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Abstract

A Rh catalyst (RHAI /Mg 5/24/71 a.r.), able to ensure high stability under severe reaction conditions, was obtained via a hydrotalcite-type
precursor. The structure of the materials and the Rh position were thoroughly studied at each step of the preparation, from the precipitation
to the final catalyst. The formation of an oxide solid solution of Rh, Mg, and Al was found by X-ray and neutron diffraction using Rietveld
analysis. The formation of Rh dissolved in a Mg and Al matrix is responsible for the highly dispersed and active Rh catalyst obtained after
reduction. The stability of the Rh on the surface after 100 h of time on stream was shown by determining the dispersion of the Rh before and
after reaction (using HRTEM) and demonstrating the unchanged particle size distribution.
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1. Introduction temperature control, to avoid homogeneous reactions at high
pressure [7,8], and an increase in the catalyst durability, to
avoid sintering of the active metal. An innovative strategy

The use of natural gas as a raw material is a future gpje to improve the catalyst stability is based on the use
goal of strategic importance. The economy of its utilisation of noble metal catalysts derived by reduction of crystalline
is related to the activation of methane [1]. Indeed, the oxide precursors [9,10]. The metal-support interaction in
direct processes to xCand methanol are not attractive this case is expected to be stronger than that obtainable
due to the low ylelds obtained to date and the indirect by the usual impregnation or deposition methods. The
processes to syngas are still expensive and do not permithermal evolution of noble metal catalysts with high activity
intensive methane exploitation [2,3]. Considerable academiCprepared using hydrotalcite-type precursors has recently
and industrial research has been focused on the catalytitheen reported [10,11]. The thermal decomposition of these
partial oxidation of methane as an interesting process to catalysts led to the formation of defective structures. There is
convert methane into liquid products. The reaction has beena need, therefore, to conduct further studies on these systems
well known since Prettre et al. reported the activity of a with a view to ascertain the relationship between structure

Ni-based catalyst [4]; nevertheless, the discovery that high before and after reduction and reactivity. The work reported

methane conversion and high synthesis gas selectivity wouldhere was focused on analysing the distribution of the noble

be possible at low residence time enhanced interest in themetal at each of the steps that lead to the final catalyst, using
partial oxidation of methane [5,6]. Many aspects of this a model catalyst (RHAI/Mg 5/24/71 a.r.). Understanding
reaction have not yet been clarified, but it is clear that of the position of Rh and full characterisation of the material
application of the process requires improvements in the are a step towards being able to tailor new catalysts active in
the partial oxidation of methane. In each stage of the thermal
treatment of the material the appropriate technique was used
~* Corresponding author. to evidence the Rh position and the main characteristics of
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2. Experimental a thermal gun, and under isothermal conditions using an
oven at 750°C, feeding three gas mixtures (GHD2/He

