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Physico-chemical features and catalytic activity of sulfated zirconia
prepared by sol-gel method.
The role of the solvent evaporation step
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ZrO,—SQy powders have been prepared by following a single-step sol—gel preparative route using zirconium propoxide as the starting
compound. Sulfuric acid was employed both as the sulfating agent and as the catalyst of the polycondensation reaction in the gel formation.
Two different series of dried precursors were obtained by either evaporating the solvent in an ovetGa{X30gels) or in supercritical
conditions (aerogels). All the samples were calcined at three temperatures (470, 550, &6)l #8Qhe same time length (5 h). The
powders were characterized for phase composition—crystallinity, surface area—porosity, sulfur content and surface state (XPS). The catalytic
activity of the calcined samples was tested in the isomerizatientnftane in a continuous system at P&Din absence of bland 250°C
in presence of bl The role played by the conditions of the solvent elimination, at the end of the sol—gel reaction, in affecting the physico-
chemical and catalytic properties of the powders is discussed.
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1. Introduction composition of ZrQ, these in turn implying differences in
specific surface area, degree of hydration and surface elec-
In recent years great interest was devoted to the seattfication [9].
for new solid catalysts which might replace strongly acidic More recently sol-gel routes, which employ as starting
homogeneous catalysts for different reactions and, main@mpounds zirconium alkoxides, have been proposed to pre-
for the isomerization of alkanes. Sulfated zirconia (SZ) hare SZ catalysts [10-12]. In these preparations sulfates can
proved to be very efficient especially in the case of the isge added by washing thoroughly at room temperature the hy-
merization ofn-butane showing both good selectivity andlrous zirconia with a sulfuric acid solution [13]. This leads
lower temperature performance with respect to previous cé#-adsorption of the sulfate anions on the surface of zirconia.
alysts [1,2]. SZ has consequently been the object of extéhsecond sulfate introduction method uses the incipient wet-
sive research both applied and fundamental and, in soR@ss impregnation of ammonium sulfate onto the hydrous
cases, even contradictory data were reported in the liteFdconia drying to 110C [3] yielding final products with es-
ture. The presence of controversial evidence concerning gftially the same features. Alternatively, a zirconia-sulfate
features of SZ can be related to the fact that even sligh-9€l is formed by including sulfate ions during the gela-
modifications in the preparation procedure of these corion step [14]. In this one-pot preparation theS0; is at
pounds may provoke relevant variations in the final fedl€ same time the sulfating agent and hydrolysis polycon-

tures of the products, and eventually in their catalytic peflénsation catalyst. _ _
formance [3-8]. In these preparations, after the polycondensation reaction

A common feature in the preparation of these compounﬁ%e excess solvent can be eliminated by either evaporation in
is a stepwise procedure consisting in the impregnation 8f ©ven at 100C or under supercritical conditions. The first
aqueous HSOy or (NH4)2SOs on previously precipitated procedure is obviously simpler and easily performed but it

Zr(OH)a, followed by drying and calcination. These muIti—might lead to samples showing surface contamination by the

step procedures necessarily involve the presence of nunfdg@nic component. Consequently the choice of how to per-
ous variables which may not be easily controlled provoking"™ this atter step is not trivial, especially in the case of a
lack of reproducibility in the sample features. For examplg?‘talySt where the surface state is ruling the reactivity. Fur-

in the case of hydrothermal precursor precipitations, evgﬁe][ thefsoltvent %“T'Tat'?ﬁ rgu;clt(e mlght aﬁiCtl nqt 0;’1')(1 the
slight variations of the composition of the precipitating mix>Urface features but aiso the bulk and morphological charac-

ture €.9., pH) provoke relevant modifications in the hasgeristics O.f the powders.
€g. pH) p P The aim of this work was actually to compare the

