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Abstract

On-board hydrogen production by reforming of fuel in the exhaust gas recirculation loop allows
increasing the engine yield, thus decreasing the fuel consumption, and the formation of
pollutants such as NOXx. Various catalysts based on Rh supported on cerium-based oxides with
alumina were prepared and characterized. Their catalytic performances were evaluated in the
reforming of isooctane, chosen as model molecule, in the presence of a gas mixture of
composition representative of the exhaust gas, i.e. H20O, CO2, Oz and N». It was shown that the
best performances in terms of hydrogen yield were obtained with the supports containing both
ceria, in high amounts, and alumina, due to the high thermal stability of the support, the high

metal dispersion and the limited sintering.
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1. Introduction

In vehicles Exhaust Gas Recirculation (EGR) technique was initially developed for decreasing
the temperature in the combustion chamber to limit NOx production in Diesel engines. It is now
commonly used for gasoline engines with direct injection spark ignition working in lean burn
conditions, for which the conventional three way catalysts cannot work efficiently. EGR also
reduces throttling losses in gasoline engine, and consequently fuel consumption [1]. On-board
Hydrogen production by reacting fuel with exhaust gas [2-7] in the presence of a catalyst
process may enhance the efficiency of EGR systems. In this process, schematized in Fig. 1,
hydrogen is virtually produced by reaction of hydrocarbons with the main components of the
exhaust gas, CO. and H.0O, by dry and steam reforming, respectively. These two reactions being
endothermic, this allows to recover energy from the exhaust gas [7]. Other reactions, such as
total, partial oxidation or water-gas-shift reactions may also occur but their contribution is
minority in the whole process [7]. Small amount gasoline may be added in the system to
increase the amount of hydrogen produced. The combustion in the engine with a gas enriched
in Hy, by this process named Reforming of Exhaust Gas Recirculation (REGR), increases the
ratio H/C of the fuel, decreasing the production of CO and the fuel consumption by an increase
of combustion efficiency [2, 7, 8].

Rhodium-based mono or bimetallic catalysts have proven their efficiency for producing
hydrogen in the REGR conditions [9-11], i.e. in the presence of a fuel, water, CO>, Oz and No.
In the REGR conditions, mainly steam and dry fuel reforming may occur. We have shown [12]
that Rh (1 wt%) supported on zirconia doped with 26.2 wt% of a mixture of La,O3, Nd>O3 and
Y203 (ZLNY support) exhibited high activity for REGR gasoline process application, using
isooctane (CgH1g) as a model molecule. Despite a partial CgH1g conversion, high Hz yields were

obtained, with CHj4 yields lower than those predicted at the thermodynamic equilibrium. The
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study (i) on the effect of water, CO> and REGR condition, i.e. the study of the steam reforming,
dry reforming and REGR reactions separately, in various conditions of temperature and contact
time and (ii) on the conversion of methane and its production by CO or CO2 methanation, or by
CsH1s hydrogenolysis or decomposition, enabled us to propose a reaction scheme in 3
successive steps for isooctane conversion in REGR conditions, i.e. the reforming of isooctane
in the presence of water, carbon dioxide and oxygen [13], yielding H and CO2, CO and CHa:
- Step 1, corresponding to reforming reactions i.e. steam reforming (eg. (1) and dry reforming
(eq.(2)) yielding H2 and mainly CO», dry reforming reaction being negligible :

C,H,, +16H,0 —8CO, + 25H, 1)

C4H,, +8CO, —16CO + 9H, @

Step 2, corresponding to the reverse water gas shift (RWGS) reaction, yielding CO:

CO,+H, <CO+H,0 (3)

Step 3, corresponding to methanation reactions, especially with CO, yielding CHa:
2CO+2H, <> CH, +CO, 4)

The partial and total oxidation reactions were negligible, except for low isooctane conversions,
due to the small amount of Oz in the gas phase compared to those of H,O and CO- in REGR
reaction. A slight deactivation was observed, which was attributed to either the metal sintering
or a poisoning of the Rh/support interface.

