbed on the spent catalysts by TGA.

(130m?/g for Cat_1, 104m?/g for Cat 2, and 96m?/g
for Cat_3).

Considering the previous results and the reaction
mechanism of steam reforming, we can explain qualita-
tively the behavior of the catalysts we prepared from
hydrotalcite-like materials. The organic molecules
(fatty acids) were adsorbed on the metal sites, while the
steam molecules were preferentially adsorbed on alu-
mina. The optimum situation was when steam was
adsorbed on the support and reacted in the metal inter-
face with the organic that adsorbed there, but as the
partial pressure of steam increased water molecules
competed with the organic molecules for the metal
sites. For Cat_1, increasing the S/C ratio from 3 to 6
caused a significant increase in conversion and hydrogen
production, but further increasing the S/C ratio to 9 did
not have a significant effect. The situation was the same
for Cat_2 and Cat_3 when the S/C ratio was increased
from 3 to 6, but when the S/C ratio was increased from
6 to 9 for both catalysts the conversion and hydrogen
production decreased. This was due to the fact that
steam competed for the metal surface at high partial
pressures of steam. This was not so important for
Cat_1 because of its greater capacity for water adsorp-
tion. The capacity for water adsorption also explains
why Cat_1 was more active than Cat_2 despite its
lower metal area. At an S/C ratio of 3 the H, production
for these catalysts is only slightly different, but at higher
S/C ratios Cat_1 became more active than Cat_2. This is
because the surface area of Cat_1 was greater and it was
capable of accommodating a higher partial pressure of
water without the adsorption of the organic molecules
onto the nickel particles being affected.

Variations in the catalyst activity were investigated in
experiments conducted for a few hours under constant
reaction conditions. For instance, figure 4 shows the
gas flow rate and the gas composition for a 12 h reform-
ing experiment conducted with Cat_1 at 575°C, an S/C
ratio of 2.9, and an average oil conversion of 0.5. A
slight loss of activity was observed after 6 h of reaction,
with a minor decrease in the flow rate of product gas.
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Figure 4. Catalyst activity as a function of reaction time for Cat_l at a
reforming temperature of 575°C and an S/C ratio of 2.9. Top: gas flow
rate (A). Middle: gas composition, H, (O), CH4 (V), CO (O), and CO,
(<). Bottom: gas composition, C,Hy (H), C,H, (V), and C,H, (@).

There was no significant change in the concentration of
the major components of the gas (hydrogen, carbon
oxides, and methane), although the concentration
of cracking gases (ethane, ethylene, and acetylene)
increased somewhat. Similar trends were observed for
Cat_2 and Cat_3. The catalysts were characterized
after the 12 h reaction period by XRD, and the results
are compared with those of the fresh catalysts in figure
5. In the fresh catalysts only the Ni phases were detected
in all cases. Although a NiO phase may also be present, it
was not detected because it did not have the degree of
crystallinity required for detection. The dispersion of
the metal was too high. The samples of catalysts used
showed Ni and NiO phases. The NiO phase may
appear because of an increase in the amount of NiO
produced by the oxidation of the Ni phase, or by an
increase in the degree of crystallinity of the NiO due to
the high reaction temperature. Sintering of the catalysts
was shown to have taken place by calculating the Ni
crystal sizes, which increased from 5.6 to 21.1 for
Cat_1, from 6.7 to 23.0 for Cat_2, and from 8.4 to 28.2
for Cat_3.
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Figure 5. X-ray diffraction spectra of the catalysts before (top) and after
reaction (bottom). Main phases detected: W, Ni; @, NiO.

4. Conclusions

Three hydrotalcite-like materials with different Ni/Al
atomic ratios were synthesized and used to prepare steam
reforming catalysts. The catalysts were characterized by
XRD, BET areas, TGA, and hydrogen chemisorption
techniques. After the hydrotalcites had been calcined,
well-dispersed NiO particles were obtained. Their
crystallite sizes decreased when the nickel content was
lower. The reduction of the NiO phase also depended
on the nickel content. Low nickel content gave rise to
lower reduction degrees and higher BET areas.

The catalysts were tested for the steam reforming of
sunflower oil to produce hydrogen, and it was shown
that the catalyst with the lowest nickel content (Cat_1)
had the highest activity throughout the range of tempera-
tures and S/C ratios we covered. This is because of its
smaller nickel crystallite size and higher BET area and
water adsorption capacity. The catalysts showed some
sintering after 12h of reaction, although much longer
experiments are required if the extent of catalyst sinter-
ing and deactivation is to be assessed.
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