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Abstract

The aim of this paper is to investigate the processes occurring during V-O-W unsupported catalyst formation in order to gain the knowl-
edge necessary to design supported catalysts. Sol-gel synthesis of V-W hydroxo-oxide hydrate @¢)Mrom tungsten and vanadyl
isopropoxides is described. The hydrate structure is shown to be related $®\884,0. The role of vanadium in the formation of this
structure is discussed. Hydrate dehydration is shown to result in the formation of V-W hydroxo-oxide isostructural with hexagonal WO
Further heating of hydroxy-oxide causes a loss of hydroxy groups accompanied by the formation of V-W oxide bronze isostructural with
tetragonal WQ. Annealing the bronze in an air atmosphere results in the removal of vanadium from the bronze crystallites as a results of
its surface segregation. The formation of the surface vanadia-like species emeld@d crystallites is found to be a result of vanadium
segregation. Increasing the annealing temperature causes recrystallisation of the surface species. The synthesis of axid@taia@lyst
via a mixed oxide formation in the presence of titania sols followed, by surface vanadium segregation in an air containing atmosphere, is
proposed. The application of the knowledge gained during our investigation of the formation of the unsupported V-O-W catalyst to the
discussion of the morphology of the V-O-WI/Ti(Sn)@utile) catalyst is also demonstrated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction sising oxide catalysts with the controlled structure of surface
species.

Sol—gel[1,2] as well as advanced complexing-agent as-  Vanadia—tungsta catalysts are frequently used for hydro-
sisted sol-ge[2—4] methods allow one to obtain homoge- carbon oxidatior{14—16] hydrocarbon ammoxidatiofi7]
neous multicomponent oxide systems. These methods seenand NQ. reduction[18—22]
to be suitable for the formation of mixed transition metal  The possibility of forming V-W oxide bronze by
oxides. At the same time, however, mixed oxides of transi- evaporating a solution of ammonium methavanadate and
tion metals may undergo cation segregation, which in turn ammonium polytungstate in concentrated oxalic acid and
leads to the formation of surface specjBs12] that often calcinating the dry residue at 748 K has previously been de-
show good catalytic performan§®,10,12,13] scribed5]. Cation segregation in air has been shown to cause

Thus it seems that formation of mixed oxides followed by the formation of vanadia-related surface spe¢tds Such
cation segregation should be an efficient method of synthe-species are known to be active in hydrocarbon oxidation

[14-16] hydrocarbon ammoxidatiofL7] and in selective
catalytic reduction (SCR) of NO[18,21,22]to dinitrogen.
S ) Anatase is commonly used as a support of vanadia—tungsta

* Corresponding author. Tel48-12-6336377x2011;
fax: +48-12-6340515. catalyst418,21,22] It may be called a structural support due

E-mail address: mnajbar@chemia.uj.edu.pl (M. Najbar). to its good crystallographic fit to the vanadia-like species as
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well as to the V-W oxide bronze phase. However, inthe pres- An effort was made to assess the population of
ence of vanadium ions the temperature of anatasdile vanadia-like active species on rutile and on V-O-W crys-
transformation lowers. The transformation may cause vana-tallites in a V-O-W/Ti(Sn)®@ catalyst earlier used for NO
dia active-phase detachment. To design a stable catalystreduction by NH.

anatase could be replaced by rutile. Because the conven-

tional method of rutile synthesis via anatase annealing does
not yield a preparation with a sufficient specific surface
area, an alternative method of synthesising rutile has been, 1 V,05-WOs3 solid solution hydrate synthesis
proposed13,23] A small amount of a tin compound was

added to force the system to crystallise in the form of rutile.  The synthesis of V—O—W mixed oxide hydrates was per-
The highest specific surface area of the support was equal toformed by hydrolysis of vanadium and tungsten isopropox-
ca. 80 nt/g and thus very close to that of anatase commonly ides at pH= 1.0. To determine possible vanadium influence

2. Experimental

used in the vanadia—tungsta catalyst for NECR[21,22] on the hydrate structure, the W®ydrate was synthesised
It could be lowered by increasing the temperature of the from tungsten isopropoxide at the same pH.
support thermal pretreatment to any demanded Vg@g A vanadium oxyisopropoxide solution in isopropanol was