* To whom correspondence should be addressed. physico-chemical properties (structure, surface area, sulfur
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content) and the catalytic activity in the isomerization ofhromatic Al K, radiation (1486.6 eV). A spot size of
n-butane of two series of samples, xerogels and aeroge&l®0x 750m and a pass energy of 25 eV were used. The en-
prepared by a common single-step sol-gel route and catgy scale was calibrated with reference to theAgvel of
cined at three increasing temperatures to evidence the &freshly evaporated gold sample, at@%-0.1 eV, and with
fects provoked by the sole variation of the solvent eliminaeference to 2, and 3s levels of copper at 937 + 0.1

tion conditions. and 12239+ 0.15 eV, respectively; 1s level hydrocarbon—
contaminant carbon was taken as the internal reference at
284.6 eV. The position and FWHM of the C 1s line were
checked carefully for every independent determination. The
accuracy of the reported binding energies (BE) can be esti-
mated to bet0.2 eV.

SZ xerogel (X) and aerogel (A) were prepared by the Then-putane isomerisation reaction was carried out at at-
sol-gel technique using zirconiumpropoxide, Zr(OPg), mospheric pressure at 150 and 280 The feed was depen-
as a precursor. Initially, a solution is prepared by mixin ent on the reaction temperature and t_he type of catalyst. At
Zr(OPr)y (57 ml, 70% solution im-PrOH), an amount of 190°C the feed was composed by a mixturerdfutane and
sulfuric acid (1.5 ml), and-PrOH as the solvent (37 mi). helium (GHio/He = 1/4) and at 256C by n-butane and
To this solution water dissolved in-PrOH (100 ml) is hydrogen (GHio/Hz = 1/4). Prior to the reaction, all cata-
added dropwise with stirring. The molar ratio®zr(OPr),  lysts (0.5 g) were activated in dry air (50 ml/min) at 48D
was 14. for 90 min. Isobutane was analyzed on line by gas chroma-

Drying of the gel can be carried out either by evapordodraphy. _
tion in air for 43 h by increasing the temperature from 40 to Reaction rates were defined as molensbutane con-
100°C to obtain the xerogel, or by removingPrOH under Verted per m of catalyst per unit of time.
supercritical conditionsk = 60 bar,T = 250°C) to obtain
the aerogel. In the supercritical drying the gel was placed . )
in an autoclave and flushed with nitrogen at 5 bar, to pra: Resultsand discussion

vent evaporation of the solvent. Then pressure and tempera-T ble 1 h ; dth |
ture were raised above the critical point of the solvent. Af- 1aP'e 1 reports the surface areas and the pore volumes

ter a period of thermal equilibration (1 h), the pressure Wgé the two series of _samplg; asa function of the calcination
isothermally relaxed at a constant rate. To remove residd@npPerature. The first striking difference appears from the
alcohol, the autoclave was flushed again with nitrogen affg@mpParison between the areas of the two uncalcined precur-

subsequently cooled to room temperature@5 Then the sors. The area pertaining to the xerogel is about three times
samples were calcined at 470, 550, and 83@or 5 h in an larger than the one of the aerogel. Further, also the trend with

2. Experimental

2.1. Sample preparation

oven open to the atmosphere. the temperature of the two series is different. The xerogels
show a sharp and continuous decrease in surface area with
2.2. Sample characterization the temperature, the more so in the lower temperature re-

gion. The aerogels, instead, exhibit an almost invariant pat-
Surface area and pore size information was obtained frégin and only the highest calcination temperature provokes a
nitrogen adsorption/desorption isotherms-ét96°C in a slight decrease in area. In the case of the aerogels, the super-
Coulter SA 3100 analyzer. critical evaporation conditions adopted presently are rather
Mesopore size distributions were calculated using tisgvere. In fact the removal fPrOH as the supercritical
Barrett, Joyner and Halende (BJH) method. Assessmentdloid requires to reach relatively high temperature and pres-
microporosity were made fromplot constructions, using sure {.e., 250°C and 60 atm). The adoption of combined
the Harkins—Jura correlation withas a function ofp/ po. high pressure and temperature imposes almost totally the
The nature of gel before calcination and the nature of the Table 1

