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ABSTRACT

Interest in steam reforming of liquid hydrocarbons is growing due to the necessity of developing reliable
alternatives for their use in fuel cells. In particular, solid oxide fuel cells, which can operate with mix-
tures of H, and CO, are excellent candidates for being fed with liquid fuels coming from both fossil and
renewable sources. Fossil-derived, synthetic diesel is an interesting option.

In this work, an Al,03-ZrO,-supported nickel-alumina spinel was tested in a lab-scale isothermal
packed-bed reactor as a catalyst of steam reforming of propane, hexadecane and tetralin as surrogates of
constitutive families of all commercially available diesel fuels.

The results show that the reaction reaches equilibrium at reaction severities lower than those reported
in the literature. When operated at steam excess of 250%, carbon formation is not higher than expected by
theoretical thermodynamic equilibrium calculations, and no significant catalyst deactivation is observed
over the test durations. Scanning electron microscopy of the fresh and used catalyst surfaces shows no
significant quantities of carbon.

Propane

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In a world preoccupied by environmental threats, such as
green house effect gas emissions, and high energy costs, fuel cells
are promising “chemical energy-to-electricity” converters. This is
mainly attributed to their higher conversion efficiency and the
possibility of feeding them with fuels coming from renewable
resources (i.e., green diesel).

In the case of solid oxide fuel cells (SOFC), H,, the ideal feed
can be combined with CO (i.e., syngas) without harming SOFC,
which can use it as co-fuel. H, can be obtained from hydrocarbon
reforming. The three main methods are catalytic partial oxidation
(Reaction (1)), steam reforming (Reaction (2)), and auto-thermal
reforming. Diesel is a good candidate for in-line H, production by
reforming because of its high hydrogen density, already-existing
distribution networks/facilities and safe storage:

CnHm + 205 — nCO+ 2H, (AH < 0) 1)
CaHpm + nHp0 — nCO + (n+ )H, (AH > 0) 2)

Steam reforming, studied in this paper, has the advantage of
producing a higher H, concentration than catalytic partial oxida-
tion. The literature reports 70-80vol% H, concentration in steam
reforming products whereas 35-45vol% are the respective num-
bers for equivalent partial oxidation reactions [1]. The main reason
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is that in partial oxidation no H; is associated with the oxidant
(03). In addition, partial oxidation is an exothermic reaction, and
hot spots at the catalytic bed are a usual technical nuisance, which
leads to higher catalyst aging rates [1].

The objective of this work was to test a new formulation
(Al,03-YSZ-supported NiAl,04) in diesel steam reforming. Pre-
vious works [2-4] have disclosed that similar formulations are
efficientin naphthalene and CH,4 steam or CO; reforming with aging
resistance near that of much more expensive noble metal-based
catalysts.

1.1. Reforming catalyst

Transition metals are commonly deployed for reforming reac-
tions. Noble and non-noble metals are employed, with the first one
being usually more resistant but more expensive [1,5].

There are three main causes of hydrocarbon reforming catalyst
deactivation: (a) sintering, mainly produced by the surface mobil-
ity of active metals at high operating temperatures; (b) sulphur
poisoning: organic sulphur contained in fossil fuels, under reform-
ing conditions, is converted to S~ which reacts with active metals
at the catalyst surface. The sulphides so formed are catalytically
inactive, because they prevent reactants from being adsorbed on
the catalytic surface [6]; (c) coking, a term for carbon-rich com-
pound formation and deposition. Two main undesirable reactions
generate carbon deposition: Boudouard reaction (CO dispropor-
tionation to C and CO,), and hydrocarbon cracking. Deactivation
through coking is different in non-noble and noble metals, namely,
metallic nickel allows carbon diffusion and dissolution which
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Nomenclature

k activation energy
N number of moles
Vo flow rate (molh™1)
Aw catalyst weight (g)
X conversion

y molar fraction

results in the formation of whisker carbon [7]. On the other hand,
noble metals do not dissolve carbon significantly, culminating in
less carbon formation and different carbon deposition mechanisms
[7].

In diesel or other hydrocarbon reforming reactions, the cata-
lyst is usually deactivated within 100 h of use [8-10]. Depending
on the catalyst and reaction severity (mainly sufficiently low
space velocities), concentrations close to theoretical thermody-
namic equilibrium can be reached. Strohm et al. [10] studied
the steam reforming of simulated jet fuel without sulphur and
reported constant H, concentrations of 60vol% for 80h with
a ceria—alumina-supported rhodium (Rh) catalyst. The reactions
occurred at temperatures below 520°C and an H,0/C molar ratio
of 3. When they added 35 ppm of sulphur in the feed, the catalyst
was deactivated within 21 h.