This support should provide a catalyst with high thermal sta- added to a tungsten hexachloride solution in isopropanol
bility. Because an excess of oxalic acid used in conventional in the proportion V:W=1:9. The bluish-green solution that
V—O-W catalyst synthes[d44,24]may retard the formation  formed after mixing was stirred at 353K for 1 h. Water was
of the epitaxial contact between support and V-W oxide added to isopropoxides until pH 1.0 was achieved. The ob-
bronze, organometallic precursors’ hydrolysis performed in tained white precipitate was heated at 353K for 24 h. Then,
the rutile suspension presence seemed the more promisingsing an evaporator, it was dried, at the same temperature
method for catalyst formatiofi3]. Tungsten and vanadium  for 1 h, after which the colour changed to greyish-white.
isopropoxides with comparable hydrolysis raf@s] were To prepare a tungsta hydrate, tungsten hexachloride was
chosen as substratds3]. The hydrolysis resulted in V-O-W  dissolved in isopropanol. The obtained blue solution was
hydrate formation isostructural with Wi®.33H0 [26] on heated at 353K and stirred for 1 h. Water then was added
Ti, Sn rutile support. The catalyst contained rutile and V-W until the 1.0 pH was achieved. Treatment of the precipitate
oxide phases. The XPS results for the freshly prepared cat-was the same as in the case of V-O-W mixed oxide hydrate.
alyst and the catalyst additionally annealed at 733K in air The obtained powder was green.
showed that the annealing simultaneously causes a decrease Syntheses of the Ti, Sn rutile support and of the Ti, Sn
in Ny/Nw ratio and an increase in the support coverage, rutile supported V-O-W (V:W:[TH-Sn] = 3:27:70) catalyst
(Mv + Nw)/(Nti + Nsp), by forms containing V. and W have been described elsewh§t8,23]
[27]. This can be interpreted only as resulting from pre-
dominant tungsten segregation on rutile crystallites, which 2.2. Measurements
presumably contain V and W additions. Such an occurrence
suggested that vanadia-like species are formed mostly due The V-O-W and W@hydrates were identified by powder
to vanadium segregation on V-W oxide bronze crystal- X-ray diffraction (XRD) as well as FT Raman spectroscopy.
lites. The V—-O-W catalyst prepared according to the above A Philips Analytical PW 3710 XPERT System with Cu
method proved to be very active in low-temperature NO Ka (A = 0.15418 nm, 940 kV, 30 mA) and a secondary beam
reduction by ammonia to dinitrogd3]. monochromator at 0.0%teps at a rate of 2 s per step over the
The aim of this paper is to gain insight into the processes range 10 < 20 < 400’ was used for XRD measurements.
that occur during the sol-gel synthesis of a V-O-W unsup- FT Raman spectra were registered using a Bio-Rad FT
ported catalyst in order to better understand the formation Raman spectrometer with a Spectra-Physics diode Nd:YAG
of the supported catalysts. Such knowledge should help tolaser (1064 nm line).
tailor the design of V-O-W supported catalysts with opti-  The evolution of V—-O-W hydrate during continuous heat-
mal performance in NOSCR and hydrocarbon oxidation ing was investigated by thermo-gravimetry (TG) and differ-
or ammoxidation. ential thermal analysis (DTA). The identification of phases
The processes that occur are assessed on the basis of tHermed during isothermal heating at 483, 658, 703, 823 and
structures of: (i) the V-O-W (W:V= 9:1) hydrate that 923K for 3h was performed on the basis of powder XRD
formed in the course of the sol—gel synthesis from tungsten patterns as well as FT Raman spectra.
and vanadyl isopropoxides; (ii) the V-O—W hydroxo-oxide = The TG and DTA measurements were conducted on a
created in the course of hydrate dehydration; (iii) the MAC Science TG/DTA 2000 instrument in dry air, flowing
V-O-W oxide that formed due to hydroxo-oxide dehydrox- at a rate of 100 cAmin~1! at a heating rate of 10 K mir};
olation; (iv) the vanadia-like surface species that formed on a-alumina was used as the reference for DTA.
the surface of V—O-W crystallites due to vanadium seg- Secondary electron (SE) images and element mappings
regation; and (v) the W oxide that formed after vanadium were taken with a Philips Scanning Electron Microscope XL
segregation. with an EDS LINK-ISIS system.
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The HREM image was taken with a Philips CM 200 FEG Tb
microscope. The specimens for HREM were prepared by non
dispersing a small amount of powdered catalyst in methanol
and depositing it on a holey carbon film supported on a X
copper grid. f

3. Results and discussion

The XRD patterns of W@ (a) and V-W mixed oxide '
(b) hydrates are shown iRig. 1 All the reflections in the YoV
X-ray diffraction pattern of W@ hydrate can be ascribed to — —>
tungsta monohydratf28]. Similarly, the reflections in the Vot a

X-ray diffraction pattern of the mixed oxide hydrate can be  Fig. 2. Projection of W@0.33H0 structure along [001] direction.
attributed to WQ-0.33H,0 [26].