The stability of reforming catalysts depends strongly on the nature of the support and on the
metal-support interactions. Ceria-based supports present interesting properties for reforming
reactions since (i) ceria favors strong metal-support interactions, thus limiting metal sintering
[14] and (ii) is able to release oxygen and reduce its valence from Ce*" to Ce®* in oxygen-poor
environments, and re-oxidize in oxygen-rich environments, which helps preventing

deactivation by coke deposition [15].



In the present study, production of hydrogen from isooctane will be investigated in the presence
of rhodium catalysts supported on cerium-based oxides with alumina in REGR conditions, as
the previous ones [12,13]. Alumina was added to improve the stability of the ceria based
support. The supports will be CeO2-Al.O3, which has demonstrated high ceria reducibility
[16,17] and CeO,-ZrO2 (50:50)/Al203, CeO,-ZrO- (50:50) presenting high oxygen mobility [18]
and favoring high performances for REGR reaction [19].

2. Experimental conditions

2.1. Catalysts

Five supports were used: yAl203, CeO,, Al203(80%)-Ce02(20%), Al203(20%)-CeO2(80%),
Ceo.5Zr0502/Al203(10%). In the following they will be named: Al2O3, CeO., Al(80)Ce(20),
Al(20)Ce(80), these four supports corresponding to the AIl(Cex) series, and CeZrAl,
respectively.

Al>0O3 was provided by Axens and CeO> by Solvay (Rare-earth systems). Al(80)Ce(20) was
prepared by impregnation of Ce(NO3)3.6H2O on the commercial Al.Oz support in excess of
water. Al(20)Ce(80) and CeZrAl were prepared by a sol-gel method adapted from [20]. After
evaporation of water, supports were dried and then calcined at 800°C in a muffle furnace for
5h.

Rhodium (1 wt% Rh) was impregnated on the support by wet impregnation technique using
rhodium(111) chloride (Alfa Aesar). After evaporation of the solvent, the as-made sample was
dried, and then calcined at 650 °C, under air flow (60 cm® min™*) for 4 h (temperature ramp: 2
°C min™d).

2.2. Characterization

The specific surface area of the catalysts was estimated by the BET (Brunauer—Emmett—Teller)
model using nitrogen adsorption at —196 -C in a Tristar 3000 Micromeritics apparatus. The pore

size distribution was calculated using BJH (Barret-Joyner-Halenda) model.
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The metal content was determined by elemental analysis using inductively coupled plasma
atomic emission spectroscopy (ICP-AES) technique in a Perkin Elmer Optima 2000 DV
apparatus.

Rh accessibility was measured by H> chemisorption. Typically 120 mg of sample were reduced
in flowing hydrogen at 400 °C (1 h, heating rate 10 °C/min), flushed under Ar (3 h), and then
cooled down to room temperature under flowing Ar. The H. uptake measurements were
performed at —86 C by injecting a first series of hydrogen pulses (0.267cm?) up to saturation
(HC1). The low temperature of chemisorption was required to suppress hydrogen spillover on
the support [21]. A second series of pulses was injected over the sample, after 10 min of purging
under pure Ar, to determine the reversible part of chemisorbed hydrogen (HC2). The
irreversible part was taken as HC=HC1 —-HC2.

Temperature Programmed Reduction (TPR) experiments were performed in a Micromeritics
AutoChem 1l apparatus. Before analysis, the samples (~200 mg) were treated under flowing
oxygen from RT to 500 °C for 30 min with the heating rate of 10 °C min. Catalysts were then
cooled down to RT under Oz (30 mL.min™!) and outgassed under argon for 30 min (30
mL.min™!). Finally TPR was performed from RT up to 1000 °C at a rate of 5 °C min~! for 30
min under 1% Hy/Ar (30 mL min™!). H2 consumption was quantified by gas chromatography
using a Thermal Conductivity Detector (TCD).

X-ray diffraction measurements were performed at room temperature in a Bruker AXS D5005
X-ray diffractometer, working with CuKa radiation (A = 1.54184 A), generated at 40 kV and
40 mA. Signal is recorded for 20 between 15° and 85° with a step of 0.04° and a step time of 6
s. For sample identification, diffraction patterns were compared to the ICDD (International
Center for Diffraction Data) database integrated in the EVA software. The crystallite size was

calculated using the Debye—Scherrer equation.