With an Al,03-supported bimetallic noble metal and a metal-
loading <1.5% catalyst, Ming et al. [6] obtained constant H
concentrations of 70% over a 73-h steady state operation for hex-
adecane steam reforming. The H,O/C molar ratio was 2.7, with
an operating temperature of 800°C. When non-noble metals are
employed, deactivation takes place within 8 h with less H, in
the products under most reaction severities [7,11,12]. Kim et
al. [13] noted H, concentrations of 72-65% over a 53-h steady
state operation with a magnesia-alumina-supported nickel cata-
lyst (Ni/MgO-Al,03) at a temperature of 900 °C, gas hourly space
velocity (GHSV) of 10000 h~! and an H,0/C molar ratio of 3. They
alsoreported lower deactivation rates when a noble metal (Rh) was
added to the catalyst.

1.2. Reactor design

Since the reforming reactions are fast (high space velocities),
reactor design is critical when liquid hydrocarbons have to be fed.
The two major constraints are (a) as complete as possible mix-
ing of the reactants (hydrocarbons and water) prior to entrance
in the reaction zone, and (b) liquid pre-heating/vaporization/gas
pre-heating of the reactants under such conditions that undesir-
able carbon forming cracking reactions might not take place to
a significant extent. Hydrocarbons are not miscible with water,
and if the above mentioned constraints are not respected, hydro-
carbons pyrolysis occurs prior to the reaction in the pre-heating
section [14]. Two reactor feeding methods have been described in
the literature [14-17]: vaporization and atomization. When diesel
is atomized, thermal cracking reactions are limited. By decreas-
ing the size, and therefore increasing the surface of each droplet,
better water/hydrocarbon mixing is reached prior to heating. Bet-
ter pre-mixing of the reactants lowers thermal cracking reaction
occurrence [14]. The usual means adopted for this purpose are
ultrasound-enhanced or other commercial diesel engine injectors
[14,16].

2. Materials and methodology

In the reported tests, the reactor exit concentrations of Hy, CO,
CO; and CH4 were compared to theoretical thermodynamic equi-

librium concentrations, to determine if equilibrium was reached.
Thermodynamic equilibrium concentrations were calculated with
FactSage software on the basis of Gibbs energy minimization.

2.1. Catalyst preparation and analysis

The NiAl;04/Al;03-YSZ catalyst tested in this work was
produced by the wet impregnation method. Al;O3 and YSZ
(Y203-Zr0O,) (50-50%) support was prepared by mixing the two
powders mechanically. Two Al,O3 powder sizes were studied:
NiA1204/A]203—YSZ-1 at 20-40 nm, and NiA1204/A1203—YSZ-2 at
40 wm. YSZ powder size distribution had an upper limit at 20 pm.
The Al;05 and YSZ powder was impregnated with a Ni(NO3 ),-6H,0
aqueous solution (for 5% weight nickel (Ni) load in the final for-
mulation). Water was evaporated, and the resulting impregnated
powder dried overnight at 105 °C. It was crushed-comminuted and
calcined at 900°C for 6h to form the NiAl,O4 spinel. Catalysts
were analyzed by scanning electron microscopy (SEM) Hitachi S-
4700 Field Emission Gun and energy dispersive X-ray spectroscopy
(EDXS) Oxford EDXS detector with an ultra-thin window ATW2.

2.2. Reforming

Propane reforming was undertaken for preliminary testing of
the catalysts. Propane was chosen because it is the simpler satu-
rated hydrocarbon containing carbon linked chemically with two
other carbon atoms. Hexadecane reforming and tetralin reform-
ing were performed to test the catalyst with paraffin and aromatic
compounds. Hexadecane was chosen as a surrogate of diesel’s
paraffinic compounds while tetralin was selected as a represen-
tative of diesel’s naphthenic and aromatic part.