According to Gerand et al[26], the structure of /T\/T\/M\
WO3-0.33H0 consists of infinite layers of Wg and
WOs5(H20) octahedra sharing their corners to form six- and \I/W\J/
three-member ringsFH{g. 2). The neighbouring layers are
shifted in [1 0 O] direction so that the centres of \W(B,0)
octahedra of one layer are placed opposite the centres of the
hexagonal rings in the next layer. The tungsta monohydrate
structure is composed only of the layers of WB.0)

octahedra joined by Van der Waals forcdsg( 3) [28].

The WGQG5(H20) octahedra in the orthorhombic structure

of tungsta monohydrate share corners along the [100] and /T\M/]\

[010] directions. It can therefore be concluded that any ¢

special property of vanadyl complexes causes the forma- WW

tion of a hydrate structured with three- and six-member

rings. Vanadyl isopropoxide is known to form 3[VO(RD)

oligomers in isopropanol solutiorj29]. The hydrolysis of

such trimers will cause three-member oligomer formation  Fig. 3. Projection of W@H,O structure along [01 0] direction.

with hydroxyl bridges. Oxolation of these oligomers may

result in hexagonal ring formation. of M—O-M (M = W or V) bridges: asymmetric stretching,
Fig. 4 presents Raman spectra of tungsta monohydratebending and symmetric stretching, respectivi9]. The

(@) and V-O-W hydrate (b). The bands at 880 and 800, bands at 980 and 376 cthcan be ascribed to stretching and

781 and 687, 284 and 250 cthresult from the vibrations  bending vibrations of the WO in tungsta monohydrate, and
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Fig. 1. XRD patterns of the isopropoxy-derived tungsta (a) and isopropoxy-derived V-O-W hydrate (b) (M3-B@0Oh-WQ0;-0.33H,0).
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Fig. 4. FT Raman spectra in 100-1040chrange of: WQ-H,0O (a) and
V—O-W hydrate (b).

the bands at 947 and 339ctto stretching and bending
vibrations of the MO in the V-O-W hydrate.
Fig. 5 presents the TG (A) and DTA (B) curves for

strates continuous weight decrease during sample heating
up to 703K, and an additional step weight loss (ca. 0.57%)
above this temperature. The dehydration of WEB3H,O
investigated by Gerand et gR6,31] was found to occur
completely during continuous heating up to 673K. The
observed additional weight loss above 703K can therefore
be ascribed to water loss from bridging OH groups that are
formed during the hydrolysis of 3[VO(Rg))oligomers.

Minima on the DTA curve of tungsta monohydrate may
be ascribed, according to Yamaguchi et[8R], to solvent
removal and hydrate dehydration accompanied by cubic
tungsta formation. However, the DTA curve of the V-O-W
hydrate reveals two endothermic peaks centred at ca. 354.7,
570K and an endo-exothermic doublet at 703 and 735.8K,
respectively. Two shoulders at ca. 390 and 830.2 K can also
be distinguished. The first endothermic peak and the shoul-
der at ca. 390K can be ascribed to the loss of volatile com-
pounds (GH7OH, HxO, and HCI) and hydrate dehydration,
respectively. Since the phenomenon presented by the sec-
ond endothermic peak at 570 K occurs when dehydration is
almost completed (curve b iRig. 5A), it may come from
the transformation of dehydrated V-W-O hydrate into the
hexagonal phase. Energy is spent in this transformation
to shift (001) layers of half of the identity period in the
[100] direction. According to Figlarz et aJ33], hexago-
nal WQ;s is stable up to ca. 673K and transforms at this
temperature into the orthorhombic form isostructural with
ReG;, which is composed of straight single chains of YO
octahedra connected at their corners. This suggests that the
doublet of endo- and exothermic peaks, at 703 and 735.8K
(curve b inFig. 5B), contains information about processes
occurring during hexagonal V—-O-W phase transformation
into phase built of straight single chains of \&/@ctahedra.