2.2. Catalytic test

The model feed of gasoline exhaust gas, given by PSA Peugeot Citroén Group, contains 2.2
vol.% of isooctane, 13.5 vol.% of CO2, 12 vol.% of H-0, 1 vol.% of Oz and 71.3 vol.% of N:
(REGR conditions). Anhydrous isooctane (CsHaig) was supplied by Carlo Erba (99.5%); CO,
O2 and N2 were provided by Air Liquide. Ultra pure water was used. The total gas flow rate
was 250 Ncm? min't

Reforming of exhaust gas recirculation (REGR) reaction was carried out in a quartz tubular
continuous flow reactor. The catalyst (150 mg) was activated under the REGR conditions, i.e.
in the presence of all the reactants, or under hydrogen, by heating with a ramp of 10°C min?,
from 130°C to the reaction temperature. The experiments were performed at 580°C, with a total
pressure of 1.3 bar and a weight hourly space velocity of 138 h, which corresponds to a gas
hourly space velocity of roughly 150000 h™%, considering an average density of the solids of 1.5
g mLL. The experimental details for the experiments in the tubular continuous flow reactor are
given in details in [12].

The catalyst performances were characterized by:

- The product yield :

F out
_ 'x
X in
CgHyg

Y

Where Fci:Hm is the molar flow rate of isooctane at the inlet of the reactor and F* the molar

flow rate of the product x at the outlet

- The isooctane, oxygen, carbon dioxide and water conversion, in % (example for isooctane)

Fin _ Fout
CgH CgH
XC H — 8''18 _ 8''18 XlOO
gM1g in
CSHlB



Experimental values are compared to the values at the thermodynamic equilibrium obtained by

calculation based on the minimization of the Gibbs free energy.

3. Results and discussion

3.1. Characteristics of the catalysts

The characteristics of the supports and of the catalysts in terms of surface area, volume and size
of pores are reported in Table 1. Supports present BET surface area between 34 (Al(20)Ce(80))
and 256 m? g (CeO). The introduction of rhodium, followed by activation treatments, leads
to a slight decrease of the BET surface, except on CeO- support, for which the specific surface
area significantly decreases to 42 m? g*. This is due to the fact that the CeO support was not
calcined, before introduction of rhodium. When cerium is added to aluminium oxide, it can be

seen (Fig. 2) that the BET surface of the Rh/AlCex catalysts decreases from 175 to less than 50

2 g-l.

m
XRD patterns are displayed in Fig.3. y-Al203 (ICDD n° 00-029-0063) is clearly identified on
the Rh/Al>O3 pattern. The cell parameter (a = 0.791 nm), experimentally determined from the
most intense peak (26 = 66.9°), corresponds to the (4,4,0) plane. The crystallite size is estimated
at ~ 9.9 nm. Rh/CeO; presents sharp diffraction lines corresponding to cerianite ceria (ICDD
n° 00-043-1002) crystallizing in a fluorite type fcc structure, with a crystallite size of 25.6 nm.
Rh/AI(80)Ce(20) presents both type of ceria and alumina phases, which indicates that cerium
is not incorporated in the alumina structure. The XRD pattern of Rh/Al(20)Ce(80) shows only
peaks characteristic of ceria, showing that alumina is likely to be amorphous. The cell
parameters of Rh/AI(80)Ce(20) and Rh/AI(20)Ce(80), are 0.539 nm and 0.540 nm, similar to
ceria (cerianite), and the mean crystallite size of the pseudo-cerianite phase of 21.6 nm and 27.3
nm, respectively. Rh/CeZrAl presents diffraction lines typical of CegsZros02 (ICDD n° 00-

038-1436), showing that the alumina added to this support is amorphous and does not modify
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the oxide structure. In Rh/CeZrAl, CeZr is a homogeneous solid solution with a mean crystallite
size of 18.7 nm, and cell parameters (a = b = 0.372 nm; ¢ = 0.527 nm) similar to the ICDD (a
=b=0.372 nm ; ¢ =0.530 nm).