A schematic of the reactor is presented in Fig. 1. Reactor inner
diameter was 46 mm, and catalytic bed length was 60 mm. The
catalyst in powder form is dispersed in quartz wool. The quartz
wool is then compacted in the reactor to form a catalytic bed of
quartz fiber containing catalyst particulates. Since the flow enter-
ing the bed comes from the injection device, it is highly turbulent
and has no enough time to become fully developed. This config-
uration prevents channeling issues and helps obtaining a uniform
catalytic bed with the small amount of catalyst used. In the case of
propane reforming, gaseous propane was mixed with 110 °C steam

H,O and Argon
Hydrocarbon
mixture — ., Pre-heating zone
/
T=Ten~
T=Tr I_ Reaction
| zohe
T=TR N .
Catalytic zone

e

Fig. 1. Schematic of the steam reforming reactor for liquid hydrocarbons.
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Fig. 2. Steam reforming of propane at different temperatures and GHSV with HO/C=3.

before entering the pre-heating zone, which was maintained at
750°C. In case of hexadecane and tetralin reforming, the emul-
sion, as explained below, entered at room temperature and was
rapidly heated in the pre-heating zone maintained at 500°C. The
temperature just before the catalyst bed is between 30°C and 45 °C
below the reaction temperature, depending upon the operating
parameters. The measured temperatures for the hexadecane and
tetralin reforming experiments with NiAl,04/Al,03-YSZ-2 catalyst
are indicated in the results section. Argon served as inert diluant
and internal standard for liquid hydrocarbon steam reforming.

Propane was reformed in the packed-bed reactor (PBR)
described above. The reactor was heated to the desired temperature
under an argon (Ar) blanket. Ar flow was switched off prior to feed-
ing the reactants. The reaction temperatures tested were 750 °Cand
700°C; pressure was barometric or slightly higher due to pressure
loss along the PBR set-up, and the H,0/C molar ratio was 3. The
GHSV was between 2900 and 5950 cm2,,. gc‘alt h~! under reaction
conditions.

The method chosen to enhance hydrocarbon/water mixing was
the formation of an emulsion of two immiscible reactants in a
surfactant-aided protocol. This emulsion was heated and vapor-
ized before reaching the catalyst. The PBR described above with the
catalyst dispersed in quartz wool was used for hexadecane reform-
ing. H,0/C was 2.5 for hexadecane reforming and 2.3 for tetralin
reforming. The operating temperature was between 630°C and
720°C with GHSV ranging from 1900 to 12000 cm3.,. ggalt h~! at
barometric pressure. Reforming products were analyzed in a Var-
ian CP-3800 gas chromatograph. The exit gaseous flow rate was
measured using a mass flow rate mass meter (Omega FMA-700A).

2.3. Conversion calculations

Overall conversion was calculated for liquid hydrocarbon
reforming based on the total amount of carbon fed in the reactor.

Table 1
Gaseous concentrations measurement errors.

Gas Standard gaseous Absolute error (on Relative error (%)
concentration (%) % concentration of
the standard)
H, 55.16 0.46 0.83
co 19.70 0.21 1.05
CO, 6.96 0.38 5.45
CHy 2.08 0.04 1.87
Ar 16.10 0.22 1.37

Hydrocarbons were considered to be converted when they were
transformed into gaseous products (CO, CO, or CHy). The carbon
found in the reactor after the experiment was therefore not con-
sidered as converted hydrocarbon. The following equation (Eq. (3))
was applied:

3 Ncogy + Neo,, , +Nety,,
NC,»,.Hnin x M + Nsyrfactant;, < Y

(3)

N being the total number of moles, and Y, the number of carbon
atoms in the surfactant.

3. Results
3.1. Measurement errors

Errors associated with concentration data obtained by gas chro-
matography (GC) are presented in Table 1. They were calculated by
using an external standard.

In addition to the GC concentrations measurement errors, the
mass flow meter used to measure the exit gas flow introduces a sec-
ond error in the conversion calculations. The accuracy of the mass
flow meter is 1%. Maximum and minimum values were therefore
calculated for each conversion, using the extreme values for con-
centrations and flow rate based on the known error and accuracy.

Fig. 3. SEM picture of the fresh NiAl,04/Al,03-YSZ-1 catalyst.
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Fig. 4. SEM picture of the NiAl,04/Al,03-YSZ-1 catalyst after propane reforming.

3.2. Propane catalytic steam reforming with the
NiAl;04/Al,03-YSZ-1 catalyst

The results of propane steam reforming with the
NiAl;04/Al;03-YSZ-1 catalyst are presented at Fig. 2. During the
first 10 h of reaction, the temperature was kept constant at 750 °C.
For the last 2 h, it was decreased to 700 °C. The observed H;, concen-
tration was constant at 70% for the 12 h of operation, and methane
concentration was below 1% for the entire reaction time. There was
no deactivation of the catalyst. The shift in carbon monoxide and
carbon dioxide concentrations with the decrease in temperature
followed the predictions of theoretical thermodynamic equilib-
rium calculations. During the first 6 h of reactions a variation in the
CO and CO, concentrations has been observed. This is due to the
variability of the process over time and the measurements error.
However, the gaseous concentrations are near those predicted by
the theoretical thermodynamic equilibrium calculations.

