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Abstract

Phosphate of transition elementsMu(POy)s (A=Fe, Ni, Zn, Mg, Cu, Crand MFe, V, Cr) are prepared by solid methods,
at 1223 K. Their activity in HS selective oxidation are compared. In spite of their low specific area, the catalysts develop
a good activity (up to 17% of 5 conversion for surface area lower than4gn') and an excellent sulphur selectivity
(always higher than 95%). Screening experiments show that the best systems always contain Fe as element and, in these
cases, Mossbauer characterisations evidence the establishmeft ffefe mixed valency during the reaction. As shown
by XANES and XRD results, the ability of the element in the divalent A site to promote the redox mechanism between
M2+/M3+and HS/S and to prevent sulphidation determines the catalytic activity. © 2000 Published by Elsevier Science
B.V.
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1. Introduction 2HS+ 1SG = 3/n S, 4 2H0
The international restrictions concerning the release (Catalytic reaction called “Claus reaction”).
of gas containing sulphur into the atmosphere are be- The latter reaction being in equilibrium, the yield of
. . . is limi 0, -
coming more and more drastic (200 ppm foreseen in the Claus process is limited to about 97%. The com

2000 vs. 1000 ppm presently). For many years, most plete transformation of 5 can be achigveq using
of hydrogen sulphide (from natural gases or oilfield) several processes [3,4]. A possible solution is the Su-

is transformed into harmless sulphur using the Claus perclaus process, consisting in catalytic selective ox-
process [1,2]; idation of H,S into sulphur and water, at>230°C,

according to: HS+1/2 O,—1/n §,+H30.
HoS + %Oz — SO, + H»0 Many catalysts have been studied for this reaction,
473K especially iron-containing catalysts. Actually, iron ox-

At the end of this thermal step, the;8ISG ratio ide is highly efficient for S oxidation, but scarcely

must be 2/1, in order to optimise the following step: se_lective. _Recen_tly, Li _and Shy_u_ [5] showed th_at
mixed antimony/iron oxides exhibit better catalytic

—_— . ) performances and sulphur selectivity than single oxide
* Corresponding author. Present address: Laboratoire de talvsts. Mixed i /ch . id d ited
Réactivié de Surface, 4, pl. Jussieu, tour 54-55, 75252 Paris Cedex catalysts. Mixed ron/c rom'um oxides, deposited on
05, France. Fax:-33-144276033. a-Al203, have also been studied [6,7]. The presence
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of the toxicity of chromium, a second generation of solid method, at high temperature. This preparation
catalysts has been developed, based ofOE/&IO, method, which confers to them a very well crystallised
[8]. In this case, the active phase is claimed to be framework but a low specific area<{ m?g~1), al-
Fd'SQy, i.e. based on Fewhereas the fresh cata- lows getting model-catalysts. The elements in A
lyst contains F&. On the other hand, although the and M sites are various: AFe, Ni, Mg, Zn, Cu,
H>S selective oxidation mechanism remains debat- Cr and M=Fe, V, Cr. The catalytic performances of
able, some authors evidenced a redox mechanismthe prepared catalysts inpB selective oxidation are
[5,9], according to Mars and van Krevelen kinetics, compared. Mossbauer, DRX and XANES character-
as in the case of light hydrocarbons mild oxidation isations before and after reaction, completed by the
reactions. results previously obtained with piey(POy)s pre-

All these features have prompted us to study bi- pared from aqueous solution, allow us to understand
nary and even ternary model oxides and investigate the role of the associated A element.
this phenomenon. Because of the apparent analogy
with the features observed in the selective oxidation
of hydrocarbons, model catalysts based on transition 2. Experimental
element phosphates are chosen in order to get a bet-
ter understanding of the reaction. Among the phos- 2.1. Materials
phate families, AM4(PQy)s has been chosen because
of the flexibility of its crystalline framework, which The powders of precursors (oxides and @)H
implies that cationic substitutions can be performed HPQy) are mixed in an agate mortar in the appropri-
on either A or M sites. In this structure, the element ate ratio. The mixture is then heated at 673K in air
in A site is divalent and gets an octahedral or bipyra- to eliminate NH and HO. In case of different ele-
midal coordination. The element in M site, trivalent, ments in A and M sites (for example gfey(POs)s),
is localised in sharing sides octahedra, as shown onsamples are then calcined at 1223 K in air. When A
Fig. 1. In a recent paper [10], we reported the results and M are the same element (for example in case
obtained with N3Fey(POy)e prepared from aqueous Of FesFey(PQy)s), the preparation implies the syn-
solution and calcined at different temperatures. The thesis of the divalent compound. Thus, after adding
aim of the work, among others, was to evidence the appropriate amount of R} samples are heated un-
structure-sensitive character ob$l selective oxida-  der vacuum, at 1223K according to the literature
tion reaction in terms of catalyst crystallinity. [11,12]. The preparation of Nire;(POs)s by liquid