The catalyst (Rh-5) was obtained by calcination and = 2/1/4, 2/1/20, and 21/2 v/v) and using a quartz
reduction of a hydrotalcite-type (HT) precursor. The HT reactor (i.d. 8 mm) filled with 0.2 g and 0.075 mg of
precursor, formulaRhg 5AISE Mg, (OH)2)(CO3)37 45 - catalyst, in order to vary the residence time from 24 to 7.2
mH20, was prepared by coprecipitation at constant pH ms and from 9 to 1 ms, respectively. The lengths of the
(10.0 £ 0.1): a solution containing the nitrate salts of the catalytic bed were 9 and 3 mm, respectively. The gas phase
metal ions was added to a solution containing a slight excesstemperature was measured by a moveable chromel-alumel
of carbonate. The pH was kept constant by dropwise NaOH thermocouple inserted in a quartz wire inside the catalytic
addition. The addition of the cation solution was carried out bed. The reaction products were analysed on line, after water
in 20 min and then the precipitates were kept in suspensioncondensation, by two gas chromatographs equipped with
under stirring at 60C for 40 min, filtered, and washed with  HWD and Carbosieve SlI columns, with He as the carrier
distilled water until a NaO content lower than 0.02 wt%  gas for the analysis of CHO,, CO, and C@ and N\ as the
was obtained. Two chemical analyses were carried out oncarrier gas for the Hanalysis.
the precipitate. Atomic absorption spectroscopy was used for  The surface temperature was measured with IR ther-
the Mg and Al analyses and Rh was analysed using a UV—mography equipment (AGEMA) collecting emitted radia-
visible spectrophotometer [12,13]. The first analysis was tion with 1 in the range 2-5 mm. The IR camera was
carried out on the precipitate obtained after half of the cation equipped with two zooms to improve the spatial resolution
solution had been added, the second on the final precipitateon the catalyst surface. The vertical thermal profile was ob-
The precipitate was dried overnight at 9Q, calcined at tained by plotting the maximum temperature of the horizon-
900°C, and reduced at 75 in an equimolar KH/N> feed tal lines drawn on the thermography images. The catalyst
of 7 1/h [10,11]. The cationic ratio of the surface precursor have been compared with two commercial catalysts contain-
was determined by XPS VG 8 vacuum generators (ESCA 3) ing respectively 1.0 wt% of Rh om-Al 203 (Snamprogetti)
operating under ultra vacuum>510~' Pa, using the K and 5.0 wt% of Rh ony-Al>03 (Engelhard).
radiation emission of Mg (at constant energy per pass:
1253.6 eV, 20 mA), since with Al irradiation overlapping
occurred between thed3peak of Rh and an Auger peak 3. Resultsand discussion
of Mg. The XPS cationic ratio was calculated using the
sensitivity factors reported by Wagner et al. [14], data for the 3.1. Precursor structure
Aly, orbital, an average of the data obtained with the;Mg
and Mg, orbitals, and the sum of the two Rhs 2+ 5/2) In order to understand the distribution of the Rh inside the
unresolved peaks. The XRD powder analyses were carriedhydrotalcite-type precursor and the evolution of the material
out using a Philips PW1050/81 diffractometer equipped during preparation, the catalyst RN /Mg 5/24/71 a.r. was
with a graphite monochromator in the diffracted beam and studied. The precursors was prepared by coprecipitation and
controlled by a PW1710 uni(= 0.15418 nm). A ® range accurate chemical analysis was carried out to determine the
from 10> to 8C° was investigated at a scanning speed of chemical composition at different stages of the preparation.

70°/h. The chemical analysis of the mother liquid did not show the

The TPR analysis was carried out with an/Ar 4/96 presence of Mg, Al, and Rh residues, indicating, therefore,
v/v mixture (total flow rate 50 mfimin) with the tempera- ~ quantitative precipitation. Furthermore, the analysis of the
ture ranging from 30 to 980C using a ramp of 18C/min. cations contained in the precipitate at different precipitation

The surface areas were determined bya¥sorption using  times (half precipitation, final precipitation) showed no
a Carlo Erba Sorpty Model 1700. The metal particle distrib- significant differences (Table 1), giving the same bulk
ution of the Rh after reduction was measured using a TOP- composition and indicating simultaneous precipitation of the
CON EMO002K HRTEM operating at 200 kV. The sample cations due to the high supersaturation regime. Both the
was prepared by suspending a small amount of powder insamples, obtained at different precipitation times, show the
an alcohol solution and depositing it on a carbon grid. The XRD pattern (Fig. 1) of a hydrotalcite-type precursor with
distribution was determined with a zoom of 5000x of ar- an increase in crystallinity due to the aging of the precipitate
eas containing 100 particles. The analysis of the carbon con-

tent was carried out by the Centre National de la RechercheTable 1

Scientifique-Service National d’Analyse (France) before and Bulk surface and intermediate composition of the precursor prepared with
after reaction the nominal cationic ratio RMMg/Al 5/71/24 (a.r.)

Cations Nominal  Precipitate  Surface After half
2.1. Catalytic tests composition cation addition
Mg (atomic ratio) 710 708 714 706

| Al (atomic ratio) 240 244 240 245

Th talytic tests wer rri t under
e catalytic tests were carried out under autotherma Rh (atomic ratio) s 18 46 49

conditions, after the ignition of the reaction by means of
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Fig. 1. XRD patterns of the RiMg/Al 5/71/24 a.r. precursor compared  Fig. 2. DTA of the RAMg/Al 5/71/24 a.r. precursor (temperature ramp
with the Mg/Al 71/29 a.r. precursor. 10°/min).