SEM pictures of the catalyst before and after 12 h of reaction are
shown in Figs. 3 and 4, respectively. No carbon deposition on the
catalyst was evident. The somewhat larger catalyst grains observed
in Fig. 4 were explained by some sintering activity which was not,
nevertheless, sufficient to lower activity under reaction conditions.
These results being positive, the catalyst was then tested on hex-
adecane steam reforming.
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Fig. 5. Thermal cracking of hexadecane with H,0/C=2.5.
Table 2

Thermal cracking of hexadecane with HO/C=2.5 : Gas product
composition at 25°C.

Product Gaseous concentration (% mole)
CO, 1.4
co 3.2
H, 8.1
CH4 19.7
CoHy 46.2
CoHg 45
C3Hs 15.4
C4Hqo 1.5

3.3. Hexadecane catalytic steam reforming with the
NiAl,04/Al;03-YSZ-1 catalyst

The results of a blank experiment are illustrated in Fig. 5. This
blank experiment was performed without catalyst but with quartz
wool as inert bed in the PBR, at a temperature of 710°C and a flow
rate of 22700 cm?3 h~!. The concentrations corresponded to crack-
ing, and no reforming reaction took place in the reactor without the
catalyst. A major part of hexadecane was transformed into coke in
the reactor, and conversion (as defined in Eq. (3)) was only 25%. In
addition to this blank experiment, an experiment at 650 °C has been
done aimed at measuring the concentration of the gas just before
entering the catalytic zone. The concentrations of the gaseous prod-
ucts (at 25°C) are presented in Table 2. The conversion as defined
by Eq. (3) was only of 6%. The hexadecane conversion including the
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Fig. 6. Steam reforming of hexadecane at different temperatures and GHSV with NiAl,04/Al,03-YSZ-1 catalyst.
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Table 3
Operating conditions for hexadecane steam reforming with the NiAl,04/Al,03-YSZ-2 catalyst.
Experiment GHSV (cm3g-'h1) Entrance temperature (°C) Reaction temperature (°C) H,O/C ratio
1 5,000 655 710 2.5
2 4,800 648 670 2.5
3 12,000 645 670 25
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Fig. 7. SEM picture of the NiAl,04/Al;03-YSZ-1 catalyst after hexadecane reform-
ing.

ethane, ethylene, propane and butane in the calculation was 42%.
The rest of the reactants were collected as condensed liquid phase
at the exit of the reactor.

The results of hexadecane steam reforming with the
NiAl;04/Al;03-YSZ-1 catalyst are presented in Fig. 6. The cata-
lyst was used for 22 h under different GHSV and three different
temperatures, 720°C, 675°C, and 630°C, with an H,O/C ratio of
2.5.

Surface SEM analysis of the catalyst is reported in Fig. 7. As in the
propane reforming test, there was no carbon deposition. The extent
of sintering seemed to be higher. This could be linked to longer test
durations (22 h instead of 12 h for propane), but since the temper-
ature was lower, it was rather difficult to draw safe conclusions
based only on these preliminary qualitative findings. However,
no deactivation of the catalyst was due to this small extent of
sintering.
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Fig. 8. Experiment 1: steam reforming of hexadecane with the NiAl,04/Al;03-YSZ-
2 catalyst (GHSV=5000cm3 g1 h-1; T=710°C; H,0/C=2.5).

Fig.9. Experiment 2: steam reforming of hexadecane with the NiAl,04/Al;03-YSZ-
2 catalyst (GHSV=4800cm3 g1 h-1; T=670°C; H,0/C=2.5).

3.4. Hexadecane catalytic steam reforming with the
NiAl,04/Al;03-YSZ-2 catalyst

The results of three experiments on hexadecane steam reform-
ing with the NiAl,04/Al;03-YSZ-2 catalyst are reported in
Figs. 8-10. The catalyst was tested under three different sets of
operating conditions reported in Table 3.