In the present study, activity results of several method has been previously detailed [10],®¢ ox-
isostructural compounds are compared. Our purposeide (22nfg~') and Fe/C=0.5 (78nfg~t) mixed
is to better understand the apparent positive effect oxide were provided by Rhéne-Poulenc and prepared
on activity and selectivity of the iron associated ele- from citrates.
ment in A site. Catalysts are prepared according to a

2.2. Characterisations

Catalysts were characterised before and after re-
action by X-ray diffraction, Méssbauer spectroscopy
and XANES. X-ray diffraction patterns of the samples
“ were registered using Cu-eKradiation. The powder
% Mdéssbauer spectra were registered on a constant accel-

<
‘|

- eration spectrometer, with°4Co source in Rh matrix.
-l "v‘ The isomer shift (IS) values were given with respect to
N araf | i{ that ofa-iron at room temperature. The X-ray absorp-
. | tion spectra at Fe, Cu, Cr, Ni K-edges were recorded
at room temperature in a classical transmission mode
Fig. 1. Projection of AM4(PQy)s along (100). at the EXAFS | station (channel cut monochromator)
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using the synchrotron radiation of the DCI storage ring with the corresponding sample containing iron mixed

of LURE (ORSAY, FRANCE) working at 1.85 GeV
with a 250 mA current.

2.3. Catalytic tests

Catalytic tests were carried out, under atmospheric
pressure at 503K, in a fixed bed flow quartz microre-
actor containing 50 mg of granuleg£0.4—1 mm).
The reactants were4$ (1.2%) and @ (0.8%) diluted
in N2 (97.8%) and the W/F about®g h molL. After

valency, Fe(POy)s: 26%.

Compared to systems previously studied, phosphate
matrix seems to improve the intrinsic activity of iron
systems (F€03 (22 g~ 1) compared to FEPOy)s
or even CgFey(POy)s compared to Cr/Fe mixed oxide
(78 m? g~ 1) [6]). Indeed, CgFey(POy)s is intrinsically
very active and, which is an important point, does not
deactivate: 15% of b5 conversion for approximately
1m? g1, vs. 25% for 78 Ag~tin case of Fe/Cr oxide
(Fe/Ce=0.5). These good catalytic results, obtained on

trapping of water and condensed sulphur, the inlet and model phosphate catalysts, are not so surprising if one
outlet gases were analysed using a Varian 3400 CPG,refers to numerous works concerning the catalytic ac-
with a Porapak column and an FPD detector. Hydro- tivity of phosphate compounds in oxidation reactions
gen sulphide conversion (conv.) and sulphur selectiv- of light hydrocarbons [13,14]. Although the reactive
ity (sel.) are defined as: molecule is different, one must note that many authors

Conv=(moles of HS reacted/moles of #B suggest that b5 selective oxidation is governed by a
fed)x 100. Mars and Van Krevelen mechanism, as many hydro-

Sel=[(moles of HS reacted-moles of SQ pro- carbons oxidation reactions. Structure-sensitive effects
duced)/(moles of kS fed)]x 100. are also thus expected in that reaction.

We have recently shown that catalytic performance
of NisFey(POy)s is improved by using aqueous pre-
cursors during the preparation step [10]: with a
low calcination temperature (450), one can reach
78 g1 of specific area and 80% of 43 con-
version, keeping a sulphur selectivity above 90%.