TPR profiles of the Al(Cex) series and CeZrAl, are presented in Fig.3 and the results detailed
in Table 2. No peak is observed on the alumina support, due to the non-reducibility of this
support. It can be seen in Fig.3 that CeO; presents a first reduction peak with a maximum at
371°C and a second one, starting at 660°C. The first peak may be attributed to the reduction of
surface Ce**. Generally, CeO, presents two peaks during the reduction process : a first one,
around 400°C, attributed to surface reduction and the second one, above 750°C, corresponding
to the reduction of the bulk [22,23]. It can be seen in Table 2 that only 7% of ceria is reduced
at the first peak attributed to surface ceria, which is little and may be attributed to the low
temperature of this first reduction peak. Mixed Al(80)Ce(20) and Al(20)Ce(80) supports start
to be reduced at temperatures higher than that of CeO,, with a first maximum of reduction peak
538 and 580°C, respectively, attributed to the reduction of surface ceria, and a second one at
986 and 990°C to bulk ceria, in accordance with the results obtained by Yao et al. [22] on the
same type of support. For AI(80)Ce(20), total consumption of hydrogen is similar to the
theoretical one, indicating that all ceria has been reduced. On the contrary, the experimental
one for Al(20)Ce(80) (1303 umol/g) is much lower than the theoretical one , which may be
explained, by the desorption of hydrogen as for pure CeO-, or by an incomplete reduction of
Ce™. For CeZrAl, two peaks are observed with maxima at 657°C and at 1088°C, whereas it is
known that the presence of Zr allows starting the reduction of Ce** at lower temperature
[24].This different behaviour may be explained by the presence of 10 wt% of Al>Os that may
hinder the reduction of CeosZro502. However, the first peak (657°C), which may be attributed
to the surface reduction, corresponds to 26% of the total consumption, which is much higher

than that observed for the Al(Cex) series (3% — 7%). Consequently, the first peak most probably
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corresponds to the reduction of ceria surface and subsurface [24]. As for Al(80)Ce(20), the
reduction of CeO; is complete, with an experimental total H> consumption similar to the
theoretical one .

Fig.4 displays the TPR profile of the catalysts after impregnation of Rh(1wt%). Compared to
the bare supports (Fig.4) the presence of the metal favours the reduction of Ce**. Two domains
of temperature can be identified. In the first one (T< 350°C), the first reduction peak in the
120-244°C range, is attributed to the simultaneous reduction of Rh2O3 and of the surface ceria,
the presence of the metal favouring the spillover of hydrogen towards the support. It can be
seen that, except for Rh/Al(20)Ce(80) presenting the lowest temperature of reduction, the
temperature of the maximum of the first peak decreases as the cerium content increases. In the
second part (T>350°C), the reduction of bulk ceria can occur. The experimental amount of
hydrogen consumed in the first domain (T<350°C) and Hz/Rh molar ratio are reported in Table
3 for each catalyst. Considering the total oxidation of Rh to Rh.O3 during the oxidizing pre-
treatment, the total reduction of this oxide must correspond to a consumption of 146 pumol H»
g, and Ho/Rh = 1.5. Except for Rh/Al,Os, this molar ratio is superior to 1.5, due to the reduction
of surface CeO- (spillover), which occurs at low temperature. This phenomenon is particularly
noticeable for Rh/CeZrAl (H2/Rh = 6.1). The low Hz consumption for Rh/Al>Oz is due to the
calcination temperature of 650°C. It is known that, when Rh/Al>Os is oxidized at temperatures
higher than 600°C, Rh®* easily diffuses into the spinel structure of yAl,Ozand is then difficult
to reduce [25-28].