It can be observed from experiments 1-3 (Figs. 8-10) that the
concentrations at the exit gas were stable and consequently there
was no catalyst deactivation observed. However, there was a slight
difference in the concentrations of experiments 2 and 3, even if they
were performed at the same temperature. This indicates that an
increase of the GHSV from 5000cm3g~'h~! to 12000cm3g-' h-!
at a temperature of 670°C had an effect on the reaction. In addi-
tion, conversion decreased at the higher GHSV. The calculated
conversions are presented in Table 4. The difference in calculated
conversions between experiments 1 and 2 is of the order of mag-
nitude of the systematic error associated with the measurements
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Fig. 10. Experiment 3: steam reforming of hexadecane with the

NiAl,04/Al;05-YSZ-2 catalyst (GHSV =12800cm3 g~ h~1; T=670°C; H,0/C=2.5).
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Fig. 11. SEM picture of the fresh NiAl,04/Al,03-YSZ-2 catalyst.

precision. The confidence intervals show that the conversion is sta-
tistically the same for both experiments. Moreover, as explained in
Section 4, concentrations are at equilibrium. Finally, the decrease
of temperature by 40 °C does not have a significant impact on con-
version (comparison of experiments 1 and 2).

Surface SEM and SEM-EDX analyses of the fresh
NiAl,04/Al,03-YSZ-2 catalyst are reported in Figs. 11 and 12.
Fig. 12 shows that spinel catalyst support is composed of two
types of distinct grains, those rich in alumina and those rich in YSZ.
SEM-EDXS analysis of these two types of grains revealed that Ni
was observable only on alumina grains.

SEM pictures of the catalyst after its use in experiments 1 and
3 are shown in Figs. 13 and 14, respectively. There is no appar-

NiARO4IAZO3-YSZ-2 (alumina particle)

N, ¥ 5
05 1 15 2 25 3 35
Ful Scale 11003 c1s_Cursor 0,095 keV 93 cts) —
NAZO4IALO3 YSE2 (zicoria particle

05 1 X
Full Scale 8945 ets Cursor 0.095 keV (333 c1s) ke

Fig. 12. SEM-EDXS of the fresh NiAl,04/Al,03-YSZ-2 catalyst.

ent change in the morphology of the support and no sintering was
observed.

SEM-EDXS analysis with the associated SEM picture of the
NiAl,04/Al,03-YSZ-2 catalyst after its use in the three hexade-
cane experiments are shown in Figs. 15-17. Small quantities of
graphitic carbon appear to be deposited only on the catalyst used
in experiment 3; no carbon nanofibers were observed.

Fig. 18 presents the SEM-EDXS analysis of a catalyst made of
metallic nickel deposited on the same substrate instead of the
spinel. The mass compositions of the two catalysts were the same
and the experiment took place at lower GHSV but all other opera-
tion conditions of experiment 3 were kept the same. The conversion
was lower (0.76) and the analysis (Fig. 18) shows that there is a
significant amount of carbon deposit on the catalyst including car-
bon nanofibers. This is a significant proof of the spinel’s improved
capacity to reform without favouring carbon formation and deposit.

Table 5 presents the BET analysis of the NiAl,04/Al,03-YSZ-2
catalyst before and after experiment 3. After the experiment, the
catalyst was mechanically sorted out of its quartz wool matrix;
however, some quartz wool remained with the catalyst. The quartz
wool contribution in the BET analysis is insignificant (BET analysis

Table 4
Calculated conversions for hexadecane steam reforming with
the NiAl;04/Al;03-YSZ-2 catalyst.

Experiment Conversion

1 0.94 (0.908-0.970)
2 0.97 (0.938-0.996)
3 0.86 (0.839-0.889)

10.0kV11.Smmn X500 YAGBSE

Fig. 13. SEM of the NiAl,04/Al;03-YSZ-2 catalyst (hexadecane - experiment 1).
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Fig. 14. SEM of the NiAl,04/Al,03-YSZ-2 catalyst (hexadecane - experiment 3).

of the quartz wool sample shows no measurable specific surface),
but it is part of the mass of the sample. The results show that there
is a relatively significant increase of the BET surface in the used
catalyst. This leads to the conclusion that there is no measurable
sintering; this fact is supported by the SEM analysis. At least a
part of the BET specific surface increase can be attributed to cat-
alyst grains breakage, also observed by SEM. Another part could
be associated with the experimental error due to the possibility

NAROLARO3YSE-2 hexadecane reforming 1 (alumina particle]
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Fig. 15. SEM-EDXS of the NiAl,04/Al,03-YSZ-2 catalyst (hexadecane - experiment
1).

NAZO2ARO3-YSZ-2 hexadecane reforming 2 (alumina particle)
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Fig. 16. SEM-EDXS of the NiAl,04/Al,03-YSZ-2 catalyst (hexadecane - experiment
2).

of having different quartz wool mass percentages in the measured
samples.