Table 1 shows the screening results. In some cases Nevertheless, we evidenced that the specific activity,
a slight deactivation occurred during the first 2h of about 1% conv.gm?, (with respect to the specific
experiment, but after the steady state was reached, noarea of the sample) of samples prepared by solu-
deactivation occurred during 20 h, which is a real im- tion method remains constant, when samples are
provement, compared to unsupported iron simple ox- completely amorphousT&823K). It progressively
ide [6] tested in the same conditions. In spite of their increases up to 4% conv. grh for samples calcined
low specific area€1 m? g~1), all the catalysts exhibit  at higher temperatures, with respect to the increase
a real activity, but conversion differs with regard to in their crystallinity. However, it remains lower than
composition. Selectivities are excellent in any case, al- the value obtained in case of the sample prepared at
ways above 97%. Iron-containing samples are always 1223 K by solid method, and consequently very well
active, except when the A site is occupied by copper crystallised: 17% conv.gnf. The results showed
(CugFey(POy)g). Catalysts without iron are less ac- that HS selective oxidation is structure-sensitive in
tive, except in case of POy)s (16% of HS conver- terms of sample crystallinity. The results presented
sion). This result is however lower than that obtained here show another aspect op&l selective oxidation

3. Results and discussion

3.1. Catalytic performance

Table 1
Catalytic results of model phosphate catalyst isSHselective oxidation

Catalyst ZnVy FesVs  MosFes ZngFey CuwsFey  FeOs NisFeqs Fey CrsFeg Cry Zn3Cry Fe/Ce=0.5
(PO)s (PO)s (POw)s  (POy)s  (PO)s (PO (PO)s (POw)s  (POy)s  (PO)s

Conv. (%) 6 14 16 12 3 40 17 26 15 16 2 25

Sy sel. (%) 97 98 100 100 100 20 97 97 100 100 100 100
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on phosphate catalysts: their structure-sensitivity in
terms of composition. Actually, the disparity of the re-
sults shows the sensitiveness of the reaction to the na-
ture and to the oxidation state of the associated A—M
elements. As shown in Table 1, all iron-containing
catalysts develop a good catalytic activity, except
CugFes(POy)s. This latter result can be amazing con-
sidering the industrial use of copper and iron-based
catalysts in HS oxidation or Claus processes [15,16].
It can be noted that the best catalyst contains initially
the mixed iron valency. The good result of {JPOy)s
may be also related to the presence of'@€r3t in
the starting catalyst. The two vanadium-containing
samples (F&/4(POQy)s and ZnV4(POy)s) develop
different activities (respectively 14 and 6% oh &l
conversion). The positive effect of iron might be
evoked, but intrinsically vanadium is more active
than chromium. For the same cation in A site,
i.e. Zn, the activities of the transition elements
are:

Cr<V <Fe, with respectively 2, 6 and 12% ofH
conversion.

3.2. Characterisations

3.2.1. XRD

XRD spectra of the samples have been indexed
following the references of isostructural phosphate
ASTM files available in literature [11,12,17]. On
fresh catalysts, the XRD pattern corresponds to the
[M4(PQy)e], family; no traces of remaining pre-
cursors oxides (&3, CuO, MgO) were detected.
It should be pointed out that, because of the low
symmetry of the [M(PQy)e], Structure (triclinic),
the XRD powder diffraction patterns do not al-
low to differentiate either solid solution such as
(Az_ M) (M4_, A" (POy)e, or mixed phases such
as AsFey(POy)s and Fe(POy)s. XANES and Moss-
bauer characterisations will refine the results. No
modification of the diffraction lines was observed
after reaction, except in the case of £ay(POy)e.
This point is detailed further.