The endothermic peak may be an illustration of the energy
needed to destroy the hexagonal structure and the endother-
mic peak of the crystallisation energy of the phase with the

isopropoxo-derived tungsta monohydrate (a) and V-O-W structure related to ReOThe exothermic peak starts at the
hydrate (b). The TG curve of the tungsta monohydrate Same temperature as the step weight loss on the TG curve,
clearly shows a two-step weight loss up to 618 K. On the Which shows that the 3[VO(OH) trimers’ destruction re-
other hand, the TG curve of the V—-O-W hydrate demon- Sults in water being released from bridging OH groups. An
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Fig. 5. TG curves (A) and DTA curves (B) for isopropoxy-derived tungsta
(a) and isopropoxy-derived V-O-W hydrate (b).

amount of water (0.57%) is ca. 1.5 times higher than that
in 3[VO(OH)3] trimers, therefore allowing one to conclude
that some of the tungsten isopropoxides monomers are also
involved in the isopropoxide trimers’ formation. In light

of the above conclusion, it is clear that the composition
of the hexagonal phase can be described by the formula
V0.1W0o.9(OH).1502.875. Thus it can be claimed that the
sol-gel process in vanadyl and tungsten isopropoxide mix-
ture at pH ca. 1 results in V—O-W hydroxo-oxide hydrate
formation. It has also previously been shoy&} that an-
nealing the mixed vanadyl-tungsten oxalates at temperatures
close to that of the exothermic peak (748 K) results in the
formation of oxide bronze with vanadium atoms in intersti-
tial positions and a structure related to tetragonal tungsta.
One can therefore expect the exothermic peak at 735.8K to
correspond to tetragonal V-O-W bronze crystallisation. It
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has also been four{8] that maintaining the bronze at 813K component, and that related to tetragonal tungsta as a mi-
in air results in surface vanadium segregation with simul- nor one. The monoclinic W@related phase was found to
taneous orthorhombic W§formation. This transformation  be the only component in the preparation finally heated at
explains the shoulder at ca. 830.2 K. 923 K. This confirms that the shoulder at 830.2 K (curve b in
To verify the assignment of the peaks of the DTA curve Fig. 5B) corresponds to the rapid change of tetragonal phase
(Fig. 5B), XRD patterns and FT Raman spectra were taken into an orthorhombic one. It should be remembered that in
for the preparations obtained by V-W-0 hydrate annealing the course of cooling, the orthorhombic phase is transformed
consecutively at 483, 658, 703, 823, and 923 K. into a monoclinic form at 583 K34]. As shown elsewhere
The XRD patterns of those preparations are presented in[5], the tetragonal phase changes into an orthorhombic one
Fig. 6. None of \bO5 maxima are observed in the diffrac- due to vanadium loss from its structure.
tion pattern of the sample annealed at 483 K. All the peaks Fig. 7 presents FT Raman spectra of the samples an-
in this diffraction pattern correspond to W©0.33H,0 [26]. nealed at 483 (a), 658 (b), 703 (c), 823 (d) and 923K (e),
The maxima labelled with numbers from 1 to 7 could also be in the 100-1040 cm! wavenumber range. The lowest value
attributed to hexagonal W To check for the presence of of the M—O-M bending vibration wavenumber, 640¢thm
the hexagonal phase, the ratio of the intensity of the (111) (Fig. 79, may easily be explained by the presence of V
reflection (marked by asterisk) of hydrate to the intensities atoms occupying bronze interstitial positions. Continuous
of the reflections 1-7 were compared with the same ratio dehydration is demonstrated by the decrease in the intensity
for WO3-0.33H,0 [26]. The results are shown ifable 1 of the peak at 947 cm. The spectra in the double bond
The lower values of all the ratios calculated for the inves- vibration range of the catalysts annealed at 703, 823 and
tigated sample compared to those for YW®33H,0 show 923K are presented iffig. 8 The band at ca. 970 cmh
that the sample does contain hexagonal phase beside solideen in the spectra of the sample annealed at 703, 823 and
solution hydrate. It can therefore be concluded that partial
dehydration accompanied by at least partial transformation
of the dehydrated phase into the hexagonal one occurs dur-
ing isothermal heating at 483 K. A decrease of the relative
intensity of the (11 1) hydrate reflection due to annealing at
658 K shows further dehydration. The presence of the hy-
drate in the sample annealed at 658 K suggests that the en-
dothermic peak at 570K (curve b Fig. 5B) corresponds 2
to tetragonal— hexagonal transformation occurring only
in part of the crystallites (probably the smallest ones). The
maxima in the diffraction pattern of the sample annealed at
703K can be ascribed to hexagonal and tetragonal tungsta
phases. The three reflections marked by “H” can be ascribed
only to hexagonal W@[31]. One maximum (marked “T")
can predominantly be ascribed to tetragonal \&4] and
the three remaining maxima are composed of those of the —
tetragonal and hexagonal phases. This shows that tetrago-
nal phase which forms most rapidly at 735.8 K may also be
formed at a lower temperature in the course of isothermal
annealing. The sample finally annealed at 823 K contains
oxide isostructural with monoclinic W§[34] as a major
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Comparison of I(1 11 hyaratd1—7) ratio in the sample annealed at 483K