C'_’ySta”_me phase after cglcmatl(_)n Were_ ascertained by_ X_r§¥rface and bulk structure characterization of the samples.afnorphous,
diffraction patterns obtained using a Siemens D500 diffra¢-_ tetragonal, and M= monoclinic. Symbols in parentheses indicate an

tometer. amount<10%.
The _amount_of sulfate before and after calcm_atlon WaSmple Surface area Pore volume Crystal phase
determined by ion chromatography (IEC) after dissolution (m2/g) (mlfg)

of the materials [15]. o7x e 07537 A
Thermal analysis was performed on the non—calcin%é '

; . F ) X470 242 0.5261 A
samples in order to obtain information on the loss of sukzxs50 179 0.4575 T (A)
fur, water, and carbonaceous residues and phase transitiens3o 136 0.3637 T (M)
involved in the calcination step. DTA/TG analyses were coisZA 151 0.1442 HM
ducted on a Netsch instrument. SZA470 148 0.1672 M

. . A550 144 0.1694 ™
XPS spectra were obtained using an M-probe apparS 7 AG30 110 0.1795 M

tus (Surface Science Instruments). The source was mono-
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Figure 1. Pore size distribution curves for the aerogglafid the xerogel
(M) samples calcined at 63C. 63OC

features of the samples during the solvent elimination mak-
ing the effects of the mere calcination temperature almost
un-appreciable. Struket al. [11] have reported similar ef- — : : : :
fects for sol-gel SZ samples dried in supercritical conditions 10 20 30 40 50 60 70

and have invoked the occurrence of a sort of “homogeniz- 20
ing effect” during the solvent supercritical elimination. The
present larger values of the xerogels surface areas are, in- Figure 2. XRD spectra of calcined xerogels.

stead at variance with the results by Strudtudl ., who report
for calcined xerogels surface areas which are lower than the
ones of the relative aerogels. The present larger areas of the
xerogels are to be related, in the first instance, to the highest
porosity of the powders with pores prevailingly in the meso-
pore region (figure 1).

Vicarini et al. [16] have reported a similar comport-

470°C
ment for sol-gel samples dried at room temperature (xero-
gel) or in supercritical conditions (aerogel) when thgl
Zr(OPr) ratio is > 4 and the solvent is benzene. They
found that, in the case of the aerogel samples, an increased
H2O/Zr(OPr), ratio, in the reacting mixture, enhances not 550°C
only Ostwald ripening and coalescence-coarsening, result-
ing in narrower and almost symmetric pore size distribution,
but also segregation—crystallization.

A higher crystallinity of the aerogels, with respect to the
xerogels, can be observed also in the present case. The xe- .
rogels (figure 2) appear to be amorphous for temperatures 630°C
up to around 500C and then, for higher temperatures, they
crystallize to the tetragonal form, showing a minor mono-
clinic component only at 630C. The variations of the struc-
tural features of the xerogels with the temperature of cal-

cination are in agreement with the major part of literature 1'0 ' 2'0 ' 3'0 ' 4'0 ' 5'0 ' 6|0 7'0
results. In fact the “doping” of zirconia with sulfates is gen- 20

erally reported to reduce the crystallite sizes and to stabilize

the tetragonal polymorph. The aerogels appear to be crys- Figure 3. XRD spectra of calcined aerogels.

talline even at the lowest temperature and the crystal phase

composition is unaffected by the calcination treatment (figlefinitely unusual for SZ even in the case of aerogels. The
ure 3), the only effect being a slight increase in the crystallifermation of the monoclinic form seems to be in the present
size. The most striking difference between the highest terwase promoted by the high ratico@8/Zr(OPr), and by the
perature aerogels and xerogels is the major presence of tingh pressure adopted in the supercritical evaporation proce-
monoclinic component in the aerogels. This occurrencedsire.
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a Table 2
1 Sulfate contents on the surface and in the bulk using different methods.