3.2.2. Moéssbauer

Samples containing iron in the trivalent M site (ex-
cept ZnsFey(POy)6) were characterised, at room tem-
perature, before and after catalytic test. The spectra
were fitted using the MOSFIT program [18] and the
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Table 2

Mossbauer data of model phosphate catalysts before and after

reaction

Catalyst Before reaction After reaction
IS2 Q¥ Iron % IS QS Iron %

charge charge

Fe;(PQu)s 0.28 0.65 & 61 0.28 0.65 3 61
0.99 1.68 2 29 0.99 168 2 29
1.04 198 2 10 1.04 1.98 2 10

NizFes(POs)s 0.43 0.57 & 40 0.38 0.50 3 38
043 094 & 48 0.40 0.90 3 42
1.14 271 12 1.22 253 2 20

MgsFes(POy)s 0.27 0.64 3 55 0.27 0.64 3 62
0.46 0.78 & 39 0.45 0.77 3 27
129 2.28 2 6 132 218 2 11

CrsFey(POs)s 0.34 0.89 3 43 0.34 0.89 3 44
121 229 2 46 121 229 2 45
127 279 2 11 1.29 2.79 2 11

CusFes(POy)s 0.42 1.08 3 43 0.29 0.84 3 19
042 082 & 47 0.44 0.78 3 38
1.25 2.66 2 10 1.31 2.38 2 43

a|somer shift (mms?).
b Quadrupolar splitting (mms).

percentages of E& and Fé* were calculated and are
reported in Table 2.

Mdossbauer spectra of ghey(POy)s before and
after reaction are reported in Fig. 2. It can be
clearly seen that the intensity of the doublet\At
(velocity)=2.25mms?, corresponding to divalent
iron, is greatly increased after reaction, at the ex-
penses of F& doublets intensity.

3.2.3. XANES

The XANES spectra at Cu K-edge are presented in
Fig. 3. For chromium compounds, the energy values
at Cr K-edge have been extracted from XANES spec-
tra and are presented in Table 3. XANES character-
isations at vanadium K-edge are in progress and are
not reported here.

3.2.4. Discussion

3.2.4.1. Samples before reactionFirstly, Moss-
bauer results evidence the presence ot*Fbeefore
reaction, in samples containing theoretically only
Fe*t. This phenomenon is confirmed by XANES
characterisations at Fe K-edge. El Kira et al. [11]
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Fig. 2. Mossbauer spectra of gftes(POy)s before and after catalytic test.

have already observed it on {¥ies(POy)s. The au- tion of the solid solution A_,"Fe,""Fes_ "' (POy)s,
thors underlined the difficulty of preparing a single completed bysP,Os and ¢éAO oxide, whose small
phased sample and evidenced the presence of a smalamounts are undetectable by XRD. In this case, the
quantity of Np_,.FeP,O7, at the origin of F&" five-coordination of F& atoms is not observable
Mossbauer signal. In our case, XRD spectra do not by simple Md&ssbauer characterisations. Neverthe-
show any diffraction lines corresponding to this com- less, the five-coordination of iron in iron phosphate
pound, indicating that, if it is present, its amount is compounds is not scarce [14].
lower than 5% (weight). Another explanation couldbe  The case of the sample containing Cr and Fe is
related to the competition between iron and the other more delicate: actually, the affinity of chromium to
elements (Mg, Cu or Ni) to get the more usual octa- get a trivalent charge enables the formation of a
hedral coordination. This would result in the forma- solid solution (Cs_.Fe,)"(Fes_.Cr)" (PQy)s, ex-
plaining the presence of iron mixed valency in the
fresh catalyst. XANES data show that the edge of
Cu K-edge CrsFey(POy)s value is about 10.70eV, close to the
Cr0O3 value (10.97eV) and much higher than that
of Cry(PQy)s which presents mixed chromium va-
lency E=9.16eV). Thus, the GFey(POy)s sample
mainly contains & and very few C#t. This result

08 F .. . .. . .
06 b is in agreement with the Mossbauer characterisation,
0’4 S &4 which evidences the presence of large amount éf Fe
0'2 3 “oocuwo K in the sample. One must conclude that the prepara-
N3 ISt tion has led to the formation of at least a major phase

" FesCry(POy)s and a minor one FEPOy)e.
710 30 In any case, and taking into account that small

Fig. 3. XANES spectra at Cu K-edge of gkey(PQy)s before and amounts of some phases could be presgnt in_ our
after reaction, comparison with CuO and fQureferences. samples, we have verified that the catalytic activity
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-IE-ZZE jnergy values at Cr K-edge for Cr containing samples. Comparison with Cr metal @xir&ferenced
Sample (eV) Cr metal GO3 ZnzCry CrsFey Cry(PQs)s