in the solution. The crystallinity of the final precursor was _ When calcined at 650C, the HT structure decomposes,
sufficient to allow determination of the cell parameters. 91Ving a defective mixed oxide phase. To study the main
The cell parameters are modified by the presence of thefeatures of such a structure, XRD and neutron diffraction
transition metal cation R with respect to a reference analyses were carried out. The two techniques are comple-
sample containing only Mg and Al. In particular, the mentary and indispensable to the study of the oxide sys-
parameter of the Rh samples is higher due to the presencéems discussed herein. For instance, determination of the
of Rh3*, which has a smaller charge density tharial ~ 0ccupancy factors of Mg and Al atoms from X-ray data
Thea parameter of the HT precursor is slightly higher due 'S hindered by the closeness of the X-ray scattering of
to the larger anionic radius of Bh as compared with that both elements. The two have significantly different neutron

of AI3*. To confirm the presence of Rh in the HT structure, scattering factors. On the other hand, it is difficult to identify

with respect to an amorphous side phase possibly present,the sitting of the transition metals exclusively from neutron

XPS analysis was carried out on the precursor. The Surfacedata because of the low substitution rate. The enormous dif-

composition, reported in Table 1, is compared with the bulk fgrences bgtweerj the X-ray .scattering lengths of the transi-
composition in terms of MAI, confirming the homogeneity tion meta}ls investigated herein and thosg qf Mg and Al atoms
of the precursor. The variation, less than 10%, is close to theaIIOW refinement of glata based on the sitting of a small per-
experimental error, confirming the presence of Rh in a solid centage of the heavier metal. .

solution with the Al and Mg in the HT structure. Calculated The .Iocat|on and amount of the. transition metals was

XRD patterns of MgAl and RiyMg/Al HT samples show determined from the full pattern refinement of both X-ray

very similar diffraction intensities of the main peaks for 5% angpei/Ttron dtat;' demonstrated that althouah mixed ox
Rh content. This means that it is not possible to carry out evious studies demonstrated that atthoug ed o

a Rietveld analysis to confirm the insertion of Rh atoms ides ob'_talneo_l from magnesium containing HT precursors
) . show diffraction patterns similar to those of MgO-type
into the HT crystalline structure. In any case the results

: I . phases, their lattices are far from an ideal “rock-salt” phase.
g?ézﬂqrzgrc learly indicate the formation of an g /Al HT The broadening and shift of the reflection &2 37° de-

tectable in the X-ray diffraction patterns alludes to the pres-
ence of a distorted MgO-type phase [15-17]. Therefore, a
more flexible spinel-like structure was adopted to model the
MgO-type phase [15-17].

The DTA analysis of the precursor shows the typical MgO and stoichiometric spinel have the same framework
decomposition pattern of an HT structure, with loss of the of oxygen atoms, which differ essentially in two features:
interlayer HO at 240°C and the second simultaneous loss (i) the a unit cell parameter of the spinel cell axis is almost
of H2O from the hydroxyl group of the layer, and @O twice that of the oxide one (8.083 A for Mg#D; compared
at 430°C (Fig. 2), that indicate decomposition of the HT to 4.213 A for MgO) [18], and (ii) the location of the
with formation of a mixed oxide phase. In order to analyse cations and the degree of filling of the cavities defined by the
the structure changes and the location of the Rh in the oxygen atoms vary. In the spinel unit cell there are 32 oxygen
sample in an intermediate temperature range far from theatoms defining 32 octahedral and 64 tetrahedral interstices.
decomposition temperature of the HT precursor and from In a stoichiometric MgAJO, spinel, only one-eighth of
the rearrangement of the mixed oxide structure (7GPpwe the tetrahedral (crystallographic site 8a) and one-half of
chose a temperature of 65Q. the octahedral cavities (site 16d) are occupied [19-21].

3.2. Mixed oxide phase structure
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Fig. 3. Results of the combined Rietveld analysis using XRD and neutron
diffraction for the RiMg/Al 5/71/24 a.r. sample calcined at 65:

(a) observed profile, (b) calculated neutron powder profile, (c) reflection
position markers, and (d) difference profile.
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8a sites are empty in a “rock-salt” structure such as MgO.
In other spinels, the distribution of the cations in the cavities
may be different [23—25]. Nonstoichiometric spinels show
structures intermediate between the spinel and “rock-salt”
types [15-17].