3.5. Tetralin catalytic steam reforming with the
NiAl,04/Al;03-YSZ-2 catalyst

The results obtained for tetralin steam reforming with the
NiAl;04/Al,03-YSZ-2 catalyst are presented in Fig. 19. The catalyst
was used under a GHSV of 4800 cm3 g~ h—1, an entrance tempera-
ture of 670°C, a reaction temperature of 705 °C with an H,O/C ratio
of 2.3. The conversion obtained was 0.69 (0.668-0.715), explained
by the higher refractory behaviour of cyclic/aromatic compounds
in reforming reactions. Gaseous concentrations at the exit were,
however, stable, with no deactivation of the catalyst. The BET sur-
face of the catalyst after the experiment was 40.0m2 g~!, which is
consistent with the observed behaviour in hexadecane reforming.

SEM-EDXS analysis with the associated SEM picture of the
NiAl;04/Al;03-YSZ-2 catalyst after use in the tetralin experiment
isshowninFig. 20. There is no significant carbon deposition, and the
results are similar to those obtained with the hexadecane reforming
at similar conditions (experiment 2).

Table 5

BET surface area analysis of the NiAl,04/Al,03-YSZ-2 catalyst.
Catalyst BET (m?g~1)
Fresh 35.0
After experiment 3 44.8
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Fig. 17. SEM-EDXS of the NiAl,04/Al,03-YSZ-2 catalyst (hexadecane - experiment
3).

4. Discussion

For hexadecane steam reforming with the NiAl,04/Al;03-YSZ-1
catalyst, and for the entire duration of the reaction, the concentra-
tions of Hy, CO, CO, and CH4 were all near the values predicted
from theoretical thermodynamic equilibrium calculations. Prod-
uct concentrations were still close to equilibrium, even if lower
temperatures decreased the rate of reforming reactions and ther-
modynamically favoured carbon formation and deposition through
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Fig. 19. Steam reforming of tetralin with the NiAl,04/Al,05-YSZ-2 catalyst
(GHSV=4800cm?g-1h~'; T=705°C; H,0/C=2.3).

the Boudouard reaction. The equilibrium concentrations for hex-
adecane steam reforming appear in Fig. 21.

Comparisons between theoretical equilibrium concentrations
and experimental concentration are shown in Fig. 22 for hexade-
cane and Fig. 23 for tetralin with the NiAl,04/Al,03-YSZ-2 catalyst.
It can be seen that the experimental concentrations were similar to
theoretical equilibrium concentrations. For experiment 3, at higher
GHSV, the concentrations were slightly different; these conditions
were thus considered as the limit to operate within equilibrium

conditions.
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Fig. 18. SEM-EDXS of the Ni/Al,03-YSZ catalyst (hexadecane reforming).
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Fig. 20. SEM-EDXS of the NiAl,04/Al,03-YSZ-2 catalyst (tetralin).
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Fig. 21. Equilibrium concentrations of hexadecane steam reforming with molar
H,0/C=2.5.
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Fig. 22. Comparison of equilibrium and experimental concentrations for hexade-
cane steam reforming with the NiAl,04/Al,03-YSZ-2 catalyst.
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Fig. 23. Comparison of equilibrium and experimental concentrations for tetralin
steam reforming with the NiAl,04/Al,03-YSZ-2 catalyst.

5. Conclusions

This work proposes a new formulation based on a Ni-alumina
spinel supported on an Al;03-YSZ ceramic matrix as a liquid
hydrocarbon (diesel surrogate) steam reforming catalyst. Test-
ing was performed in an isothermal PBR, and catalyst evaluation
included its performance at various reaction severities under
theromodynamic or near thermodynamic equilibrium conditions.
Reactants feeding as a stabilized hydrocarbon-water emulsion
proved to be efficient and prevented undesired pre-cracking.
The NiAl,04/Al;03-YSZ-1 and NiAl,04/Al, 03-YSZ-2 catalysts gave
high conversion and high H, concentrations. There was no sig-
nificant coking on the active part of the catalysts, even at
high reaction severities. Moreover, product concentrations were
close to equilibrium and constant over time for durations up to
about 20 h. Regarding operating conditions, the GHSV for reach-
ing equilibrium were equal to or higher than those found in
the literature at equal or higher reaction severities (tempera-
ture). The use of different particle size supports does not seem
to have a significant effect on activity, but this, as well as
testing with real diesel at various reaction severities, is under
study.
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