Sample %SQ@ before activity test %S@after activity test
SOy (Wt%) SOq (Wt%) SOu/nm? SOy (Wi%)  SQy/nn?
by XPS by IEC by IEC by IEC by IEE

/

SZX - 1044 1.50 - -
SZX470  18.7 %3 1.98 7.45 1.93
2 SZX550 14.8 55 2.65 7.37 2.58
SZX630  10.1 D8 2.44 3.90 1.80
SZA - 967 4.02 - -
SZA470  17.2 B2 3.31 6.91 2.93
SZA550  15.6 710 3.09 5.32 2.32

0 200 400 . 600 800 SZA630 10.1 H8 2.04 3.43 1.96
T(C)

<< endo - exo >>

aSurface areas used in calculation are that of samples before the activity
test, because we did not measure areas on exhausted samples.

loss (30%) is bigger than that of aerogel (23%) because of
the former more encumbered surface; this is a consequence
of the solvent evaporation conditions.
2 In table 2, a summary of some analytical and morpholog-
ical properties of the samples is shown. A strong decrease
1 in the actual amount of sulfate retained by the samples, after
evaporation of solvent, with respect to the nominal sulfate
content (16.4 wt% with respect to Zg>can be appreciated.
—— The sulfur content, as a percent weight, shows, for both
0 200 400 600 800 series of samples, a continuous decrease with the temper-
T (C) ature of calcination as could have been expected on the
grounds of the progressive elimination of sulfur observed
Figure 4. (a) DTA curves for SZX (1) and SZA (2). (b) TGA curves forfor SZ samples by TGA [17], as previously mentioned and
SZX (1) and SZA (2). also reported by numerous literature results [7]. The aero-
gel precursor contains a lower amount of sulfur, as a percent

The effect of the “homogenizing effect” in the aerogelveight, with respect to the xerogel and the effects of the cal-
synthesis can be observed also by thermal analysis (figuredhation at increasing temperature are less appreciable than
The DTA and TG curves for the aerogel precursor are vefyr the xerogels. These effects can be attributed, as already
smooth and only two weight loss peaks can be observedsigen, by analogy with the trends of the surface areas, to the
the DTG curve. The first centered at 1 (11%) is en- severe “uniforming” conditions adopted during the solvent
dothermic and can be attributed to water loss, the secoefimination. Due to the larger values of the xerogels surface
broader, is the sulfur loss centered at 860(7%). One can areas the surface density of sulfates are lower for the xero-
observe also a little but continuous loss of weight from 20fkls than for the aerogels; in the case of these latter samples
to 650°C (5%) associated to an exothermic effect. This ie surface density is of about 3 $@roups/nm, which is
probably due to the loss of carbonaceous species and weakiher close to 4, the value estimated for the monolayer cov-
bound sulfur at the oxide surface. erage of the surface by sulfates.

By contrast, the thermal curves for the xerogel are more Survey XPS spectra were recorded for all samples. No
complicated, but this is an obvious consequence of the maignificant presence of impurities was observed, except for
crowded surface of this sample. Here we note a double cahe contaminant carbon. The regions of Zr 3d, O 1s, S 2p
secutive loss of weight at low temperature: DTG peaks ceaind C 1s were specifically investigated. The spectrum of
tered at 180C (12%) and 240C (4%), the first with aweak S 2p was, in the case of all samples, regular and showed
heat absorption and the second showing a strongly exothes-peculiarities. The peak was fitted by a single component
mic peak (loss of carbon). Then from 250 to 68D- where yielding a BE (169.0 eV) in agreement with the one relative
there is the sulfate loss peak (7%) — three, partially overlaig, sulfur in sulfates [18] and with previous results relative to
exothermic peaks can be observed. The first and the secentfated zirconia samples [5,17,19]. For all samples the zir-
(respectively centered at 290 and 48)) can be attributed to conium peak showed the regular 3d doublet, with BE (182.2
the loss of the more tightly bound organic species and sulfaind 184.6 eV) in agreement with literature data for Zr(1V) in
in fact they are associated with a weak weight loss. The thitlde oxide [18]. The regularity of the Zr 3d doublet in the case
peak, centered at 57C and associated with no weight lossof sulfated zirconia samples is not a general feature. In the
could be the transition from amorphous to tetragonal polgase of samples sulfated by impregnation with either sulfu-
morph. This interpretation can explain the different behavioic acid or ammonium sulfate even important distortions of
for the two series of calcined samples. The xerogel weigthite doublet were observed, especially in the case of sam-