with (|(111)/|1_7) in WO3-0.331H,0 (d)
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Number of |(1 1) hydrate“ 1—7 ratio hkl |(1 1 1)/| 1—7 ratio
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annealed at 483K [26]
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923 K was earlier attributed to a V-O-W layer with vanadia 160 cnt1: V-O-W oxide isostructural with hexagonal

structure on the surface of the V—-W oxide bronze crystal- WOs3;

lites[35]. As those layers are chemically bound with surface 106, 109, 111, 120 crt: V-W oxide bronzes isostruc-
bronze layer$35], it is reasonable to conclude that they are tural with tetragonal W@ containing different vana-
vanadia monolayers sharing terminal oxygen with the V-W dium amount.

oxide bronze surface layers. The peak at 961tnseen

in the spectrum of the sample annealed at 703K, probably  according to published research, the peak at 145tm
comes from vanadyl groups in surface interstitial positions [36,37] may be attributed to lattice vibrations in@s and

of the V-W oxide bronze crystallites being a precursor of o+ at 133 emil to monoclinic WQ [30]. The presence
the monolayer. The monolayer species could be formed asyt 4 small amount of hexagonal phase at the surface up to
a result of vanadyl species migrating on the surface of the go5 (Fig. 99 can be explained by the great variety in the
crystallites of the V-W oxide bronze. The enlarged spectra crystallite dimensions.

in the lattice vibration range are presented-ig. 9. Com- The formation of the crystalline vanadia at the surface
parison of the spectra with X-ray diffraction patterns of the ¢ \/_wy oxide bronze crystallites at 923K is illustrated by
same samples=(g. 6) and with the DTA curve of V-O-W o shouider at ca. 145crh in lattice vibration range of
hydrate Eig. 5) allowed for the following assignment of the 1o Raman spectrurfiigs (7e and 9ejnd by the peak at

peaks and shoulders: ca. 991cm? in the double bond vibration range of this
147 cntt V-O-W hydrate isostructural with W{ spectrum Eig. 89. The crystallites are formed at the cost of
0.33H:0; the monolayer species.

(e) 3,
Fig. 10. SE image (a) of particles of the V—O-W/Ti(Sa)@) catalyst precursor and element mappings of Ti (b), Sn (c), W (d) and V (e) in microlayers.
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(b) ©)

(d) oz (e)

Fig. 11. SE image (a) of particles of the V-O-W/Ti(Sp)@®) catalyst and element mappings of Ti (b), Sn (c), W (d) and V(e) in microlayers.