All the catalysts, except Rh/CeO., present a metal dispersion of roughly 40%, corresponding to
a particle size of ~22 A (table 4). The low dispersion of Rh/CeO, (18%) is attributed to the
support sintering, which occurs during the calcination process, leading to a drastic decrease of

the BET surface area (from 256 to 42 m?g?, Table 1).
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3.2. Catalytic performances

The composition of the gas phase in the reforming conditions using isooctane as model
molecule are summarized in Table 5 along with the one obtained after a blank test, i.e. a reaction
in the standard conditions but without any catalyst. It can be seen that without catalyst, 6% of
CgHigand ~100% of O, are converted, and the reaction products are CO (0.24 mol/ mol CgHjis),
H2 (0.27 mol/ mol CgH1s o), CO2 (0.23 mol/ mol CgH1s) and H20 (~ 0.3 mol/mol CgHisg). It can
be noticed that without Oz in the gas phase, no conversion is observed, which indicates that the
only reaction occurring without catalyst is an oxidation reaction. Thus the reaction products are
obtained by oxidation, and as H2/CO is equal to 1.12, it can be inferred that H> is produced by
isooctane partial oxidation, according to the reaction (Eq. (5)):

C,H,, +40, —»8CO +9H, (5)

However, total oxidation also occurs since H20 and CO- are produced. Some other products
were also detected but in small amounts (< 0.01 mol/ mol CgHzs), such as ethylene, propylene,
isobutene and C7-C8 products.

Fig.6 shows the typical evolution of the conversion and products distribution obtained in the
presence of a Rh-supported catalyst, when the catalyst is activated in situ by reduction under
hydrogen before the catalytic test. The conversion of isooctane and water is not total and
decreases as a function of time-on —stream (TOS), which leads to a slight decrease in the yield
of products. Moreover, as observed for blank reaction, other products, such as C2-C4 and C7-
C8 hydrocarbons are produced in small amounts (< 0.1 mol/ mol CgHas).

When the catalyst is activated by heating up to 580°C under the reaction conditions, i.e. in the
presence of all the reactants instead of pure hydrogen, the conversion of isooctane and water is
noticeably decreased (Table 6), which causes a decrease in the formation of all the products and
especially Ho. This loss of performance may be due to an incomplete reduction of rhodium or

to a deactivation of the catalyst that can start before the temperature of 580°C is reached.
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However, as the pretreatment under reaction conditions is more realistic and closer to the REGR
conditions, all the results presented hereafter were obtained after such a pretreatment.

The yields in H2 obtained for the Rh/Al(Cex) series and for Rh/CeZrAl catalyst are reported in
Fig. 7 as a function of TOS, and the complete results obtained after 7h of TOS are summarized
in Table 7. Rh/AI203 is the less efficient catalyst in terms of isooctane conversion and H;
production. Rh/CeO- allows obtaining high initial yield in Hz but deactivates rapidly. Catalysts
containing AlbOs and CeO., Rh/AI(80)Ce(20) and Rh/AI(20)Ce(80), present higher
performances than Rh supported on single oxides, with an initial yield in Hz (~ 6.5 mol Hz/mol
CsH1s) similar to the one obtained with Rh/CeO> but a superior stability. The addition of
zirconium to the Ce-Al support improves the initial yield in H2 (7.3 mol Hz/ mol CgHig), but it
decreases rapidly to reach the one observed with Al(80)Ce(20) and Al(20)Ce(80). Results
summarized in Table 7 show that, whatever the catalyst, a complete conversion of isooctane is
never reached and the best yields in Hy, obtained after 7h of TOS with catalysts containing both
ceria and alumina (Rh/Al(80)Ce(20), Rh/AI(20)Ce(80),CeZrAl) are below the value predicted
by calculation at the thermodynamic equilibrium. It can also be seen that the amount of methane
produced is very small, much lower than the value predicted by the thermodynamic calculation.
During the reaction in the REGR conditions, methane may be produced by isooctane
decomposition or hydrogenolysis or by methanation of CO or CO2 [13], and then consumed by
steam or dry reforming. All these steps were studied in details in [13] and it was demonstrated
that the low amount of methane is due to the limitation of its formation, isooctane
decomposition and hydrogenolysis and CO2 methanation being strongly disfavored in the
reaction conditions in the presence of a Rh-based catalyst. On this type of catalyst, methane is
nearly exclusively produced by CO hydrogenation. Whatever the support, the conversion of
H20 is ~ 50%, whereas CO- conversion is ~0. One can note that a negative conversion indicates