% weight loss
N
()

o~
S
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Table 3 100 T~
XPS atomic ratios for calcined samples.
Sample S/zZr Clzr <~ 801
SZX470 0.24 1.10 S
SZX550 0.19 0.95 < 604°
SZX630 0.13 0.50 S
SZAA4T0 0.22 0.78 = 19
SZA550 0.20 0.57 3. 4040
SZA630 0.13 0.43 - A
= [
2 20 \1\&@\
ples calcined at temperatures lower than 50417,19,20]. 2 ] §§<§§§;§;g:

Considering the comparison between the atomic ratios be-
tween sulfur and zirconium it can be observed (table 3) that
the ratios decrease with the temperature as expected and as
already commented, in this paper, concerning the bulk sul- time (min)
fur content (table 2). The values relative to the two series

of samples (xerogels and aerogels) do not show apprecia’Bﬂé‘re_ 5. Catalytic actlylty fom-butane isomerization test at 180
in helium flow. Empty signs stand for xerogels and full signs for aero-

differences. gels (d, W) sample calcined at 630;,(e) at 550 and £, A) at 470°C).
The oxygen 1s peak showed, as expected [17], the pres-

ence of more than one component, the main at lower BE 100 -
(530.0 eV) due to oxygen in the oxide lattice and two fur-

ther components respectively due to surface OH groups. g |
and to oxygen in sulfates. In the case of the C 1s pe&k
only the component at 284.6 eV is present (—-CH- speciesk
On this basis, the occurrence of oxygen-containing carbeg

0da—a—a_ —Z:Z:E?Ailzﬂéﬂfﬂ;ggﬁ .

T T T T T T T

20 40 60 80 100 120 140

60 A

species and oxygen-containing organic contamm_ant_s (BE g ST Lo
above 284.6 eV) can be excluded. This observation in the: 40 - . d
case of sol-gel samples prepared from an agueous orgagic 'th.-
mixture is very relevant; in fact it allows one to exclude= 20 R - —_—

an appreciable organic contamination of the surface arisirﬁ
from the oxide preparation route, often suggested in the lit-
erature in the case of these preparations [21]. In the present
case presumably the lack of appreciable organic contami- . .
nation of the surface can be traced back to the high wa- time (min)
ter/zirconium ratio adopted in the precipitation. The atomic

ratios C/Zr, reported in table 3, decrease with the temp{}gure 6. Catalytic activity fon-butane isomerization tests at 280 in

. . . hydrogen flow. Empty signs stand for xerogels and full signs for aerogels
ature of calcinations for both series due to the progressive (o my sample calcined at 6305 (e) at 550 and £, &) at 470°C).
combustion of organic species and are larger in the case of
xerogels. agreement with a previous finding by Mortestaal. [22] in

The reactivity of SZ samples (aerogel and xerogel) in ththe case of a SZ catalyst, prepared by sulfating a crystalline
isomerization ofr-butane was initially checked at 138G tetragonal zirconia sample. Catalytic activity is induced by
in the absence of hydrogen. The results obtained for ttiee calcination step; in fact, during the heating, the selective
catalysts are summarized in figure 5 where the activity (ezlimination of sulfates from some specific (defective) ter-
pressedumol isobutane formed/n#) vs. time is reported. minations of the zirconia crystallites occurs, these positions
The type of profile shows fast decay of activity during theelonging to the high-symmetry crystal planes.
reaction, probably due to a partial deactivation process. TheBetween the two samples calcined at 880 the xerogel
reaction appeared to be sensible to temperature variationexhibits the best catalytic activity. A possible explanation