Before After Before After Before After
Edge energy 4.68 10.97 10.69 10.47 10.70 10.15 9.16 9.05
Error 0.21 0.30 0.13 0.19 0.17 0.15 0.13 0.13

aTo clarify the legends, some phosphate samples are designategMy iAstead of AM4(POy)s.

cannot be due to E®3 (not sulphur selective), nei-  higher than the change of the edge energy observed
ther to FePQ@ nor AFeRO; samples (not active in  for ZnzCrs(POy)s (E=10.47 vs. 10.69eV), which is
H>S selective oxidation). not active in BS selective oxidation.

In case of N§Fey(POy)6, N0 modification of the ox-
3.2.4.2. Samples after reactionin the cases of idation state of Niis observed by XANES characteri-
Fe;(POy)s and Cr(PQ4)s, N0 modification of the sations, although the partial reduction offfeFe&*
relative amount Mt/M3*+ is observed after reac- could have been relaxed by partial oxidation of
tion (Tables 2 and 3, respectively). InJFiey(POy)e, Ni2t—Ni3*. Moreover, in case of Mgrey(POs)g and
MgsFes(PQu)s and CuyFes(POQu)s samples, the  ZnsFei(PQy)s, the fixed valency of Mg and Zn ele-
amount of Fé&" increased after reaction (Table 2): a ments ¢-2) can certainly not compensate the partial
reduction of the iron oxidation state occurred during reduction of iron. Thus, one must admit that the iron
the catalytic reaction. This phenomenon is confirmed mixed valency is not relaxed by the element located
by XANES spectra at Fe K-edge (not reported here). in A site. It can be supposed that the nature of the A
Since Mossbauer spectra were recorded under air,element influences the redox potential ofEe+
one cannot exclude a partial re-oxidation of the iron. couple toward the other redox couple participating in
Actually, the exact F&f/F€** ratio in the equilibrated  the reaction: HS™"/S°. The feature of such a couple
catalyst should be estimated by in-situ characterisa- redox mechanism has been recently developed by
tions, technically difficult to realise because of the Davidov et al. [19] ona-Fe,O3. A guestion arises
formation of liquid sulphur during the reaction. One however: how can the crystalline structure remain
must remember that the establishment of the iron unchanged in spite of such iron partial reduction?
mixed valency, in NiFey(POy)s prepared by liquid One could propose (i) a partial dismutation of the
method, has also been evidenced in our previous studysystem leading to F€POy)s+A3M4(POy)6+AO, Not
[10]: in the case of NjFey(POy)s calcined at 773K, detected by XRD or (ii) a modification of only the
the amount of F&" rises from 0% before reaction up  catalyst surface. XPS study should be performed to
to 30% after reaction. clarify this point.

It should be underlined that iron valency remains ~ XANES characterisation at Cu K-edge of §Fay
unchanged in the GFes(POy)s sample after reac-  (PQy)s (See Fig. 3) shows a strong reduction ofCu
tion, in contrast to compounds referred above. Taking to Cut after reaction. A linear combination of ¢@
into account that this sample was shown to be prob- and Cy' O, compared to the spectra of §Fiey(POy)se,
ably multiphased and even to exhibit pre-existing reveals the presence of 18% of CuThus, the si-
iron mixed valency in large amounts, this result multaneous reduction of Gti to Cut and of Fé* to
can be compared to the unchanged mixed valency Fe*t is inconsistent with the existence o§M4(PQs)s
in Fe;(POs)s and Cr(POQy)s compounds after re-  crystalline framework. In fact, XRD characterisation
action. Finally, it seems that no modification of evidences the disappearance of the main lines of the
mixed valency occurs when it pre-exists in the fresh structure and the raising of new lines relative to CuS
material. or a-CwS. The great sensitiveness of copper and iron

Cr K-edge energy value of gFFey(POy)g sample toward HS molecule [20-22] explains the competi-
shows a slight decrease of the energy value after tion of both couples to interact in the redox mecha-
reaction E=10.15 vs. 10.70eV). This variation is nism. The simultaneous reduction of Euand Fé*
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