The X-ray and neutron diffraction patterns of the sample
calcined at 650C are shown in Fig. 3 while the distribution
of the metal cations inside the different crystallographic
positions derived from the refinements is reported in Table 2.
The refined data clarify that the main deviation of this
structure from ideality is the presence of 30% of the Mg ions
in the tetrahedral 8a sites typical of a spinel-type structure,
while the rest are spread throughout the 16c and 16d sites,
compensated for by the presence of the trivalent cations (Al
and Rh) exclusively in the octahedral 16d sites, in analogy
with the spinel-type structure. Furthermore, the 16c sites are
not completely filled, very likely with a lack of cations in
correspondence with the 8a filled sites. These sites are in
fact due to the closeness of the cations and the prevailing

Therefore the spinel structure has many empty sites in which repulsive forces.

the ions can be accommodated.

The MgO unit cell (space groupnfBm No. 225) con-
tains four oxygen atoms and four crystallographically equiv-
alent metal atoms in octahedral coordination, giving rise to
the so-called “rock-salt” type structure. This lattice can be

The results of the refined parameter show that the cell
is smaller than the MgO supercell (twice that of MgO, i.e.,
8.426 A) [18]. This is in agreement with the cations present
and positions of the cations, as can be expected from the
presence of the cations with radii smaller 8R0.80, AR+

described using a supercell with a lattice parameter twice 0.67 A) [26] than that of Mg (0.86 A) and the evolution
that of the oxide and the scaled down co-ordinates re- towards a spinel-like structure with a smalleparameter

ported for the stoichiometric spinel space groug3# (No.
227) [20,22]. The volume of the oxide supercell is eight

(a = 8.085 A [20] for a stoichiometric MgAl spinel).
In the samples calcined at 90Q (Fig. 4), a cubic spinel

times that of the original cell and contains 32 oxygen atoms type oxide phase is observed along with a MgO-type phase

and 32 cations that fill all the octahedrally coordinated posi-
tions. Due to the #3m space group symmetry rules [22], the

similar to that detected for the sample calcined at850No
separate Rh-phase is observed after calcination at@)0

octahedral sites are nonequivalent and are identified as 16dndicating that the solubility of Rh in the mixed oxide phases
and 16d. In a stoichiometric MgAD4, Al atoms occupy the  is complete. On the basis of these results, the refinement was
16d sites; the 16c¢ sites are empty, while the Mg atoms oc- conducted using two spinel structures with different unit cell
cupy the tetrahedrally coordinated positions (sites 8a). The parameters allowing the possibility of having cations in the

Table 2
The detected phases, refined structural parameters, and agreementRjliReg for the sample calcined at 65€ (e.s.d. in parentheses)

Detected phases

MgO? MgO? Spinel

(650°C) (900°C) (900°C)
a (R)P 8.3833(8) 8.4212(3) 8.1379(4)
xC 0.2496(5) 0.2526(3) 0.2604(3)
Positiorf 16¢ 16d 8a 16¢ 16d 8a 16¢c 16d 8a
O.F.(Mg) 0.80(3) 0.26(5) 0.27(2) 0.92(4) 0.47(3) 0.16(3) 0.11(2) 1.00(3)
O.F.(Al) 0.42(3) 0.26(3) 0.77(3)
O.F.(Rh) 0.091(6) 0.076(6) 0.112(5)
Proposed chemical formfla Mgo.60Al0.21RMN.0470 Mdo.73Al0.13RM0.03¢80 Mgz .3Al1.6RMy.22404
Rp 2.1 2.4 22
Rwp 2.6 3.0 2.7

@ MgO = MgO-type phase.

b Refined value relative to the mixed oxide supercell (spinel-type cell). Divide by 2 in order to compare with MgO lattice type.

€ Oxygen fractional coordinate.

d cation presence was tested also in the 8b site but the O.F. were so close to zero that this site was considered empty in the final cycles. The occupatic
factors are normalised to unity.