Finally applying the knowledge of the processes occur- are formed during hexagonab tetragonal phase transfor-
ring in the course of unsupported catalyst formation to ex- mation, after damage of the hexagonal structure and be-
plain some features of the Ti, Sn rutile supported catalyst fore tetragonal phase crystallisation (deigs. 5-7. The
is demonstrated-ig. 10shows a secondary electron image V element mapping suggests that vanadium is present in
of particles of the V-O-WI/Ti(Sn)®(r) catalyst precursor the rutile phase as well as in the tungsta-related phase.
and element mappings of Ti, Sn, W and V in microlay- The results of EDS analysis in microlayers of the areas
ers. The dimensions of W and V outlines are bigger than of Ti, Sn rutile support, Ti, Sn rutile covered by a thin
those of Ti and Sn. The distribution of particular elements V—W-oxide bronze layer and thick V-W oxide bronze lay-
is very similar. Thus an encapsulation of the rutile parti- ers, are presented ifable 2 As seen, ca. 6.3at.% W and
cles by V—O-W hydrate can be postulatédy. 11presents 3.8at.% V dissolve in the analysed Ti, Sn rutile micro-
an SE image as well as Ti, Sn, W and V element map- layers. The amount of vanadium that dissolves in micro-
pings of the V—-O-WI/Ti(Sn)® (r) catalyst. A comparison layers of the tungsta-related phase is 1.4 times higher. It
of the SE images and the element mappings of the cata-can be thus concluded that the catalyst is composed of
lyst and the precursor shows that migration of the compo- crystallites of rutile with dissolved W and V atoms and
nents of V-O-W phase takes place during annealing. As of crystallites of the tungsta-related phase with dissolved
a result encapsulation damage occurs and collecting thevanadium atoms. The dimensions of the crystallites of both
V-O-W phase on some areas of the support. Taking into phases were determined from HREM images of the cata-
account the results for unsupported V-O-W catalyst pre- lyst. One such image is shown ifig. 12, where a few
sented above, one could conclude that such mobile speciesrystallites are visible. Two grains especially stand out, one
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PRORe S

Fig. 12. HRTEM image for the V-O-W/Ti(Sn)YQ(r) catalyst.

of which has the structure of rutile and the other tetrag- phase in that catalyst plays the role of an intermediate sup-
onal tungsta. The average dimensions determined for tengort.

of rutile crystallites are ca. 9nm. The average size for the

tetragonal V-W oxide bronze crystallites is 8 nm. Thus the

procedure yields catalysts with two nanostructured supports.4. conclusions

It should be emphasised here that no diminution of the sup-

precursor of the anatase supported V-O-W catalyst. Thegerived unsupported catalyst formation were investi-

V-O-W hydrate in that precursor was isostructural with gated. Hydrate of V-W hydroxylo-oxide isostructural with
WO3-H20 [38] and therefore V-W oxide bronze formation \y0,.0.33H,0 is formed in the course of sol-gel pro-

was not connected with the bonds’ breaking. The bronze cess at pH ca. 1 from a mixture of vanadyl and tungsten
isopropoxides. The hydrate structure was determined by
the tendency of the vanadium oxo-isopropoxide to form

Table 2 trimers. V-W hydroxylo-oxide isostructural with hexagonal

Results of microanalysis performed in areas of V-O-W/Ti(Sn© ’ y y g

catalyst exposing either support or V—-O-W bronze phase WOg is the primary dehydration product. It is formed by
shifting the (00 1) layer of the hydrate structure, deprived

Area Atom (%) of water, in the [1 0 0] direction for half the identity period.
\ w Ti Sn The collapse of the hexagonal structure, followed by the
Ti, Sn rutile support 385 4.9 75.83 16.03 hydroxyl groups’ elimination and crystallisation of V-W
3.86 5.55 73.04 17.55  oxide bronze isostructural with tetragonal tungsta occurs
3.86 7.56 72.59 15.99  during further heating of the hexagonal phase. When the
3.57 708 7331 1610 tetragonal phase loses enough vanadium due to surface seg-
3.79 6.85 73.32 16.05 S ; )
Thin V-O-W bronze layer 238 916 7101 17.45 _regathr_], it transforms into an orthorhombic one. Surface
onthe Ti, Snrutile support  4.10 1408 6501 1681  interstitial vanadyl groups appear as the primary surface
Thick V-O-W bronze layer ~ 5.75 49.80 35.29 9.16  species. Their migration results in vanadia-like monolayer
on the Ti, Sn rutile support  4.68 53.93 33.78 761  formation. In the course of further heating, crystalline

5.94 51.15 34.01 8.91

vanadia-like species are formed. The morphology of Ti,
566 4890 3519  10.25

Sn rutile supported catalyst (V:W:Ti:Sa 3:27:54:16) was
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discussed using knowledge gained during the investigation[18] H. Bosch, F. Janssen, Catal. Today 2 (1988) 369.

of the formation of the unsupported catalyst.
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