that the amount of CO produced is higher than its consumption.
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In order to understand the origin of the deactivation observed during the catalytic tests, the
metal dispersion was evaluated at the end of the catalytic test. Results are reported in Figure 8
where they are compared to the initial metal dispersion. It can be seen that, whatever the
support, a decrease in metal dispersion is observed during the reaction. This effect is more
pronounced for CeOz, for which the metal dispersion dropped from 18% to 4 % (variation A =
77%). Consequently, for this catalyst, the metal-support interaction is rather low and does not
allow limiting the metal sintering. Supports containing mainly alumina (Al.Oz and
Al(80)Ce(20)) present a dispersion drop of 30%, whereas those containing more ceria,
Al(20)Ce(80) and CeZrAl a one of 23% (Fig.8a). Rh sintering is probably due to the presence
of steam at relatively high temperature, as proposed in [29] for Pt/CeZrO- catalyst. It can be
seen from Fig.8b that the conversion of CgHzs is directly related to the metal dispersion before
and after catalytic test. Although all the rhodium supports are different, the higher the metal
dispersion, the higher the CgH1g conversion. For this series of catalysts, the support does not
play a direct role in the reaction but an indirect one, on the metal dispersion. These results also
show that the deactivation may be related to the loss in metal dispersion. The effect of particle
size has been demonstrated on the methane steam reforming reaction, the reaction rate per
active site increasing with the dispersion on many metal catalysts, including rhodium [30].
However, an opposite result was obtained with Ni/CeZrO for the autothermal reforming
(ATR), i.e. the steam reforming in the presence of oxygen, of isooctane [31]. Indeed, it was
demonstrated by varying the particle size but keeping the number of active sites constant, that
the yield in CO and Hz is higher on largest particles, which may be explained either (i) by the
fact that isooctane is a large molecule needing large metal ensembles to be adsorbed or (ii) or
by the ability of small Ni particles to be oxidized in the ATR conditions, leading to a loss of
active sites. In fact, it was demonstrated on Ni/Al>Os for isooctane conversion by partial

oxidation [32] that active catalysts need to be both well dispersed and highly reducible, which
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are two opposite tendencies. This explanation seems valid for the Rh catalysts of the present

study.

4. Conclusion

Rh catalysts supported on alumina, ceria or oxides containing both ceria and alumina were used
for producing hydrogen in the presence of isooctane, used as model molecule of gasoline fuel,
and various gases representative of vehicle exhaust gases. The best results in terms of
conversion, stability, and yield in hydrogen were obtained on catalysts containing both ceria
and alumina, namely CeO2-Al203 (Al(20 or 80)Ce (80 or 20)) and Ceo 5Zro502- Al203 (CeZrAl)
supports. These better performances were directly linked to the higher initial Rh dispersion
obtained on this type of supports as well as to the higher stability, due to lower metal sintering
during the catalytic test. This metal sintering was less important for the supports containing the
highest amount of cerium (Al(20)Ce(80) and CeZrAl) and the role of alumina is to improve the

thermal stability of the support.
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Table 1 : Surface area of catalysts and supports and volume and size of pores for the supports.

Volume of i
Supports and catalysts zlf;s(%%c)e pores Size cz’f&)pores
(cm3/g)
Al203 184 0.49 108
Rh/Al203 175 - -
CeO2? 256 0.17 147
Rh/CeO2 42 - -
Al(80)Ce(20) 103 0.32 124
Rh/AI(80)Ce(20) 102 - -
Al(20)Ce(80) 34 0.07 76
Rh/AI(20)Ce(80) 29 - -
CeZrAl 66 0.20 125
Rh/CeZrAl 57 - -

4not calcined

Table 2: TPR results of Al(Cex) series and CeZrAl.