€ In the unit cell are contained 32 formula units indicated for MgO-type phase and 8 for spinel-type phase.
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Table 3
Rh 1173K Phase composition and distribution of the cations between the different
P crystalline phases obtained after calcination of the HT precursor (e.s.d. 2%
:; of the values)
Ej , ® Rh (923 K) Rh (1173 K)
'z - MgO-S (%wtf 100-0 69-31
3 Spinel fractiof! 0 32
3= ® Mmgo—Mspin (atom9%§ 100-0 59-41
- a8 MgO = MgO-type phase; S spinel-type phase; M= Rh, Ir, or Ru.
‘ | } | | | | ’ b Ratio between the spinel and the total mixed oxidggMgO + S) as
TP mol%.
TR ¢ ¢ Distribution % of the transition metal atoms between the one (923 K)

I I [N Lo TN i S I or two phases (1173 K)

2 theta (°) 3.3. Reducibility of rhodium

Fig. 4. Results of the combined Rietveld analysis using XRD and neutron . .
diffraction for the RiMg/Al 5/71/24 a.r. sample calcined at 90: The HT palcmed at 659 a_nd o6e yvas characterised by

(a) observed profile, (b) calculated neutron powder profile, (c) reflection 1 PR €xperiments to obtain information on the degree of re-

position markers, and (d) difference profile. ducibility and the temperature at which the process occurs.

Three main peaks are clearly present at both calcination tem-

. peratures (Fig. 5). The experiments show that the tempera-
octahedral 16¢, 16d and tetrahedral 8a, 8b sites (Table 2)“[ure of the first reduction peak does not depend on the calci-

The MgO type phase of the samples calcined at 800 4o temperature and is close to #Mwhile the area of

shows onver '.A‘l and Rh contents, although some Rh is ,Sti" the peak increases with increasing calcination temperature.
present in th_|§ phase, a Iower. occupancy of the 86_‘ SIt€S,The results of the diffraction refinement and the high tem-
and further filling of the 16d sites. Indeed segregation of o o4 re at which the first reduction occurs indicate that the
the Sp',nel, phase leads to the rearrangemept of theMg  equction is not due to an amorphousRhp phase. The TPR
atoms inside the MgO-type phase at 9@ which shows a ¢ 1he sample calcined at 90 shows that the two peaks

distribution of atoms much closer to a “rock-salt” structure 4 high temperatures are shifted towards higher temperature
thanin the 650C sample. This is also shown by the increase }yq;4e of the formation of more crystalline and fewer de-
in the cell parameters that have values close to that of ideal;g phases.

MgO. In contrast, the spinel-like .phase is charactg'rised BY  The high reduction temperature of the Rh is due to its
the presence of some Mg (20%) in octahedral position. The jhsertion into the mixed oxide phases. The TPR studies allow
presence of Mg in octahedral position is not balanced by the yetermination of the best reduction conditions. Total Rh
presence of trivalent cations in tetrahedral positions (inverse g qyction was obtained at 75C in an H/N. atmosphere
spinel); therefore, it is probably balanceq by_the presence offor 4 h. The catalyst was analysed by TEM before the
oxygen vacancies. The cell parameters in this case are 'f”“ge[:atalytic tests. The image of the samples with a lower zoom
than those of MgAIO4 because of the presence of Rh which  tactor shows that the Rh is homogeneously distributed on a
partially substitutes for Al in the octahedral 16d sites. Mg/Al oxide matrix. The grain of the matrix are constituted

~ From the reported data it is evident that Rh is present py nanodomains (Figs. 6, and 7). Differentiation between
in both the spinel- and MgO-type phases. The relative % the MgO-type and spinel matrix is not possible using EDAX

of Rh present in the spinel-type phase is higher than that micoranalysis. Increasing the zoom factor makes it possible
presentin the oxide phase, i.e., the solubility of the transition

element in the spinel-type phase is considerably higher than 4000 -
in the MgO-type oxide. Nevertheless, the absolute atom %z
distribution shown in 'I_'ab_le 3 _(the prod_uct of the proportion & 3000 - ° © Rh-5 calcined at 900°C
of the element substitution in a particular phase and the §
amount of the phase in the sample) shows that the Rh isE& 5q | >
more presentin the oxide phase. In particular, its distribution 3

for each phase is the following: 41% of the Rh atoms in § 1000 4
the spinel and 59% in the MgO-type phase, considering thatg! oy '1.,- - -
the amount of the MgO-type phase is much higher than the o4 d . m
spinel-type phase. Finally an interesting consideration can 0

be made comparing the relative distribution of Al and Rh in
the MgO phase (0.33 and 0.67, respectively), demonstrating
that the affinity of RA™ for the MgO phase is double of that  Fig. 5. TPR from 30 to 976C (10°/min) on 50 mg of the RhMg/Al
of AI3* (ionic radii 0.80 and 0.67 A, respectively). 5/71/24 a.r. sample calcined at 650 and 9@

= Rh-5 calcined at 650°C

m

temperature (°C)
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Fig. 7. TEM image (530000x ) of the Rh-5 after calcination at 90 and

K
by
ke reduction at 750C.