When the reaction is carried out at 280 in Hy (fig- for the different activity shown by xerogel and aerogel sam-
ure 6), after an initial decay of activity, the catalysts reples calcined at the highest temperature can be found in the
main stable for long time on stream. An important reasatifferent crystalline zirconia polymorph present in the sam-
for deactivation of SZ catalysts is generally considered fales. In fact it has been reported that a stable tetragonal or
be the formation of oligomeric species on the active sitesubic zirconia phase [23] seems to be a necessary structural
When hydrogen is present, catalytic reduction of carboneendition to obtain SZ systems catalytically active in the iso-
ceous residue occurs. merization reaction of light-alkanes. Only in a few cases it

It can be noted that only the samples calcined at the highias claimed that SZ systems, where the zirconia is presentin
est temperature are active, whereas the samples calcinethahoclinic phase, may lead to catalytic performances com-
low temperature exhibit only an initial activity. This is inparable to those of tetragonal SZ catalysts [24,25].

PRARAAA AR a8l 2 TR
260 460 6(;0 8(;0 1000 1200
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4. Conclusion [7] B.H. Davis, R.A. Keogh and R. Srinivasan, Catal. Today 20 (1994)
219.

This work shows that catalytically active SZ systems calﬁg] g Zag?agucm- A;’(F’:'-ch‘_a'- 6# (Jlglglo) tl  Chem. 465 (1999) 136
be obtained by a sol-gel method. The catalytic activity of ti}%o]] e Werd o E o) toat '157‘3‘(:12);:)33;21 em. 465 (1999) 136.
xerogel samples turns out to be far the highest with respetl] . strukul, M. Signoretto, F. Pinna, A. Benedetti, G. Cerrato and

to the aerogel samples. A possible explanation for the differ- . Morterra, in: Advanced Catalysts and Nanostructured Materials
ent activity can be found in the different crystalline zirconia  (Academic Press, New York, 1996).
polymorph present in the samples, in particular the maj812] M. Signoretto, F. Pinna, G. Strukul, G. Cerrato and C. Morterra, Catal.

presence of the monoclinic component in the aerogel sap;, 'E‘)et;;;tgzgélfg Li, Appl. Catal. 175 (1998) 1

ples. The formation of the monoclinic forms seems to be {f4) p A ward and E.I. Ko, J. Catal. 150 (1994) 18.
the present case promoted by the high rag®HZr(OPry [15] C. Sarzanini, G. Sacchero, F. Pinna, M. Signoretto, G. Cerrato and C.

and by the high pressure adopted in the supercritical evapo- Morterra, J. Mater. Chem. 5 (1995) 353.
ration procedure. [16] M.A. Vicarini, G.A. Nicolaon and S.J. Teichner, Bull. Soc. Chim. Fr.

We find also that only the samples calcined at the highjﬁ] 5 (1970) 1651.

. . S. Ardizzone, C. Bianchi and E. Grassi, Colloids Surf. 135 (1998) 41.
temperature are active whereas the samples calcined at O 1.F. Moulder, W.F. Stickle and K.D. Bombehiandbook of X-ray

temperature exhibit only an initial activity. Photoel ectron Spectroscopy (Perkin—Elmer, Eden Prairie, 1992).

[19] S. Ardizzone and C.L. Bianchi, Appl. Surf. Sci. 152 (1999) 63.

[20] S. Ardizzone, C.L. Bianchi and M. Signoretto, Appl. Surf. Sci. 136
(1998) 213.

[21] S. Ardizzone, Chim. Ind. 81 (1999) 599.

[22] C. Morterra, G. Cerrato and M. Signoretto, Catal. Lett. 41 (1996) 101.

[23] C. Morterra, G. Cerrato, F. Pinna and M. Signoretto, J. Catal. 157

(1995) 109.

T. Riemer, D. Spielbauer, M. Hunger, G.A.H. Mekhemer and H.
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