% of
Theo. H; .
) ) reduction of
CeO2 | consumption Tmax Exp. H> consumption
S . . surface Ce*
uppor or Ce
St ’ to Ce¥* @
pic 1 pic 2 TOTAL pic 1 )
(Wt%) | (umol H2/g) pic 1 (%)
°C) | €C) | (umol Hz/g) | (Mol H2/g)
Al,Os 0% - - - - - -
CeO, 100% 2905 371 1025 -b 217 7%
Al(80)Ce(20) | 20% 581 538 986 634 40 7%
Al(20)Ce(80) | 80% 2324 580 990 1303 75 3%
CeZrAl 51.9% 1508 657 1088 1572 399 26%

4 calculated from the theoretical value

b consumption not finished at the end of the experiment

17




Table 3 : Amount of H> consumption and H2/Rh molar ratio at the first reduction peak (Tmax <
350°C)

Reduction at Tmax <  Exp. Hz cons. H2/Rh
350°C (umol H2/g) (mol/mol)
Rh/AI203 51 0.5
Rh/CeO2 369 3.8
Rh/AI(80)Ce(20) 160 1.6
Rh/Al(20)Ce(80) 252 2.6
Rh/CeZrAl 595 6.1

Table 4: metal contents, metal dispersion and metal particle size of Rh/Al(Cex) and
Rh/CeZrAl catalysts.

Metal content

Catalysts (ICP) Dispersion? Particle size® (f&)
Rh/AI>O3 1.10% 39% 24
Rh/CeO> 1.01% 18% 51
Rh/AI(80)Ce(20) 1.09% 43% 21
Rh/AI(20)Ce(80) 1.03% 42% 22
Rh/CeZrAl 1.01% 46% 20

& considering H/Rh =1

b calculated from the dispersion value

Table 5 : Composition of the gas in the REGR condition and of the outlet gas (blank reaction
without catalyst at 580°C, P = 1.3 bar, WHSV=137.8 h'})

Inlet Products after
Inlet . .
C . composition  blank reaction
omponent  composition /mol /mol
(Mol %) (mol/mo (mol/mo
CsgH1s0) CgH1s0)
CsHas 2.2% 1.00 0.94
CO2 13.5% 6.15 6.38
H20 12.0% 5.45 5.75
O2 1.0% 0.45 0
N2 71.3% 32.42 32.42
H> — — 0.27
CO — — 0.24

CHq — — —
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Table 6 : Effect of the pretreatment on the distribution of products and conversion of
reactants after 7h of TOS for Rh/Al203 various catalysts at T=580°C (activation by heating

under reaction conditions or under Hy).

Activation Yield (mol/mol CsHis0) Conversion (%)
H> CcO CHa4 CsHas H20 CO2
Thermo. 7.3 6.4 2.6 100 64 16
H. 6.6 4.0 0.82 64 57 -0.5
CgHig + H2O + CO2+ O2 5.6 2.9 0.14 39 47 -5.0

Table 7 : Distribution of products and conversion of reactants after 7h of TOS for various

catalysts at T=580°C, activation by heating under reaction conditions.

Catalysts Yield (mol/mol CsHigo) Conversion (%)
H2 CO CHa CsHas H20 CO2
Thermo. 7.3 6.4 2.6 100 64 16
Rh/CeZrAl 6.5 3.4 0.58 57 48 -0.8
Rh/Al(80)Ce(20) 6.6 3.8 0.42 53 54 1.3
Rh/AI(20)Ce(80) 6.5 3.7 0.60 54 50 -2.0
Rh/Ce02 6.1 3.2 0.31 47 47 -2.0
Rh/AILO3 5.6 2.9 0.14 39 47 -5.0
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Figure 1 : Scheme of the REGR process
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Figure 2 : Effect of the cerium content in Rh/AI(Cex) catalysts on the BET surface.
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Figure 3 : X-Ray diffraction patterns of the Rh/Al(Cex) series and of the Rh/CeZrAl catalyst ;
(m) : y-Al203 ; (A) : CeOz ; (€) : CeosZros0sa.
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Figure 4: TPR profiles of the Al(Cex) series and CeZrAl.
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Figure 6 : Conversion of reactants (a) and products distribution (b) as a function of TOS for
Rh/Al0s catalyst at 580°C after activation under Ho.
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