-
-
.
AT >
A\

Fig. 6. TEM image (200000x) of the Rh-5 after calcination at 90C and  tre of 260°C. Over the entire range of conditions investi-

dilution of the feed. The catalyst has a light-off tempera-
reduction at 750 C. gated the methane conversion and synthesis gas selectivity
were close to those predicted for thermodynamic equilib-
rium. The methane conversion and syngas selectivity were
very high during the isothermal conditions te§t pven
750°C, CHy/O2/He=2/1/4 v/v, residence time 1.8 ms;
conversion of CH = 93%, selectivity of CO and $94
and 92%, respectively). Notwithstanding the high dispersion
due to the small dimensions of the catalytic bed (6 mmi.d.,
3 mm height), the test carried out under autothermal con-

to see the atom columns and the crystalline plane of the
oxide matrix together with an homogenous distribution of

the Rh (Fig. 7). Nevertheless, even using a high zoom
factor, the different MgO and spinel-type domains are

not clearly separated and the only features distinguishable
are those where the columns of atoms are visible. The
EDAX analysis, notwithstanding the use of the smallest spot
available, was not able to isolate parts of the sample with ~. . ; - . .
compositions typical of MgO and spinel since the crystallites ditions showed high activity, with total oxygen conversion

are not separated and the domains are smaller than the spo‘rimd a Tes'de"ce time of 1 ms (Tablg 4). The increase .Of thg
(20 nm). Investigation of different zones indicated that the Catalytic pgrformances by decreasing the residence tlme'|s
metal particles are surrounded and decorated by the oxidedue to an increase of the temperature as revealed by an in-
matrix which ensures a strong interaction with the metal.
Nevertheless the morphology of the sample and the Rh 100
distribution seem to be very homogeneous. Fig. 8 shows . gp -
the distribution of the Rh particle dimensions collected on %
different zones. The distribution reported for more than 200 2 60 -
measured particles is very narrow and the average dimension; 40 4
is close to 2 nm.

3.4. Catalytic activity

O =

1-2 2-3 3-4 4-5 >5
Rh cluster diameter (nm)

The catalyst was tested in the partial oxidation of methane
and some of the results have been reported previously [27,28].
Interesting results were obtained in several reaction condi- rig. 8. Particle size distribution of Rh for the Rh-5 catalyst after calcination
tions with varying amounts of catalyst, heat delivery, and at 900°C and reduction at 750C.
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Table 4

. - 965.0°C
Catalytic data under autothermal conditions (ZB»/He = 2/1/4 v/v;

catalyst amount 0.05 g) L
Residence time ConvCH SelCO Sel b Tmax Surface — 800
(ms) (%) (%) (%) €C) i
8.6 47.6 52.7 63.1 790 " 600
5.7 55.8 69.3 72.6 863 r
2.9 66.3 83.0 80.6 952 L
2.0 68.9 86.0 81.6 967 —A00
1.4 711 87.2 81.6 978 400.0°C
0.9 72.4 88.4 82.0 984

Fig. 9. IR thermography of the top catalyst bed measured under autothermal
conditions (CH/Oy/He = 2/1/4 v/v, residence time= 1.8 ms, catalyst

crease of the maximum temperature reported in the graph_ . ... o5 9.

and by the enlargement of the hot zone shown for a resi-
dence time of 1.8 ms (Fig. 9). The same results have been re-

ported mainly for monolith catalyst or gauze/Rh catalysts catalyst before and after the reaction using HRTEM does
where the heat diffusion is much more favourable [29-31]. not show any difference, confirming the high stability of this

A . h t catalvst and ] Icatalyst, which may be attributed to the interaction between
comparison among the present catalyst and commerclaly, oiq) ang support [32] produced by the coprecipitation of
Rh catalysts can help to understand the activity of this cata- o i an HT precursor and the presence of MgO and spinel
lyst and was carried out using two different samples: a cat- phase as inert matrix [33]. The analysis of the carbon con-
g 0 . > :

alyst Contal'nling 1% ?)f Rh supported arAl;0s and a cat tent in the samples before and after reaction (after 100 h of
alyst containing a 5% of Rh supported gRAI2Os. The” time on stream) shows an amount of 0.81% and 0.83% for
comparison was carried out under autothermal cond|t|onsthe samples calcined at 99C and for the sample used, re-

at very low residence time (1 ms) and in isothermal con- g,qtively. The constant amount of carbon demonstrate that

ditions with an oven temperature of 75€ and a diluted .\, c4rhon accumulation is occurring during 100 h of reac-
gas mixture (Chl/Oz/He = 2/1/20 v/v), to limit the ef-  4jon Furthermore, since the particles dimension distribution

fect of the temperature increase (Table 5). Under adiabaticig unchanged it is clear that this time does not correspond
conditions the reaction is far from thermodynamic equilib- 4 g, induction period. The presence of a certain amount of
rium and all the catalysts except the one prepared from HT .50 also in the calcined sample is due to the presence of
precursor show partial conversion of oxygen. The oxygen carhonate trapped in the structure and/or readsorbed as CO

leaching decreases with the increase of the active sites and ity m the atmosphere to give traces of HT reconstruction.
is not present for the Rh5 prepared from HT precursor. The

isothermal conditions flatten the differences among the cata-

lysts and the results are close to thermodynamic equilibrium. 4, Conclusions

In the present case the high activity is due to the high surface

area, which allows homogeneous dispersion of high amounts  Development of the catalytic partial oxidation of methane
of Rh (10.6 wt.%). Even though the high activity of a catalyst on industrial scale requires the development of an active and
with such a high amount of Rh may not be surprising, much stable catalyst prepared by a bulk technique such as those
more surprising is the stability of this catalyst towards sin- obtained by HT precursors. The catalyst preparation was
tering. In fact, the high amount of Rh should have favoured studied in each reaction step to ensure high reproducibility
sintering. Experimental results after 50 h of tests during par- and to increase the knowledge and control of the structural
tial oxidation of methane in autothermal conditions (surface properties of the final catalyst. The study of the preparation
temperature at the beginning of the be®65°C, gas tem- step demonstrated that the Rh is inserted into the precursor
perature at the exit of the bed 680°C) (Fig. 9) and 50 h of by coprecipitation. Furthermore XPS analysis confirms that
tests during isothermal conditions (gas temperature®@j0  the cations are homogeneously distributed between bulk and
still shows a very high dispersion of the Rh (HRTEM im- surface. The calcination step induces decomposition of the
age). Comparison of the Rh particle size distribution of this HT precursor and formation of a defective mixed oxide

Table 5
Comparison of the catalytic activity of Rh catalysts in autothermal conditions and under diluted condiitiens= 750 °C, CHy/O,/He = 2/1/20 v/v,
t=1ms

Diluted conditionsT gyen 750°C Autothermal conditions
Sample Conv Cly Sel CO Sel H Conv CH, Sel CO Sel H Conv O
Rh-5 HT 94.6 o 91.5 72.4 88.4 ap 1000
Rh-5a-Al,03 93.2 952 89.8 68.5 86.2 78 981

Rh-1y-Al»03 93.4 950 90.1 62.2 86.3 75 945
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Fig. 10. Particle size distribution of Rh for the Rh-5 catalyst after 100 h of
time on stream in partial oxidation of methane (50 h of autothermal and 50
h of isothermal conditions).

phase with a structure similar to that of MgO. The defects are

related to the presence of some #gations in tetrahedral

positions and of course to a number of cation vacancies

due to the presence of M (AI3* and RF) in octahedral
positions. At 900°C the rearrangement of the structure

forms a more ideal MgO phase which still has some trivalent
cations in its structure and a spinel phase. The solubility

of Rh in the spinel phase is higher than that in the MgO

phase, but being the latter more abundant, the total amount

F. Basile et al. / Journal of Catalysis 217 (2003) 245-252
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